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Zusammenfassung

Die Entschliisselung des Ratsels der dunklen Materie ist eines der wichtigsten Ziele der mod-
ernen Physik. In dieser Dissertation werden neue Ansétze erforscht, die die Hypothese, dass
dunkle Materie aus leichten Skalarteilchen besteht, mit anderen offenen Fragen der Teilchen-
physik und der Kosmologie in Verbindung setzen.

Im ersten Teil werden Szenarien betrachtet, in denen die dunkle Materie eine Teilchen-
Antiteilchen-Asymmetrie enthélt. Exemplarisch wird untersucht, wie eine solche Asymmetrie
im Fall skalarer dunkler Materie erzeugt werden kann. Daraufhin wird ein Modell vorgestellt,
in welchem Baryogenese und asymmetrische dunkle Materie einen gemeinsamen Ursprung
haben, der mit der Physik neutraler B-Mesonen zusammenhéngt.

Im zweiten Teil wird der Schwerpunkt auf Axionen gelegt.Hierzu wird zunéchst die kosmolo-
gische Stabilitdt axionartiger Teilchen sichergestellt und dann gezeigt, wie ein nicht-kanonischer
kinetischer Term die Produktion dieser Art von dunkler Materie verstarken kann. Schliefslich
wird die Phdnomenologie von Axionen in Teilchenbeschleunigern sowie ihre Kopplung an
elektroschwache Eichbosonen untersucht.

Der dritte und letzte Teil befasst sich mit dem Zusammenhang zwischen der Produktion
leichter Bosonteilchen und kosmologischer Inflation. Eine nicht-minimale Kopplung zwischen
derartigen Teilchen und dem Gravitationsfeld fithrt zu einer vielseitigen Dynamik wéhrend
der Inflation und resultiert in vorhersagbaren Eigenschaften der subgalaktischen Verteilung
dunkler Materie.

Abstract

Unveiling the mystery of dark matter is one of the most sought-after goals of modern physics.
Working towards this aim, this thesis explores new links between the possibility that dark
matter is made up of light scalar particles and other open questions in particle physics and
cosmology.

In the first part of the thesis, scenarios in which the dark matter contains a particle-
antiparticle asymmetry are considered. As an example, the production of such an asymmetry in
a model of scalar dark matter is studied. Furthermore, a setup is presented where baryogenesis
and asymmetric dark matter have a common origin linked to the dynamics of neutral B mesons.

In the second part, the emphasis is put on axions. After assuring the cosmological stability
of general axion-like particles, a non-canonical kinetic term is introduced, which leads to an
enhanced production of this kind of dark matter. Finally, the collider phenomenology of axions
and their coupling to electroweak gauge bosons is scrutinized.

The third and final part is devoted to the production of light bosons during inflation. A
non-minimal coupling to gravity leads to rich inflationary dynamics and precise predictions
regarding the properties of the sub-galactic distribution of dark matter.
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Chapter 1

Introduction and background

Over the past few decades, our understanding of the dynamics of the Universe has rapidly
grown to become comparable to that of the subatomic constituents of matter. The similarities
are outstanding - both in the successes of the respective theories and in their shortcomings.
The field of cosmology has developed its own Standard Model, following the example of particle
physics. Both Standard Models represent an effort to achieve a self-consistent description of
the physical processes that we observe in the cosmos and in the laboratory. This is not to
say that these models can encompass all that there is: they come with limitations in their
scope and completeness. In particular, current understanding favors the interpretation of the
Standard Model of particle physics as an effective description of the physics above a certain
length scale, rather than as a complete theory. Similarly, the Standard Model of cosmology
gives an effective description of many phenomena, recurring to phenomenological equations of
state for the different fluids that populate the Universe, rather than explaining the fundamental
nature of such substances.

In this situation, there is a clear first way forward: to convert these effective theories into
more fundamental ones, either by extending the range of validity of their descriptions or by
identifying the underlying physical nature of their constituents. It is on this aim that the main
purpose of this thesis focuses: to unveil the particle nature of one of the main unidentified
components of the Universe, the dark matter.

However, this is not the only possible course of action. The established Standard Models
as they are contain a number of apparent contradictions and incompletenesses, especially when
confronted with each other. Many of them stem from unexpected experimental observations,
like the overabundance of matter versus antimatter in the Universe or the lack of violation
of time reversal symmetry in the strong interactions. Aside from being inconsistencies of the
theory with respect to experiments that deserve a resolution of their own, they may constitute
invaluable hints as to what lies beyond the Standard Models. In this thesis, we follow this line
of thought and set to study potential connections between some of these quandaries and the
nature of dark matter.
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After presenting and motivating our general approach, in the remainder of this chapter
we introduce some of the particular puzzles that are addressed in the main body of the work.
This is done by reviewing the established knowledge that sets the stage for the later studies,
making an emphasis on the particular questions that are addressed by the novel results of this
thesis.

1.1 Dark matter

The overarching physics goal of all the research presented in this thesis is to identify the particle
nature of the dark matter. To the level that is presently understood, dark matter is an effective
explanation for a series of gravitational observations that are consistent with the existence of
a pressureless, non-relativistic fluid that currently makes up about 25% of the energy density
of the Universe. The upside of this definition is that it frees us from any prejudice regarding
its particle (or non-particle) nature or its origin. At the same time, it motivates us to briefly
review the cosmological and astrophysical observables on which grounds the existence of dark
matter is postulated.

Probably, the most robust evidence for the existence of dark matter comes from the largest
cosmological scales to which we have access, which are the ones encoded in the cosmic microwave
background |8}, 9] (or CMB for short). The CMB is composed of photons which freely propagate
to us since the time when protons and electrons combined intro neutral atoms, causing the
Universe to became transparent to most of the electromagnetic radiation. It therefore contains
information about the conditions of the Universe at this early stage. In particular, it is sensitive
to the dynamics of the oscillations of the primordial plasma made up of baryons and photons,
which are driven by two opposing forces: gravity, which causes infall and therefore compression
of the plasma, and radiation pressure, which counteracts the collapse and produces rarefaction.
The balance between these two forces produces a distinctive pattern of peaks and valleys in
the typical amplitude of the temperature anisotropies of the CMB as a function of their spatial
size.

By measuring the relative height of these acoustic peaks, one can deduce the amount of
gravitational matter that was present in the early Universe. The measurements |10, |11 12|
show that, in addition to the gravitational potential of baryons and photons, there needs
to exist a large extra collapsing force that enhances the compressions with respect to the
rarefactions. This can be produced by a fluid that contributes to the gravitational infall but
not to the pressure, and so dark matter fulfills these requirements by definition. The CMB
data is so rich that it allows for a very precise estimation of the amount of dark matter that
needs to be present [12],

Q. = 0.2589 + 0.0057, (1.1.1)

meaning that about 1/4 of the energy density of the Universe is in the form of dark matter,
which is about 5 times more abundant than ordinary baryonic matter. The imprint of dark
matter in these compressions and rarefactions of the primordial plasma has also been observed
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in the distribution of baryons at very large scales, which features the so-called baryon acoustic
oscillations |13].

In agreement with the CMB, a large number of other large-scale cosmological observables
require the existence of an additional gravitational component. The large scale structure of
the Universe, that is, the distribution of galaxies and galaxy clusters in it, has been (partially)
mapped with a combination of surveys, like the Sloan Digital Sky Survey [14], the Dark Energy
Survey |15], and many more. The hierarchical nature of the structures observed cannot be
reproduced in simulations (e.g. |16, [17]) without the existence of dark matter.

A more direct evidence is obtained from gravitational lensing: the light of distant sources,
like quasars or galaxies, reaches us traveling through geodesics which are modified by the
presence of gravitating energy density (see e.g. [18]). Once more, the existence of a large
fraction of dark matter is required to explain the observed light patterns.

Confirmation of the existence of dark matter has also been found in smaller environments,
like galaxies and galaxy clusters. The study of dynamics of galaxies within a cluster [19]
(see |20] for recent results) consistently show that a large amount of dark matter is present
in these environments. Similar studies have been made at the level of individual galaxies [21]
(see also [22]) by observing the motion of individual stars or star clusters, throwing the same
conclusion: virtually every galaxy is embedded within a halo of dark matter that significantly
outweighs the visible matter.

All these observations, and more that have not been mentioned here, give extremely robust
evidence for the existence of dark matter over many length and time scales. They also delineate
its main properties: it needs to be sufficiently cold, that is, to behave as a non-relativistic
and pressureless fluid for all gravitational processes; it needs to be dark, i.e. to only interact
very weakly with ordinary matter; and it needs to be stable on cosmological time scales. This
effective description is precisely what has been accepted as part of the cosmological Standard
Model, and is summarized in the term “cold dark matter” 23] 24, |25| 26].

This thesis aims to supersede this effective description and identify suitable microscopic
models that can explain the fundamental nature of dark matter. In order to achieve this task,
it is necessary to go beyond the general characterization and examine the detailed properties
of dark matter.

Of particular importance for this thesis is the question of whether dark matter enjoys any
non-gravitational interaction. All the evidence delineated above only requires that dark matter
gravitates, and furthermore, numerous experiments aiming for direct [27] and indirect [28§]
detection of dark matter, together with terrestrial experiments [29] and astrophysical obser-
vations [30], rule out the possibility that dark matter has sizable long-range interactions of
other kinds. While Parts [l and [T of this thesis assume that the dark matter has at least some
feeble interaction with ordinary matter, Part [[TI] explores the possibility that non-gravitational
couplings are completely absent. As we will see, even in this most minimal scenario, interesting
cosmological phenomenology arises on the account of purely gravitational interactions. In
particular, a connection between the physics of dark matter production during inflation and
its current distribution in small sub-galactic scales emerges.
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Other questions that are investigated throughout this work are:

e [s dark matter absolutely stable or only very long lived compared to the age of the
Universe? In the absence of absolute stability, a sufficiently long lifetime may be achieved
in non-trivial ways, either by the protection of a conserved charge as in Chapter[2 perhaps
aided by kinematic relations as in Chapter 3] or by a conspiracy of effects like in Chapter[6]
Furthermore, pairwise annihilation of dark matter particles is generally possible and can
lead to indirect signals, as is exemplified in Chapter [3]

e How is dark matter distributed on small sub-galactic scales? Although, as pointed out
above, the role of dark matter in the formation of the large-scale structure of the Universe
is well established, the clustering properties of dark matter in smaller environments, like
inside galaxies, remain to be mapped and understood. Dark matter could be distributed
in a homogeneous and diffuse manner, but it could also form dense clumps. This is
exactly what happens in the models of Chapters[7] and [§] in which the inflationary origin
of dark matter contributes to enhance its density fluctuations at small scales.

e Is there any relevant interplay between dark matter and astrophysical bodies like neutron
stars? Astrophysical objects can serve as enormous “detectors” for dark matter that
interacts with nucleons or leptons, as is the case of the model presented in Chapter
What is more, light dark matter particles can be produced in stellar bodies and affect
their internal dynamics, as is discussed in Chapter [6] for the case of axions and axion-like
particles.

e Can dark matter be produced in terrestrial experiments like particle colliders? If that is
the case, then the properties of the dark matter particles can be studied in laboratory
experiments in order to complement cosmological observations. We take advantage of
this possibility in Chapters [2] [3] and [] to nail down some of the features of the models
discussed that would otherwise be difficult to test in astrophysical environments.

In order to answer all of these questions, in this thesis we construct physically realistic particle
physics models for dark matter and explore their properties. Of course, this is a futile task
without some sort of guiding principle, as there are many more potential models than there
are answers to the above questions. We therefore focus on dark matter models that are well
motivated because they can address other shortcomings in our understanding of cosmology or
particle physics. In the remainder of the introduction, we present some of these shortcomings
and motivate how they can be interpreted as guidelines for constructing dark matter models.

1.2 Dark matter and particle asymmetries

Much of the underlying physics behind the dark matter models discussed in this thesis have
to do with discrete spacetime symmetries: parity, charge conjugation, time reversal, and
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combinations thereof. In addition to the very direct connections in Part [[] much of the
interest in light dark matter particles in general is motivated by considerations regarding these
symmetries. As is explained in Section [1.3] axions are a prime example of this. We therefore
devote some time to present the basic implementation of these discrete symmetries in quantum
field theory and some of their most important phenomenological consequences.

1.2.1 Discrete symmetries

Parity (P) and time reversal (7) are special cases of Lorentz transformations. The Lorentz
group L is composed of coordinate transformations that leave the Minkowski metric tensor n
invariant, i.e. that satisfy n = ATnA. It is divided into four disconnected parts, depending
on whether det A = +1 (proper/improper transformations) and A% > 1 or A} < —1 (or-
thochronous/antichronous transformations). Proper orthochronous transformations form the
subgroup Ll , and all other transformations in the Lorentz group can be obtained from L1 by
using two discrete transformations: parity and time reversal, respectively given by

1 0 0 O -1 0 0 0
0 -1 0 0 0 100

P = 00 -1 ol and T = 0 01 0 (1.2.1)
0 0 0 -1 0 001

Physically, parity can be identified with spatial reflections, while time reversal corresponds
to running the flow of time backwards. As we later discuss, it is remarkable that nature is
invariant under the proper orthochronous Lorentz group but not the full Lorentz group, as
parity and time reversal have both been experimentally observed to be violated [31, 32, 133|
34].

Charge conjugation (C) is more difficult to formally define in a general way. Heuristically,
we want to identify charge conjugation symmetry with the exchange of particles and their
antiparticles, which can also be understood as shifting to the conjugate representation of
all symmetry groups under which a field transforms (including gauge, global, and Lorentz
symmetries). This definition will be sufficient for all of our purposes, but it is important to
remark that formally, C (and so also the product CP) can be rigorously defined from CPT
symmetry, which can be defined on general grounds for any quantum field theory (see [35]
for a pedagogical discussion). Indeed, CPT is a fundamental symmetry which is proved
to be conserved in any Lorentz-invariant and local quantum field theory with a hermitian
Hamiltonian [36].

In quantum field theory, symmetries are understood to be transformations 1) — 1)’ of ele-
ments of some Hilbert space under which the physics is invariant. As was shown by Wigner [37],
any symmetry can be represented as an operator W such that ¢’ = We. Furthermore, the
operator is either linear and unitary, or anti-linear and anti- unitary. We will denote the parity,
time reversal, and charge conjugation operators as P T and C’ respectively. It is easy to see
that P and C are unitary, while T is anti- unitary.
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Taking all the above into account, the transformation properties of quantum fields under
these discrete symmetries can be readily derived (see, for instance, [38]). Given the fact that
this thesis mostly deals with scalar fields, we focus on them in what follows, and point the
interested reader to [38] for the transformation rules of vector and spinor fields.

e Parity. Under z — xp = (2°, —7), a scalar field transforms as

o' (x) = Po(x) P~ = np ¢(ap), (1.2.2)

where np satisfies |np| = 1 and is therefore a phase that determines the intrinsic parity of
¢. If ¢ is a real field, it is clear that np = £1 and the field is either a scalar (for np = 1)
or a pseudoscalar (for np = —1). On the other hand, if ¢ is a complex field, np could
in principle take any value. However, given that P? behaves like an internal symmetry
transformation, we are free to combine it with any conserved internal symmetry operator
without changing the selection rules. In particular, it is possibleﬂ to redefine the parity
operator so that P2 = 1, in which case the intrinsic parities of a complex scalar field can
only take the values np = +1, as for scalar fields.

e Charge conjugation. Under particle-antiparticle exchange, the transformation is
¢“(x) = C () " =ne ¢l (x). (1.2.3)

For a real field, ¢T = ¢ and the intrinsic charge-conjugation parity nc takes the values
nc = £1. As an example, the neutral pion 7° has ¢ = 1, which means that it cannot

decay into an odd number of photons, which have no = —1. For a complex field,
however, n¢ has no physical meaning as it can always be reabsorbed using a global U (1)
transformation.

e Time reversal. Under x — x7 = (—a, ), the transformed scalar field is
0" () =T ¢(2) T = nr élar). (1.2.4)

As with parity, a real scalar field can only have nr = £1 and is thus either 7-odd or
T-even. For complex scalar fields, the anti-unitarity of 7' always ensures that 72 = 1
and the intrinsic phase 1 is not restricted.

Using the transformation laws above, together with the ones for vector and spinor fields, one
can easily check whether a given Lagrangian respects C, P, T, and combinations thereof. That
said, in order to judge whether the physics is truly invariant under a symmetry transformation,

IThis is not always the case for fermions. Fermionic fields can have internal discrete symmetries that are
not part of a continuous symmetry group of phase transformations. An example is a theory with Majorana
neutrinos, for which fermion number cannot be embedded into baryon or lepton number. In general, intrinsic
parities can be taken to assume the values +1, £1i [38|.
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one needs to look at observable processes rather than Lagrangians. For that, the symmetries
have to be tested at the level of the S-matrix

S=Texp(—i [ atv)), (1.2.5)
(oo Larvw)

—00

where T denotes the time-ordered product. The potential term V' of the Hamiltonian contains
the relevant interaction Lagrangian Ly,

V(t) = —/d?’xﬁf(a;). (1.2.6)

For parity and charge conjugation, it is straightforward to deduce that the S-matrix is invariant
as long as the interaction Lagrangian is invariant too. For time reversal, there is a subtlety
related to the anti-unitary nature of the operator implementing the symmetry. Indeed, by
expanding the exponential one sees that Sy = ST, which naively indicates that the S-matrix
is not invariant. However, in this case one needs to carefully keep track of the ingoing and
outgoing states. Assuming that 7L (z)T~" = L;(x7), one has

(ir| S1fr) = (fIS i), (1.2.7)

which means that if time reversal is a symmetry of the interaction Lagrangian, the S-matrix
elements are equal for time-reversed processes in which initial and final states are exchanged.
This actually matches our physical intuition regarding the invariance of physics when the flow
of time is run backwards.

A discrete symmetry that is of particular importance to this thesis is the product of parity
and charge conjugation. Formally and following the discussion made for charge conjugation,
a CP transformation can be defined univocally using the CPT and time reversal operators.
Furthermore, because of the CPT theorem [36]|, CP-invariance is equivalent to T-invariance
in a local, Lorentz invariant quantum field theory.

The Standard Model, defined to contain any operator with dimension 4 or less involving the
well-known particle content and respecting the gauge symmetry SU(3) x SU(2) x U(1), allows
for CP violation in two different ways. The first one comes from a combination of complex
phases in the Yukawa couplings of quarks and leptons or, equivalently, from the single physical
phase of the CKM [40] matrix, and the corresponding one in the PMNS [41] 42| matrix. The
second one involves field strength tensors of any of the three gauge groups in the following
gauge-invariant combination

Lsm D —e"P7trF,, Fpy, (1.2.8)

and will be discussed in depth in Section [1.3.1

In Part [I] of this thesis we investigate ways in which nature can provide sources of CP
violation aside from the previously mentioned ones. Two distinct scenarios are studied. In
Chapter [2| and drawing inspiration from the Affleck-Dine model of baryogenesis [43|, we show
how a small CP-violating seed in the self-couplings of a scalar field can be amplified by its
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motion in field space during its cosmological evolution. Then, a supersymmetric scenario
is presented in Chapter [3] in which CP violation is generated by couplings between quarks
and their scalar superpartners. Although this is a well-known source of CP violation in
supersymmetric extensions of the Standard Model [44], our model presents some features, like
the existence of a continuous U(1)r symmetry [45] and Dirac gauginos [46], that shift the
relative importance of the different contributions involved.

There are numerous phenomenological arguments that point towards the existence of yet-
to-be discovered sources of CP violation in nature, and which constitute the motivation for
the studies of the first part of this thesis. The strongest indication is probably the existence
of particle-antiparticle asymmetries in our Universe, which cannot be explained within the
Standard Model, as we now discuss.

1.2.2 Baryogenesis and asymmetric dark matter

One of the most important features of discrete symmetries is the role that they play in control-
ling the generation of particle-antiparticle asymmetries in the Universe. Two exemplifications
of this are studied in this thesis: baryogenesis, which is the cosmological production of baryonic
matter in excess of its antimatter counterpart, and asymmetric dark matter, which explores
the possibility that the dark matter also contains a particle-antiparticle asymmetry. In both
situations, there are three conditions, first stated by Sakharov [47], that need to be satisfied
for these imbalances to arise:

1. Particle number violation. This is usually connected with a continuous U(1) symmetry,
as is baryon number in the case of baryogenesis. Clearly, for an asymmetry to arise
there has to exist a process between two states X and Y that can produce a net baryon

number (B) excess
XY +B (1.2.9)

2. Departure from equilibrium. This condition is required so that the inverse (i.e. CPT-

conjugate) process
Y+B—-X (1.2.10)

has a different rate and the particle number-violating transition ((1.2.9) is not undone.

3. C and CP violation. It is clear that charge conjugation has to be violated, otherwise the
process
X—-Y+B (1.2.11)
would occur at the same rate as , generating as many antibaryons as baryons.
One way to understand why CP violation is also necessary for baryogenesis is to take
into account that baryons are made of quarks, which come in left- and right-handed
chiralities. Given that under a CP transformation q;, — g, conservation of CP enforces
the equality of the rates

X =Y +q)+T(X =Y +qp) =T(X =Y +qp) +T(X =Y +q), (1212
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which would preclude a net baryon number from being generated.

The Standard Model a priori provides all the ingredients listed above to generate a baryon
asymmetry. Departure from thermal equilibrium can occur in an expanding and cooling
Universe, and C and CP violation are present in the weak interactions as already pointed out.
Finally, baryon number violation can occur through electroweak sphalerons 48|, which are
non-perturbative processes that only conserve B — L, that is, the difference between baryon
and lepton numbers [49, [50], but break both quantities regarded separately. Sphaleron-driven
conversions are only efficient at sufficiently high temperatures. Because of this, they tend to
erase any baryon asymmetryﬂ generated before the electroweak phase transition [52|. That
said, if the electroweak phase transition is of first order, the departure from equilibrium is
strong enough and a net baryon asymmetry can be generated near the wall that separates
the broken and unbroken phases |53|. This putative process is usually known as electroweak
baryogenesis [54].

In practice, there are two main caveats that preclude electroweak baryogenesis from actually
occurring in the Standard Model as it is. The first one is that the amount of CP violation,
which can be measured by the Jarlskog invariant [55], is too small to explain the observed
baryon asymmetry |56} 57, 58|. The second one is that the measured value of the Higgs
mass |59} [60] is compatible with a crossover, rather than a strong first-order, electroweak
phase transition |61}, 62]. These shortcomings entail that new physics are necessary to explain
the cosmological excess of matter over antimatter, in which extra sources of CP violation are
a necessary (though not sufficient) requirement. Following this line of thought, Chapter
presents an extension of the Standard Model that can accommodate the generation of the
observed baryon asymmetry.

Although the Sakharov conditions have been exemplified here for the case of baryogenesis,
they easily generalize to other particle-antiparticle asymmetries. For instance, in asymmetric
dark matter models the dark sector contains a matter asymmetry just as the visible sector
does (63, |64, 65, 66]. A novel example of an asymmetric dark matter model is studied
in Chapter , in which the particle number is identified with the U(1) symmetry associated
with the phase of a complex scalar field. Finally, baryogenesis and asymmetric dark matter
can be combined to give a single origin for both particle-antiparticle asymmetries. This allows
some of the Sakharov conditions to be circumvented: for example, in the scenario of Chapter
baryogenesis proceeds even if baryon number is globally conserved, as a negative asymmetry
that compensates the visible one is stored in the dark matter.

1.3 Dark matter and axions

Axions are a paradigmatic example of light scalar particles that, should they exist, generally
contribute to the dark matter of the Universe. What is more, their existence is well motivated

2They can however be useful to transform a lepton asymmetry into a baryon one, as is proposed in models
of leptogenesis [51].
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by different particle physics arguments. Axions constitute one of the main focus of this
thesis and Part [T is entirely devoted to them. We therefore now review the most important
theoretical reasonings that lead to the belief that axions may indeed exist, and delineate the
main characteristics that make them good dark matter candidates.

1.3.1 The strong CP problem

The QCD axion is a byproduct |67, |68] of the mechanism proposed by R. Peccei and H.
Quinn [69] to explain the experimental observation that QCD respects the product of charge
conjugation and parity symmetries to a very high degree [70]. This is commonly known as the
strong CP problem. A simplistic argument to motivate why such a problem exists is that, as
long as CP symmetry is not imposed by hand E| in the Lagrangian of QCD, a dimension-four
term

g

1672

ﬁQCD D _QQCD trF'uVF#V (1.3.1)
is allowed by gauge symmetry. Here, FW = %EWMF P% is the dual field-strength tensor and
fqcp is an a priori undetermined parameter. It is easy to see E| that while charge conjugation
is preserved, parity is violated if qcp # 0, and therefore the product CP is violated too.
One thus expects this term to contribute to CP-violating observables in processes involving
strong interactions, like hadronic electric dipole moments [71|. The non-observation of such
effects |70] then leads to the requirement that fqcp is very close to zero, in contradiction with
the general expectation that dimensionless parameters in the Lagrangian should be O (1).

Although the above argumentation is helpful to get a simple understanding of the issue,
a few caveats arise once one looks into the details. The most important one is that the term
in Equation can be rewritten as a divergence of a current. We usually discard total
derivatives in the Lagrangian on the grounds that they give no contribution to the action
for fields that vanish at infinity, and we therefore may be tempted to do the same with the
fqcp term. The only reason why we cannot do this is the fact that non-abelian gauge theories
allow for instantons|72, 73, [74]. Instantons are solutions to the Euclidean classical equation of
motion with gauge field configurations that are topologically inequivalent to zero and generate
non-trivial boundary terms (see |75| for a nice introduction to the topic). In four spacetime
dimensions, instanton solutions arise from SU(2) embeddings into the gauge group of interest,
in our case SU(3), and can be labelled by their winding number k € Z, given by

1
1672

k / Az tr FPE,,. (1.3.2)

3 As discussed in the previous section, it is experimentally well stablished that CP is not a preserved symmetry
in the electroweak sector, so it seems natural to assume that QCD is not different in this regard. We will be
more explicit about this later.

4Tt is helpful to make the analogy with electromagnetism, in which a term of the form FE corresponds to

— —

E - B, which is clearly P (and CP)-odd.
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The Hamiltonian admits ground states with different values of the winding number but the
same energy, which therefore correspond to inequivalent vacuum states. Because quantum
effects associated with instantons allow for tunneling between these vacua [73|, the true vacuum
is a superposition of states of definite winding number,

|vac) = Zew In), (1.3.3)

where ¢ is some phase. Expanding around the superposition of vacua |vac) is equivalent to
working with the ordinary vacuum |0) and an extra term in the action

2
Lo —y % M F,, (1.3.4)
which, after identifying ¢ = fqcp, is exactly the term that we introduced on symmetry
grounds in Equation . But we now know that it generates a contribution to the action
proportional to fqcp for any state with nonzero winding number.

Another important point is that fqcp is not observable by itself: the physical 6 angle
receives a contribution from the electroweak sector, coming from the phase of the quark mass
matrix [40]. It originates from the fact that chiral rescalings are needed in order to rotate
the weak interaction eigenstates into physical (propagating) eigenstates after quarks become
massive at the electroweak symmetry breaking. The Jacobian of these chiral transformations
produces a term in the action analogous to Equation but with a new phase fgw, which
corresponds to the U(1) axial phase of the quark mass matrix. With this, the physical angle
becomes

0= HQCD + Opw. (1.3.5)

A priori, there is no reason to believe that 6 should be small. However, experimental data
strongly constrain the existence of CP-violating effects involving the strong interactions. In
particular, the non-observation of a sizable electric dipole moment of the neutron [70] sets the
extraordinary limit |71]

6 <1010, (1.3.6)

We would like to find an explanation for such a small parameter. Anthropic arguments by
themselves |76] are not useful in this situation because our Universe would look the same even
if § were orders of magnitude larger than required by Equation . The strong CP problem
is thus a genuine fine-tuning problem motivated by precise experimental data.

The Peccei-Quinn solution to the strong CP problem.

If we are not willing to accept a severe fine-tuning for 8, we are led to searching for dynamical
solutions that may explain its smallness. The simplest one is probably to postulate the existence
of a massless quark, and therefore the existence of an axial U(1) symmetry that is exact at the
classical Lagrangian level and only broken by the quantum effects associated to instantons as
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described above. In this situation, the # phase can be identified with the phase of the massless
quark and is completely unphysical |77, [78]. This minimal solution does however not seem to
be realized in nature, given that lattice QCD calculations [79] strongly disfavor the possibility
that any of the Standard Model quarks is massles

In spite of that, the idea that there exists an axial symmetry that is classically exact at
the Lagrangian level is a fruitful one. R. Peccei and H. Quinn noticed that this possibility can
still be realized as long as the symmetry is spontaneously broken at some high scale |69, 82].
The minimal requirement is thus a complex scalar field whose phase implements the global
Peccei-Quinn U(1)pq symmetry and which spontaneously acquires a vacuum expectation value.
As was appreciated by S. Weinberg and F. Wilczek |67, 68|, this entails the appearance of a
pseudo Nambu-Goldstone boson in the spectrum, which was baptized as the am’owﬁ At the
classical level, the axion inherits the axial U(1) as a shift symmetry a — a + const., which
is only broken by QCD instanton effects. This explains the form of the low energy effective
Lagrangian of the QCD axion,

_ 18 M a gg 2
L, = 50uad"a — El67r2trF Fuy. (1.3.7)

Here, f, denotes the QCD axion decay constant, which is closely related to the scale of Peccei-
Quinn symmetry breaking. Note that instanton effects reduce the continuous shift symmetry
to a discrete one, a — a + 27w f,k, k € Z. We can thus use the U(1)pq symmetry to rotate
away the € angle, and in this way trade it for the QCD axion field § — a/f,. It is then
necessary to make sure that the vacuum expectation value of the QCD axion does not restore
the strong CP problem. The key observation here is that the energy of the vacuum as defined
in Equation depends on the value of §. Using a dilute instanton gas, it is possible to
show (see e.g. [83]) that

N

_sn?
E() xe 9 cosb. (1.3.8)

This is consistent with a theorem due to C. Vafa and E. Witten [84] that states that in the
absence of other CP-violating sources, the energy of the QCD vacuum is minimized at 6 = 0.
Because the 6 parameter has been promoted to the axion field a/ f,, it can dynamically evolve
and settle at the CP-conserving value 6 = 0, thus satisfactorily solving the strong CP problem.

The Peccei-Quinn mechanism has a profound phenomenological implication: the appearance
of the QCD axion, a very light and weakly interacting pseudoscalar particle. The mass of
the QCD axion comes from the only source of breaking of its shift symmetry, i.e. QCD
instantons. At low energies, its potential can be reliably computed using chiral perturbation

®Some interesting possibilities [80, |81] exist in which one (or more) of the quark masses are generated by
non-perturbative effects so that the axial U(1) symmetry is only broken spontaneously and fqgcp remains
unphysical. These models generally predict the existence of a QCD axion as a composite state rather than a
fundamental one, but with similar phenomenological properties.

5We will use the term QCD azion to make it explicit that its existence is linked to the solution to the strong
CP problem.
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theory (ChPT) [85], which yields |86 |87]

(1.3.9)

12
me = 5.89(10) peV <10GeV> :

Ja

Aside from its FF coupling, the QCD axion can feature pseudoscalar couplings to other gauge
bosons, as well as derivative couplings to fermions. All the interactions of the QCD axion
share a common feature, owing to its Nambu-Goldstone boson nature: they are suppressed
by the decay constant f,. Aside from this, the precise strength of the interactions are largely
model-dependent, as was recently reviewed in [88]. Axions have a very rich phenomenology:
they can be searched for at colliders (e.g. [89]) as well as at dedicated experiments [90], and have
profound astrophysical implications [91]. At this point, we refer to Section in Chapter |§|
for a detailed study of the experimental and observational landscape of axions, with a focus
on their couplings to electroweak gauge bosons.

1.3.2 Axions and axion-like particles

The QCD axion is a particularly well-motivated example of a broad class of putative new
particles, which by extension are commonly known as axion-like particles (ALPs for short),
or often simply as axions. The distinctive feature that characterizes ALPs is the existence
of a shift symmetry which severely restricts their possible interactions. This shift symmetry
can be explicitly broken, usually by quantum effects (e.g. by instantons), thus allowing the
axion-like particle to acquire a potential and other non shift-symmetric couplings. Effectively,
this results in a very generic family of particles that are typically light and weakly interacting,
but that span a large range of masses and couplings.

In quantum field theory, axion-like particles typically arise as pseudo Nambu-Goldstone
bosons |92, 93| [94] of global symmetries of the classical Lagrangian. They can be scalars if
the symmetry is vectorial, pseudoscalar if it is axial, and may not have a definite chirality
if the symmetry is chiral but not purely axial. The axion-like particle is associated with an
angular degree of freedom ¢/ fy € [0, 27| after spontaneous symmetry breaking at the scale
fe. If the global symmetry is exact also at the quantum level, the axion-like particle remains
massless. However, it is usual that at least quantum effects result in some explicit breaking of
the symmetry. If these effects occur at some particular scale Ay, then the axion-like particle
acquires a potential V(¢/fs), and therefore generically a mass

AQ
K ¢

where K is some dimensionless coefficient. In many realizations, the source of the breaking
is non-perturbative and K ~ et is exponentially suppressed by an instanton action |74,
95, 96, (73], and thus potentially very small. Given that couplings of the axion-like particle
are also always inversely proportional to the ALP decay constant fy4, at the effective level the
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axion-like particle can essentially be described by two parameters: its mass mg and its decay
constant fg, which sets the strength of its interactions.

There is another way to obtain axion-like particles that is conceptually different: they
arise as Kaluza-Klein zero modes [97}, 98, 99| of antisymmetric tensors in compactified extra
dimensions [100]. The prime example of an extra-dimensional model is string theory, which
predicts the existence of a total of 10 or 11 spacetime dimensions |101], most of which have to
be compactified to reproduce our effectively 4-dimensional world. In compactification scenarios
that allow for some unbroken supersymmetry and chiral matter |[102|, the compact manifold
is of Calabi-Yau type and generically produces tens or hundreds of this kind of axion-like
particles, which are referred to as “closed string axions” |Z| [103]. In addition to that, axions
similar to the field theory ones previously discussed (i.e. phases of matter fields related to
spontaneously broken global symmetries) can also appear in string theory, and are known as
“open string axions”.

Although we do not describe here the details of closed string axions, it is interesting to briefly
mention what the general parametric expectations regarding these particles are, following the
discussion of [104]. The number of axions depends on the topology of the compact manifold,
more precisely on the number of homologically inequivalent p-cycles that it admits. As stated
above, in standard scenarios this typically means O (10 — 100) axions. The decay constant of
a given axion is set by the size of its associated p-cycle, which is controlled by a scalar modulus
field oy, called the “saxion”. Under certain standard assumptions, it can be estimated as

M
fi ~ — < Mp, (1.3.11)

o

where o; can be thought of as the dimensionless size of the p-cycle (its volume measured in
string units). The inequality follows from the requirement that this size is larger than one, as
the effective field theory description otherwise breaks down. Closed string axions enjoy a shift
symmetry which is inherited from gauge symmetries of their parent antisymmetric tensors.
They are thus massless up to exponentially suppressed explicit breakings of the shift symmetry
caused by non-perturbative effects, similarly to the case of pseudo Nambu-Goldsone bosons.
The most common non-perturbative effects are instantons, which generate masses of the form

o~ mSUSYAinst e_S

' fi

In addition to the instanton scale Ajus, which may be the Planck scale, the masses depend
on the scale of supersymmetry breaking mgyusy. In standard compactification scenarios, the
gauge coupling of the relevant instanton group at each p-cycle is related to the saxion field
as g2 ~ 1/o. Given that Siusy = 872/g?, this makes the axion masses exponentially sensitive

(1.3.12)

"In string theory (and other fields), the word axion refers to what we have so far called an axion-like particle.
In this sense, the choice of the word “axion” or “ALP” tells more about the field of study of the authors than
about the physical properties of the particle. We will use both terms interchangeably.



Introduction and background 15

to the scalar moduli, m; o« e ¢? (with some constant ¢). This observation leads to the

most important feature of closed string axions: while their decay constants have a power-law
dependence on scalar moduli and therefore all lie close below the Planck scale, their masses are
exponentially sensitive to o; and can be distributed over many orders of magnitude, generating
what some authors have coined the “string axiverse” [105].

For phenomenological applications one can often stay agnostic about the origin of axion-like
particles and consider an effective two-dimensional parameter space of mass mg and decay
constant fg. This is the approach that is followed in Chapters 4| and [5| In contrast, QCD
axion models are usually considered to belong to a single-parameter family, as the relation
Mg fo ~ A(2QCD fixes the mass given a decay constant. This is however not always the case:
as is studied in Chapter [6] models containing additional confining groups can lead to “heavy
axions” |106|, which are axions that solve the strong CP problem but whose mass is not
necessarily fixed by the QCD scale.

1.3.3 Axions as dark matter

The previous sections make it clear that there are strong motivations to believe that axions
may appear in our theory of nature. The question that immediately follows is: can we hope
to find experimental or observational evidence of their existence? At first sight, their very
low mass and feeble interactions with ordinary matter pose a difficult challenge. However, the
putative existence of axions has extremely rich phenomenological consequences for laboratory
experiments |90], as well as for astrophysical systems [91] and cosmology [104]. Observational
and experimental perspectives are reviewed throughout the main body of Part [T of this
work, e.g. in Sections and In this introduction, we focus on what is probably the
most interesting implication: the possibility that axions make up the dark matter of the
Universe [107] 108, [109].

Axions fulfill all the requirements that a good dark matter candidate needs to satisfy. First
of all, they are by nature extremely weakly interacting, both with other particles and with
themselves, as their interactions are suppressed by the large energy scale fs. The second
question, that of their cosmological stability, is a more interesting one. Although it may seem
guaranteed given their weak interactions and small masses, parametrically enhanced decays
can occur due to the bosonic nature of axions. This is explored in detail in Chapter [d] in
which the conclusion is that the cosmological stability is assured for axions with the masses
and decay constants of interest.

This leaves a final requirement to be checked, namely that axions behave like a pressureless
fluid for all purposes related to gravitation. Something that is easy to realize is that axion dark
matter with a mass my < 1eV cannot be produced thermally [110], as otherwise axions are too
relativistic at the onset of structure formation ﬂ As a consequence, axions have to be produced
non-thermally. As a matter of fact, there is a very general way of non-thermally producing

8The strongest bounds on warm dark matter are derived from observations of the Lyman-a forest [111] and
disfavor thermal dark matter candidates with masses below ~ 1keV.
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very light scalar particles in the early Universe: the misalignment mechanism [107] (108, |109]
(see also [112]), which is discussed in detail in Section The misalignment mechanism
produces a coherent state of axions that can be described using classical field equationsﬂ The
produced cosmological axion field is very homogeneous, which corresponds to a population of
zero-momentum axions. As a consequence, its stress-energy tensor is that of a perfect fluid
with zero pressure, and the axion field therefore behaves as extremely cold dark matter.

A significant fraction of this thesis is devoted to the study of axions and axion-like particles
as dark matter and the dynamics of the misalignment mechanism. In fact, Chapter [5] goes
beyond the simplest models and considers the effects of a non-canonical kinetic term for the
axion in its cosmological dynamics. Interestingly, the main conclusion is that such a generalized
setup allows for axions to be efficiently produced by the misalignment mechanism in regions
of parameter space that otherwise produce too little dark matter. It is precisely in this region
of parameter space where the cosmological stability of axions is found to be guaranteed in
Chapter [4 This contributes to motivate experimental searches for axions with low masses and
low decay constants.

To end this section, note that the main features of axions as dark matter candidates can be
generalized to other light bosonic particles. Indeed, in addition to focusing on axions in Part [[]
of this thesis, in Chapters and [8| we deal with more general scalars or pseudoscalars, and
with massive vector fields. The particularities and similarities for each of these are discussed
in detail in each of the corresponding chapters.

1.4 Dark matter and inflation

One of the main emphases of this thesis lies on the origin of light scalar dark matter at the dawn
of the cosmological history. To set up the stage for the discussion, we now briefly describe the
picture that is currently more accepted with regards to the physics of the very early Universe,
focusing on inflation. The physics of inflation is of uttermost importance for Part [[TI} but also
relevant for the first two parts of the thesis due to the existence of isocurvature fluctuations,
which are a very generic feature of light bosonic particles behaving as dark matter.

1.4.1 Inflation

With the inclusion of a few ingredients like baryogenesis, dark matter and a cosmological
constant, it is possible to construct a self-contained theory to describe the history of the entire
observable Universe. This Standard Model of cosmology is usually known as ACDM or the
Big Bang model, and gives a dynamical description of the evolution of the Universe. However,
when trying to fully explain all cosmological and astrophysical observations, the model runs
into a problem of initial conditions. Or rather a few problems, to be precise.

9Some authors have raised the question of whether quantum or Bose-Einstein condensation effects may
be important in axion dark matter physics [113} |114, |115] 116} [117]. Although this could entail surprising
phenomenological consequences, the debate is at the moment still not completely settled.
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Firstly and in agreement with the cosmological principle, observations unanimously show
that the Universe is homogeneous and isotropic |118] on all large scales to which we have access.
In particular, the CMB has an almost perfect black body spectrum irrespective of the direction
from which it is coming [10, |11}, [119]. That said, the Standard Model of cosmology predicts
that the early Universe was made of many casually disconnected patches, which would have
no reason to be so precisely homogeneized. Secondly, a flat Universe corresponding to zero
curvature is unstable with respect to small perturbations around the critical energy density.
Given that current observations show that the curvature is vanishing within experimental
uncertainties [12|, we conclude that it must have been extremely flat at earlier stages (for
instance, 1 part in 104 during Big Bang nucleosynthesis [120]). Finally, some of the most
popular high-energy particle physics models predict the existence of exotic relics that would
have been produced in the early Universe, whose traces have however not been found.

We conclude that the Universe started its life in what seems a very particular state, and
unless we are willing to accept this, we need to find a dynamical explanation for it. This is
precisely what the theory of cosmological inflation [121} 122, 123, (124, |125| |126] provides. By
postulating a period of quasi de Sitter [127] expansion at the beginning of the Big Bang model,
the initial conditions described in the previous paragraph are dynamically attained. Although
current observational evidence cannot give a definitive answer regarding the precise details of
this event, it is widely accepted that something likﬂ inflation must have occurred in the very
early Universe.

This thesis assumes that the early Universe experienced an early phase of accelerated
expansion, but does not deal with the details of the inflationary dynamics. Rather, we are
interested in the ways that inflation can impact the physics of light dark matter candidates.
For this, the most important aspect of inflation is its ability to generate a spectrum of density
perturbations from quantum fluctuations, as we briefly review in the next section.

1.4.2 Adiabatic and isocurvature dark matter fluctuations

In the standard inflationary picture, the quantum fluctuations of the inflaton serve as seeds
for the density perturbations that give rise to the growth of large-scale structure in the late
Universe 130} (131} 132} 133, 134, |135]. This process occurs as follows [136] |137]. Small
quantum fluctuations in the field that drives inflation, the inflaton, are closely related (in fact,
gauge equivalent) to fluctuations in the metric that source perturbations in the curvature of
spacetime, which can be thought of as a gravitational potential. In the inflationary background,
the wavelengths of these fluctuations grow until they exceed the size of a patch where causal
contact is possible; they are then said to have become super-Hubble or to have left the horizon.
At this point, the perturbation become classical statistical fluctuations and they freeze, i.e. they
stop evolving. After inflation has ended and the Universe is radiation- or matter-dominated,
the fluctuations of the gravitational potential induce temperature and density perturbations
through the Poisson equation V2WU = 47G §p. These density fluctuations later on become

10 Alternative possibilities include bouncing [128| and string gas [129] cosmologies.
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self-gravitating and grow to give rise to the large-scale structure of the Universe that we observe
today.

As we know, our present Universe can be regarded as a thermodynamic system that contains
a mix of different components: radiation, dark matter, baryonic matter, neutrinos. .. In this
situation, two kind of perturbations are possible: adiabatic and isocurvature perturbations |138].
Adiabatic perturbations are perturbations in the total energy density of the system, and are
thus the ones that source the curvature perturbations. Because of this, adiabatic perturbations
are also known as curvature perturbations. In contrast, isocurvature (or entropy) perturbations
correspond to relative fluctuations between the different components of the system, but which
do not perturb the total energy density. Clearly, there can be different isocurvature modes,
corresponding to relative fluctuations between different components.

In the picture described above, the inflaton fluctuations are by construction adiabatic, since
the inflaton dominates the energy density of the Universe during inflation. If all the contents of
the Universe originate from the decay of the inflaton, the adiabatic nature of the fluctuations
is inherited by all the components and there are no isocurvature perturbations. However,
if one or more of the components have an independent production mechanism, isocurvature
perturbations are possible. This is the case for some of the scenarios studied in this thesis, in
which dark matter is assumed to be a light scalar field which is present during inflation and
is therefore bound to acquire its own quantum fluctuations [139, [140| 141} [142|, unrelated to
the inflaton ones. As the dark matter field is energetically subdominant during inflation, its
fluctuations do not originally contribute in a significant manner to the total energy density
and can be considered to be purely isocurvature. In the late Universe, when the dark matter
becomes energetically relevant, these isocurvature modes can have important phenomenological
consequences, as is discussed in the main body of the thesis.

Let us now flesh out a bit more this heuristic description by introducing the relevant
quantities that are useful to describe the perturbationﬂ As we anticipated, perturbations
in the fields result in perturbations in their stress-energy tensors, which in turn induce per-
turbations in the metric via the Einstein’s equations. These perturbations are defined with
respect to a reference (or background) spacetime, which in this case has the spatially flat
Friedmann-Lemaitre-Robertson-Walker metric ds? = a?(7) (— dr? + da_c'2). However, because
general relativity is the gauge theory of coordinate transformations (or diffeomorphisms), we
have the freedom to choose any coordinate system in the real spacetime. A choice of coor-
dinates can also be viewed, in an “active” perspective, as a mapping between the reference
and the real spacetime. Choosing a mapping is usually referred to as fizing a gauge, which in
practice corresponds to slicing the spacetime into hypersufaces of fixed time 7 and threading
it into lines of fixed spatial coordinates &. Clearly, a physical perturbation is independent of
the choice of slicing and should ultimately be described using gauge-invariant quantities.

Once a gauge is fixed and a particular slicing of spacetime is chosen, the perturbed metric

1YWe restrict ourselves to the study of scalar perturbations. Tensor perturbations, associated with primordial
gravitational waves, are also possible and are a topic of much interest [143].
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can be written as [144]
ds? = —N2dt? +a%(t) e*¥ Yij (dmi 4+ dt) (dxj +37 dt) , (1.4.1)

where the lapse function N and the shift vector 3% define the slicing, 7ij and a(t) denote the
spacial metric and background scale factor, respectively, and v is the curvature perturbation.
A very useful gauge-invariant quantity to define is [145]

CEWH(Z), (1.4.2)

which corresponds to the curvature perturbation ¢ calculated in the uniform-density slicing in
which the total energy density has no perturbation (§p = 0). Similarly, for each component
fluid, we define (; as the curvature perturbation on a slicing in which the fluid ¢ is uniform
(0p; = 0),

CZ'Ei/}—l-H@. (1.4.3)

Pi

Crucially, each (; can be proven to be conserved on super-horizon scales for non-interacting
fluids [146]. These definitions are convenient because they allow to measure the isocurvature
perturbation between the fluids ¢ and j in a gauge invariant fashion. It is conventional to
define it as

Sij =3 (CZ — Cj) s (1.4.4)

such that it can be identified with the perturbation in the ratio of the number densities of the
two species. In the case of interest here, the isocurvature perturbation between dark matter
(c) and radiation (r), which we denote just by S, can be written as

_ p. 5pr>
S=3(C—¢)=3H (e A 145
(Ce— ) <pC 5 (1.4.5)

We assume that the curvature perturbation in the radiation-dominated Universe is sourced
solely by the inflaton, so that the difference between 6. and 6, can be traced back to the
fluctuations in the dark matter field (which we denote by ¢) during inflation. In this case, the
dark matter-radiation isocurvature perturbation is simply given by

5
5= (1.4.6)

Pe

where we have used the continuity equation. At this point, we note that the adiabatic or
isocurvature nature of the perturbations is in general not time-invariant. This is clearly
exemplified by the case of dark matter isocurvature, in which the primordial isocurvature
perturbation also contributes to the curvature perturbation once the dark matter comes to
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dominate the energy density of the Universe. Indeed, from Eq. (1.4.4)) we see that the total
curvature perturbation during the matter era is

; 1
¢MD — ¢inf 39 (1.4.7)

where (™ is the total curvature perturbation during the radiation era. Given this ambiguity in
tagging a perturbation as adiabatic or isocurvature, it is important to clarify that we implicitly
assume the label to correspond to the initial state of the perturbations, deep in the radiation
era.

Isocurvature perturbations are a generic prediction of scenarios of light bosonic dark matter
that was present during inflation, and are therefore a topic of much study in this thesis. The
generation of such fluctuations during inflation is examined in detail in Chapters [7] and [§ and
their consequences for the misalignment mechanism in axion models are studied in Chapter

To finish this section, we qualitatively comment on the main phenomenological differences
between adiabatic and isocurvature perturbations, focusing on their imprint in the CMB.
There are two main effects by which dark matter isocurvature distorts the CMB temperature
spectrum:

e There is an enhancement of the CMB temperature fluctuations on very large scales,
induced at the transition from a radiation-dominated Universe into a matter-dominated
one right before the emission of the CMB. When the dark matter becomes energeti-
cally dominant, the isocurvature mode is effectively “transferred” to the photon fluid,
generating a boost in its anisotropy on large angular scales. This manifests itself in
an enhancement of the Sachs-Wolfe plateau |147] with respect to the acoustic peaks of
about a factor of 6 in the pure isocurvature scenario compared to the adiabatic one.
Such a large effect was used very early on [148| (see also [149, 150, 151]) to rule out the
possibility of a purely isocurvature dark matter model.

e There is a shift of 7/2 in the phase of the acoustic oscillations that moves the temperature
spectrum to smaller scales with respect to the adiabatic case [152} 153, |154} 155]. The
cause of this effect is that in order to keep the perturbations isocurvature, there has
to be a compensation between the dark matter fluctuations and the radiation density
perturbations. This anticorrelation means that photons originally rarefy inside potential
wells, as opposed to the adiabatic case, in which they compress: the result is a sine, rather
than a cosine, oscillation. Importantly, this phase shift is also present in the (E-type)
polarization spectrum and the temperature-polarization cross-spectrum. This is because
polarization tracks the baryon velocity, which itself undergoes acoustic oscillations /2
out of phase with the density (and therefore the temperature).

On the observational side, the temperature and polarization spectra of the CMB, measured
in most detail by the Planck mission [156|, are compatible with purely adiabatic fluctuations.
As a consequence, dark matter can only have a small admixture of isocurvature perturbations,
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but its perturbations are mostly of curvature type. This means that axions and general models
of light bosonic dark matter have to face strong constraints in conjunction with the energy
scale of inflation, as is discussed in depth in Chapters [5] [7] and [8] Nevertheless, there are ways
in which isocurvature perturbations, even very large ones, could be “hiding” from observations.
Indeed, one of the main goals of this thesis is to motivate a scenario in which dark matter
originates from purely isocurvature perturbations. This possibility is discussed in detail in
Chapters [7] and [§ and relies on the fact that the CMB isocurvature limits only apply to very
large cosmological scales, while the amplitude of isocurvature perturbations at intermediate
and small scales is virtually unconstrained.

1.5 This thesis

This work explores well-motivated new physics scenarios and their potential connection with
the dark matter problem. The previous introduction has presented a series of open questions
in particle physics and cosmology and hinted at possible links between them and the origin
of the dark matter that we observe in the Universe. In the main body of the thesis, we focus
on concrete models that can realize this connection and study their phenomenology. The key
question that is asked throughout is how potentially measurable properties of dark matter can
inform our knowledge about what lies beyond the Standard Models of particle physics and
cosmology.

Part [I] describes how particle asymmetries can be important in generating dark matter
and setting its abundance, and how a dark matter asymmetry can be connected to other
imbalances, like the baryon-antibaryon asymmetry of the Universe. In Chapter [2| a model of
coherent scalar dark matter of asymmetric nature is presented for the first time. The particle-
antiparticle asymmetry is generated in the very early Universe through the dynamics of a
complex scalar field in a U(1) symmetry-breaking potential, in analogy to Affleck-Dine models
of baryogenesis. The phenomenological consequences of the scenario are studied, focusing in
the differences with the common symmetric setups. The following Chapter [3] also deals with
asymmetric scalar dark matter, but focusing on heavier particles and exploring a common
origin of the asymmetry in the dark sector and the baryon one. This connection is made
possible by assuming that the dark matter carries an overall negative baryon number, and is
implemented by postulating the existence of new physics in neutral B meson oscillations and
decays. Importantly, we show how a simple supersymmetric extension of the Standard Model
contains all the necessary ingredients to realize this novel scenario.

Part [[I] discusses the physics of axions and axion-like particles, concentrating on their
potential role as dark matter but also considering searches for these particles in other envi-
ronments, like collider experiments. As a starting point, Chapter [4] studies the cosmological
stability of axions as dark matter, which is endangered by Bose-enhanced decays into photons.
After taking into account the expansion of the Universe and in-medium plasma effects in the
propagation of the produced photons, we conclude that the decay is sufficiently slow in the
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interesting regions of parameter space. This observation, together with a quickly-developing
experimental scene, motivates the search for axion models that can generate a large fraction
of dark matter in the region of large couplings and small masses, a task that is undertaken in
Chapter [5} For the first time, the effects of a non-canonical kinetic term in the misalignment
mechanism are studied, paying special attention to isocurvature constraints and allowing for a
temperature-dependent potential. Finally and in a complementary direction, in Chapter [6] we
delve into the collider phenomenology of axions with a coupling to gluons, which is required
to solve the strong CP problem. The novelty of our approach is to allow for the simultaneous
coexistence of multiple axion couplings, as opposed to previous analyses which were based on
single couplings. This new paradigm allows to obtain a more realistic picture of the behavior
of axions in high-energy experiments.

In Part [[TI} potential connections between the origin of dark matter and the putative
inflationary epoch in the very early Universe are studied, with a focus on light scalar and
vector particles with generalized gravitational interactions. In a first study that is reproduced
in Chapter [7] the focus is on the production of light scalar dark matter from inflationary fluctu-
ations. Allowing for a non-minimal coupling of the field to gravity is shown to have remarkable
phenomenological consequences, leading to the production of dark matter independently of
any initial conditions and predicting the existence of rich structure at sub-galactic scales. As
a follow-up, Chapter 8| enlarges the scope to also accommodate for (massive) vector dark
matter, and provides a general discussion of various production mechanisms: misalignment,
inflationary fluctuations and the stochastic scenario.

Finally, all these ingredients and scenarios are combined in the final Chapter ] that serves
as a global analysis of the physics explored in this thesis. We provide a detailed summary of
each publication in Section highlighting the main ideas and the most important results.
Then, an in-depth discussion of those results, with a focus on their embedding in the broader
picture of particle physics and cosmology, is presented in Section [0.2] We finish in Section [9.3]
with an outlook of potential future directions motivated by the physics demonstrated in this
thesis.



The following Chapters [2] to [§] are a compilation of articles published by the author of the
thesis and a number of collaborators in peer-reviewed journals. The references to the articles
are listed in the Preface and are also given before each of the publications, together with a
detailed description of the contributions of the author to each multi-authored paper.






Part 1

Dark matter and particle asymmetries

25






Chapter 2

Very light asymmetric dark matter

Authors:
Gonzalo Alonso-Alvarez, Julia Gehrlein, Joerg Jaeckel,
and Sebastian Schenk

Published in JCAP 09 (2019) 003,
also available at arXiv:1906.00969

Reproduced with permission

Principal authorship of this article is shared on an equal footing by Julia Gehrlein, Sebastian
Schenk, and Gonzalo Alonso-Alvarez. The original idea for the project was conceived by Joerg
Jaeckel and was further developed by the four authors. The principal authors contributed
equally to the calculations and the writing of the manuscript, and the figures were produced
by Sebastian Schenk. All four authors contributed with corrections and suggestions to the
manuscript, as well as with improvements during the review process.

27


https://doi.org/10.1088/1475-7516/2019/09/003
https://arxiv.org/abs/1906.00969

ournal of €osmology and Astroparticle Physics

An IOP and SISSA journal

Very light asymmetric dark matter

Gonzalo Alonso-Alvarez,” Julia Gehrlein,’c Joerg Jaeckel
and Sebastian Schenk”

%Institut fiir Theoretische Physik, Universitdt Heidelberg,
Philosophenweg 16, 69120 Heidelberg, Germany

*Instituto de Fisica Teérica UAM/CSIC,
Calle Nicolas Cabrera 13-15, Cantoblanco E-28049 Madrid, Spain

“Departamento de Fisica Tedérica, Universidad Auténoma de Madrid,
Cantoblanco E-28049 Madrid, Spain

E-mail: alonso@thphys.uni-heidelberg.de, julia.gehrlein@Quam.es,
jjaeckel@thphys.uni-heidelberg.de, schenk@thphys.uni-heidelberg.de

Received June 25, 2019
Revised August 7, 2019
Accepted August 7, 2019
Published September 2, 2019

Abstract. Very light dark matter is usually taken to consist of uncharged bosons such as
axion-like particles or dark photons. Here, we consider the prospect of very light, possibly
even sub-eV dark matter carrying a net charge that is (approximately) conserved. By making
use of the Affleck-Dine mechanism for its production, we show that a sizable fraction of the
energy density can be stored in the asymmetric component. We furthermore argue that
there exist regions of parameter space where the energy density contained in symmetric
particle-antiparticle pairs without net charge can to some degree be depleted by considering
couplings to additional fields. Finally, we make an initial foray into the phenomenology of
this scenario by considering the possibility that dark matter is coupled to the visible sector
via the Higgs portal.

Keywords: dark matter theory, baryon asymmetry, particle physics - cosmology connection

ArXiv ePrint: 1906.00969

© 2019 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2019,/09/003



Very light asymmetric dark matter 29
Contents
1 Introduction 1
1.1 A simple model for very light asymmetric dark matter 3
2 Cosmological dynamics of a U(1) symmetric field 4
2.1 A self-interacting real scalar field D
2.2 Fragmentation of the coherent field 7
3 Affleck-Dine dynamics and generation of charge 9
3.1 Charge generation 9
3.2 Charged dark matter 11
4 Depletion of the uncharged component via annihilations 13
4.1 Annihilation into a second (uncharged) scalar 13
4.2  Quartic-dominated epoch 14
4.3 Mass-dominated epoch 16
5 Phenomenology of light dark matter with a net charge 19
5.1 The Higgs portal 20
6 Conclusions 23
A Parametric resonance and the Mathieu equation 24
A.1 Narrow resonance 25
A.2 Broad resonance 25

1 Introduction

Very light bosons such as axion(-like) particles or dark photons are increasingly popular
dark matter candidates (see, e.g., [1, 2] for reviews). Currently, a significant and growing
experimental community is set to hunt down these very weakly interacting particles [1, 3-17].
Due to their low mass, production of very light dark matter must be non-thermal, as thermal
relics with masses significantly below keV are too warm and disrupt structure formation (see,
e.g., [18, 19]). The most prominent non-thermal production mechanism is the misalignment
mechanism [20-27], but other possibilities, such as the decay of cosmological defects [28] or
precursor particles [29-34], and production from inflationary perturbations [27, 35-46] may
contribute to part or even all of the observed dark matter density.

All the aforementioned scenarios have one thing in common: the final dark matter
density does not carry any conserved global charge. As a matter of fact, light dark matter
candidates are most commonly considered to be real scalar or vector bosons, which cannot
possibly carry any such charge.

In this paper, we consider an alternative situation where most or at least a sizable
fraction of the dark matter is asymmetric in the sense that it carries a non-vanishing (ap-
proximately) conserved global charge. This kind of scenario has of course been widely studied
under the name of “asymmetric dark matter” [47-57]. However, in the standard asymmetric
dark matter models the particle mass is usually assumed to be in the GeV range, motivated
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by the fact that a ~ 5GeV asymmetric dark matter particle would have a (dark) charge
asymmetry equal to the baryon asymmetry of the Universe. We are interested in much
lighter particles,' typically below an MeV and possibly even sub-eV, which due to their high
occupation numbers can be described as coherently oscillating classical fields. Consequently,
the asymmetric net charge density is orders of magnitude larger than the baryon asymmetry
(and the two charges may not be related to each other at all). Indeed, for sufficiently small
masses, such light dark matter would most likely be carrying the largest charge asymmetry
density in the Universe.?

The dark matter and corresponding charge density need to be created in the early
Universe. The low mass of the particles precludes any purely thermal or even mildly warm
production mechanism. A suitable mechanism — in spirit very much coherent with the
misalignment mechanism — is the Affleck-Dine mechanism [60] (cf. [61] for a review and [57,
62, 63] for its application to asymmetric dark matter). In this setup, charge is created during
the evolution of a field displaced from its minimum in a (slightly) asymmetric potential.
In section 3, we argue that through this mechanism a sufficient amount of charge can be
generated even for very light particles.?

Beyond these principal considerations, our main motivation is phenomenological. Asym-
metric dark matter carrying a conserved charge is much harder to detect than its uncharged
counterpart, and it requires different methods to do so. One reason for this is that inter-
actions of dark bosons carrying a conserved charge with the Standard Model are usually of
higher dimension than those of a real scalar (or vector) field. A real scalar field can always
couple linearly to any Standard Model singlet operator, ¢rca1 Osm. Coupling a charged scalar
to the same operator requires ¢f¢ Oy, which is one mass dimension higher and therefore
typically more suppressed in the sense of effective field theory.

More important is, perhaps, the fact that many experimentally relevant processes are
forbidden by charge conservation. This is the case too for the standard, comparatively heavy,
asymmetric dark matter. For example and due to the conserved charge, any indirect detection
method based on decay or annihilation of dark matter will be suppressed. At low masses,
the effect is even more dramatic. Since the signal of elastic scattering off Standard Model
particles is too small to be detected, essentially all direct detection experiments looking for
sub-eV dark matter particles are effectively based on (coherent) absorption of dark matter
particles inside the experiment. For example, the famous axion haloscope [3] aims to use a
strong magnetic field to convert axions into photons, which are then absorbed by the detector.
This, however, is not possible if charge is to be conserved.

This unsuitability of traditional experimental setups leaves us with three options, all of
them challenging. Firstly, there remains the possibility to search directly for the symmetric
dark matter fraction, which carries no charge and effectively consists of particle-antiparticle
pairs. Secondly, we can hope that there exist sufficiently unsuppressed charge violating
operators that could be exploited in suitably designed experimental searches. Finally, we
can search for other subtle effects that do not require charge violation or even an absorption,
e.g. variations in fundamental constants related to spatial or temporal changes in the dark

1See [58, 59] for discussions of lighter asymmetric dark matter candidates, that however, do not discuss
the origin of the asymmetry.

2For masses < meV, this charge density would be larger than any one potentially carried by neutrinos (or
any other fermions), because the energy density of such a fermion gas would exceed the dark matter density
due to Pauli blocking, even if the particles were massless.

3 An interesting construction where the role of the Affleck-Dine field is played by a pseudo-Nambu-Goldstone
boson was recently suggested in [64].
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matter density. A few initial attempts for the example of a Higgs portal interaction are
discussed in section 5. Nevertheless, clearly more work is needed to develop effective search
strategies for the challenging case of very light asymmetric dark matter.

The structure of the remainder of this work is as follows. Below, we briefly introduce
our model and discuss some of its main features and model building considerations. In
section 2, we review the cosmological dynamics of a (homogeneous) self-interacting scalar
field in an FLRW background. Then, in section 3, we describe how a net charge density
can be generated in coherent oscillations of the classical field. Section 4 considers possible
effects that can reduce the energy density stored in the uncharged component of the field
while preserving the charge asymmetry, like the resonant annihilation of the symmetric part
into an additional scalar field. In section 5, we discuss the phenomenology of our scenario
focusing on potentially observable effects induced by very light particles with a large charge
asymmetry. The Higgs portal scenario is studied as an interesting example. Finally, we
conclude in section 6.

1.1 A simple model for very light asymmetric dark matter

Let us introduce the model under study before going into more detail about its cosmolog-
ical dynamics in the following sections. We consider a complex scalar field theory with an
approximate U(1) symmetry to play the role of the dark matter,

£= 0,606~ m?sto A (s10) — e (0" +o1) | (1.1)

The first three terms on the right hand side preserve the U(1) symmetry, which is broken
explicitly by the quartic term proportional to e. Without loss of generality, € can be chosen
to be real and positive.

Explicit U(1) breaking terms are necessary in order to generate some amount of con-
served charge in a cosmological background. The reason is that an inflationary epoch in the
early Universe dilutes any preexisting U(1) conserved number density. Therefore, in order to
survive until the present day, the charge needs to be replenished after inflation. As is shown in
section 3, a conserved charge is automatically generated as long as the breaking terms are ac-
tive at any point after inflation. This is known as the Affleck-Dine mechanism [60], by which
the initially homogeneous scalar field at rest acquires a non-vanishing angular momentum
due to the asymmetry in the shape of the potential caused by the symmetry breaking terms.

The charge generation is most effective when the quartic terms of the potential are
relevant. However, in this regime also other effects due to the self-interaction of the field
may become important. Indeed, when self-interactions are dominating, the dark matter
cosmology is affected in two ways. First, the energy density of a scalar field governed by a
quartic term dilutes like radiation. Second, fluctuations, e.g. those unavoidably generated
during inflation, can grow and cause a fragmentation of the field [61, 65-70]. We recall both
effects in section 2.

In principle, all U(1) symmetry breaking operators up to fourth order in the fields
could be included along with the one in the Lagrangian (1.1). We however only consider
the operator ¢ (¢4 + ¢T4) in this work. The practical reason for this is that in order for
the charge to be conserved at late times, the symmetry breaking has to be switched off at
some point during the cosmological evolution. This is achieved when the field value becomes
small and the quartic interaction terms are subdominant to the quadratic ones, which are
taken to be completely U(1) preserving. Other quartic terms like ¢3¢ can be introduced
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without qualitatively changing any of our conclusions, and are kept out of the discussion in
the interest of simplicity.

From a theoretical point of view, the choice of the potential (1.1) can be motivated
by symmetry arguments. Indeed, the Lagrangian as presented above features an exact Zy
symmetry. It has been argued that such discrete symmetries can be preserved even if the
global continuous symmetry is broken by quantum gravity effects [71, 72]. Similar arguments
can allow to suppress the symmetry breaking terms even further, e.g. a Zg symmetry would
only allow some particular operators of dimension six or higher. In this sense, our potential
is only one instance of this class of models.

The existence of an exact Z4 symmetry has additional phenomenological consequences,
as it severely restricts the possible interaction terms with other particles, most importantly
Standard Model ones. In this case, only symmetry breaking interactions that involve at least
four powers of the dark matter field are allowed. The lowest dimension interactions with
Higgs bosons or photons would then be of the form

¢'F?, (1.2)
respectively. In contrast, U(1) symmetric operators are less suppressed by the energy scale M,
1
2 2 2
9> H'TH or < 1ol F (1.3)

Aslong as M is large, U(1) conserving operators are expected to lead to stronger effects. We
will investigate the phenomenology associated to the Higgs interaction in section 5.

2 Cosmological dynamics of a U(1) symmetric field

Let us start with the equations of motion for the complex scalar field (1.1) in an expanding
background. It is convenient to decompose the field into the radial and the angular degree
of freedom, ¢ = pexp(if)/ V2. In these coordinates, the equations of motion for a spatially
homogeneous” field read

¢+3H¢7¢0’2+8—V:0, (2.1)

dp

. .19V
H + 20,1 — = 2.2
0+ (3H + 20, og<p)9+(p2 50 0, (2.2)

where H = a/a is the Hubble parameter.

Even though the main focus of this work is the generation of a global U(1) charge
density due to an explicit symmetry breaking, we first want to recall the dynamics of the
U(1) symmetric case, i.e. e = 0, corresponding to the potential

V(g)=m?sto + 2 (41) (23)

Looking at (2.1), it is clear that the dynamics of a complex field in the above potential can be
described using a massive, self-interacting real scalar ¢ and a massless mode 6. For simplicity,

4The assumption of homogeneity of the field at cosmological scales is well motivated. The situation is very
similar to that of the misalignment mechanism, since any sufficiently light field present during inflation is
homogenized on scales larger than today’s horizon.
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in this section we will assume trivial dynamics of the angular component, 6 = 0, and focus on
the radial mode. This is justified by the fact that during inflation® any initial  # 0 and the
corresponding conserved charge is diluted, § oc a3, therefore quickly becoming negligible.

2.1 A self-interacting real scalar field

Once the dynamics of the angular mode are assumed to be trivial, i.e. §(¢) = const, the
equation of motion for the radial field simplifies to

@+ 3Hp+mPo+ \p® =0, (2.4)

which is exactly that of a massive and self-interacting real scalar (as studied originally in [73]).
The existence of the self-interaction causes significant deviations from the usual cosmological
evolution of a free scalar field. The general solution of (2.4) is complicated, but in a similar
way to what is commonly done for the misalignment mechanism [20-25], we can separate the
evolution into distinct regimes where solutions are easily found.

At early times, when the Hubble friction is very large compared to the mass and self-
coupling terms, eq. (2.4) has a dominant constant solution, i.e. the field is stuck at a certain
value, ¢(t) = ¢o. As the Hubble parameter monotonically decreases with time, there comes
a point tg when the friction is not strong enough and the field starts to oscillate around
the minimum of its potential. The Hubble scale at which this transition happens can be
estimated as (cf. [74])

1
0V |2
3H(tg) ~ | —= 2.5
() =|5% (25)
Assuming a radiation dominated universe, this corresponds to
3 _1
tog = 3 |m2 + 3/\<p%| 2. (2.6)

For the rest of this work and unless stated otherwise, the scale factor in the radiation domi-
nated universe will be normalized to a(t) = +/t/to.

In the equation of motion (2.4), there is a competition between the mass and the self-
coupling of the field. In the following, we can distinguish two regimes: the quartic-dominated
regime when Ap? > m?, and the mass-dominated regime, characterized by A¢? < m?.
Given a large enough initial field value, the evolution is at first dominated by the quartic
term. Later on, the mass-dominated regime is eventually reached once the amplitude of the
oscillations of the field is sufficiently damped by the expansion of the universe. If initially
)\(,0(2) < m?, the quartic-dominated regime is skipped and the quartic terms are irrelevant for
the cosmological evolution. As we are interested in studying the effect of the self-interactions,
in the following we assume that A2 > m?.

Let us now be more quantitative. In the quartic-dominated regime, the equation of
motion of ¢ can be written as

G4+ 3Hp + A > =0. (2.7)

It is solved by the Jacobi elliptic cosine function with modulus k? = 1/2,
3
w(n) = 0 <\f>\g0077, ) ~ % oS <4\5<p077> , (2.8)

a

1
NG

5We assume that the inflation scale Hr > m.
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where we use conformal time n = 2tg(a(t) —1) (i.e. n(tgp) = 0) and impose the initial condition
©(0) = ¢o.

The time ¢; when the transition from the quartic- to the mass-dominated regime occurs
is given by the condition A®%(¢;) ~ m? (where ® denotes the amplitude of the oscillations),
yielding

\p2
="

11 (2.9)

In the mass-dominated regime, the eq. (2.4) reduces to the well-known damped harmonic
oscillator,
G+3Hp+mPp =0, (2.10)

which is solved to an excellent approximation by

3/2
o(t) = @1 <;E)> cos (m(t — t1)) . (2.11)
Here, 1 and a; are evaluated at time ¢;.

From the evolution of the field in both regimes, we can obtain the scale factor dependence
of the energy density of the field. In the quartic-dominated regime and averaging over
oscillations, the scalar field redshifts as radiation, (p) oc a=%. In the mass-dominated regime,
the energy density dilutes as (p) o a~3, making a massive scalar field a good dark matter
candidate.’

The main consequences of the discussed evolution are summarized in figure 1. There,
we show the initial field value needed to explain the full dark matter density observed in
the universe today, ppy = 1.3keV/cm3 [75], as a function of the mass and the self-coupling.
Outside of the yellow-shaded region, the field goes through a quartic-dominated phase as
described above. This significantly increases the required size of the initial field value’ to
produce the full dark matter density today, up to the point that above the black dashed line,
the initial field value would need to be larger than the Planck scale. A stronger bound on the
initial field value can be obtained from requiring that, during inflation, the energy density
stored in the complex field is much smaller than that of the inflaton. This is satisfied as
long as

Ao < 3Mp H? (2.12)

where H; is the Hubble scale of inflation. For a choice of H; = 10* GeV, we obtain the bound
shown in white in figure 1.

Furthermore, requiring that the scalar field is sufficiently non-relativistic at the onset
of structure formation prevents the quartic-dominated regime from lasting too long. The
corresponding limit is shown in red in figure 1. A robust bound (solid line) was derived
in [77], where a detailed analysis of the effects in the CMB power spectrum and the matter
power spectrum at linear scales was performed. Note that this results in a more stringent

SNote that both results can also be obtained easily by using the virial theorem, instead of explicitly solving
the equations of motion.

In principle, the initial field value could be generated dynamically by the inclusion of a suitable coupling
to the Ricci scalar [76] of the form £ Ré'¢. This can induce a tachyonic mass during inflation, causing the field
to evolve towards its effective minimum. However, for this minimum to be located at the necessary initial field
value, the smallness of A\ in our setup requires the coupling £ to be extremely small unless inflation happens
at a very low scale. This in turn also requires an extremely long period of inflation for the field to reach its
effective minimum. Alternatively, if the number of e-folds is not too large, the field could attain a suitable
initial condition while still evolving towards the effective minimum for somewhat larger values of €.
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Figure 1. Initial field value g of the real scalar field that yields the observed relic abundance of dark
matter, shown as a function of the mass m and the self-coupling A\. The black dashed line illustrates
the Planck scale, while the white-shaded region is excluded, because the energy density in the complex
field during inflation exceeds that of the inflaton (this bound depends on the inflation scale, for this
figure we use Hy = 10* GeV). In the yellow region the field skips the quartic-dominated regime, such
that the self-coupling has no cosmological relevance. The red-shaded region is excluded because the
field is still behaving like radiation at the onset of structure formation (more details, including an
explanation of the different lines, are given in the main text). Above the purple line the homogeneous
field fragments into fluctuations (this again mildly depends on the scale of inflation).

constraint than the one coming from the requirement that the field be non-relativistic at the
time of matter-radiation equality (dashed line). An even stronger limit could potentially be
placed by using Lyman-« forest observations [78]. This, however, would require a dedicated
analysis of the non-linear regime which is beyond the scope of this paper. Instead, here we
merely indicate the region where the field is still relativistic at the time when the smallest
scale accessible to Lyman-a observations, k ~ 40 Mpc™!, enters the horizon (dotted line).

Finally, let us briefly comment on the generation of isocurvature fluctuations in this
scenario. The fluctuations in the dark matter density originate from the quantum fluctuations
that ¢ acquires during inflation. Being uncorrelated with the inflaton ones, they are subject
to isocurvature constraints. The density contrast power spectrum at CMB scales has an
amplitude Ps ~ (Hy/p)?. For the parameter region where Ap3 > m?, the observational
bound Ps < 10710 [79] is not an issue as long as H; < 10° GeV, but becomes problematic
for larger values of the inflation scale.

2.2 Fragmentation of the coherent field

Any coherently oscillating, self-interacting scalar field is generically prone to experiencing
“fragmentation” into inhomogeneous fluctuations that carry non-vanishing momentum [61,
65-70]. This effect can be interpreted as explosive (self-)particle production via a parametric
resonance [65—67, 70] (whose arguments we follow). In order to assess the relevance of this
process, we study the evolution of the fluctuations d¢ in the homogeneous background field
. Working to linear order in perturbations, @(x) = ¢(t) + dp(Z,t), the fluctuations obey
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the mode equation
. . k2
oo +3Hbp, + <a2 + 3)\<p2> dpr =0, (2.13)

which is valid in the quartic-dominated regime. The dependence of eq. (2.13) on the expansion
of the Universe can be removed by using conformal coordinates, ¢, = a0y, and dn = a~'dt,
in terms of which the mode equation becomes

d?¢y,
dn?

+ (k* 4+ 3Xa*p?) ¢, = 0. (2.14)

Using the expression eq. (2.8) for the background field in the quartic-dominated regime,
eq. (2.14) can be transformed into the following Mathieu equation,

d2¢
Pk 4 (Aj, — 2qcos(22)) @ = 0, (2.15)

dz2

with ¢ = 4/3 and
3
2= Vot (alt) — 1) £ g , (2.16)
4\? k2

A= (=) == +2. 2.17

A detailed discussion of the solutions to this equation is given in section 4 (see also [65-
67, 70]). Here, and in order to avoid repetitions, we just state the main conclusions. Floquet’s
theorem implies that the solution to (2.15) contains an exponential factor,

Yk X exp (purz) - (2.18)

For our case with characteristic parameter ¢ = 4/3, the dominant contribution to the Floquet
exponent py comes from the second resonance band of the (in)stability chart of the Mathieu
equation. The largest exponent corresponds to the mode with momentum k, ~ \f/\goo, for
which p ~ 0.1 [80]. Note that v/ Ao > m in the quartic-dominated regime, which means that
the modes that experience the most rapid growth are relativistic at the time of production.
We can express eq. (2.18) in terms of physical time ¢ to obtain the fragmentation rate

Tirag(t) ~ 32”\5\;?;) . (2.19)
If the fluctuations grow too large, most of the energy density that was stored in the homo-
geneous oscillations is transferred to inhomogeneous and relativistic modes. Given that our
treatment later on relies on the assumption of homogeneity of the field, a complete fragmen-
tation of the field is to be avoided in order to retain analytic control of the dynamics. Indeed,
the linear expansion of the perturbations around the background breaks down even before the
mode functions become of size comparable to that of the homogeneous field, i.e. <5<p2> ~ 2.
We expect this to happen at approximately

trag ~ Tirag 108 <;[> : (2.20)

The logarithm takes into account the initial conditions for the growth of the perturbations,
which are given by inflationary quantum fluctuations, i.e. d¢ ~ Hj/k%?, where Hj is the
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Hubble scale of inflation. The dependence on the initial conditions is relatively weak because
of the exponential nature of the fragmentation process.

If fragmentation is significant before the quartic-dominated regime ends, that is, if
tirag S t1, the linear approximation as well as the description in terms of essentially homoge-
neous fields breaks down. The range of parameters where this happens lies above the purple
line in figure 1. The estimates of the charge generation done in section 3 are therefore only
directly applicable between the purple and yellow lines in figure 1. We note, however, that
this does not necessarily mean that the mechanism is not viable outside of this region. Pro-
ceeding into the non-linear regime would require suitable methods such as classical statistical
field theory simulations (cf. e.g. [81, 82]), which are beyond the scope of the present paper.
However, the fragmented regime is not necessarily unsuitable for dark matter. Indeed, we
expect that in large regions of the parameter space the field is still sufficiently cold, but ex-
hibits fluctuations on small yet macroscopic length scales, similar to what was found in [83]
for an uncharged field. For overall attractive interactions, interesting phenomena such as
the formation [68, 69] (see also [61] for an overview) of Q-balls [84] that can also be dark
matter [68] may arise. In the repulsive case, highly non-trivial effects may also occur [85].
A detailed study of these effects for the very light fields of interest to us would be very
interesting.

After understanding the basics of the cosmological evolution of the self-interacting real
scalar field, in the next sections we shift the focus to the dynamics of a complex scalar field.

3 Affleck-Dine dynamics and generation of charge

In this section, we study the generation of a net U(1) charge during the cosmological evolu-
tion of the complex scalar field with explicit U(1) symmetry breaking terms. The creation
of an effective charge density occurs via the Affleck-Dine mechanism, which was originally
proposed as a baryogenesis scenario [60], but has also been used to link baryogenesis and
dark matter [57, 62, 63]. Therefore and in contrast to the previous section, we now include
the symmetry breaking terms in the potential and take the dynamics of the angular degree
of freedom into account. To be concrete, we consider the model from eq. (1.1), i.e. a massive
scalar field with quartic self-interactions of Affleck-Dine type [60],

V(6) = m?6'o+ A (676) + e (8" + o) . (3.1)

The coupling € explicitly breaks the U(1) symmetry.® The charge density is produced in the
early Universe when this term is active, and is conserved at late times when the field value
drops below the threshold at which the quartic interaction becomes inefficient and the U(1)
symmetry is effectively restored. Our goal in what follows is to compute the energy density
associated with this U(1)-protected charge density.

3.1 Charge generation

Let us now turn to the dynamics of the charge generation for the dark matter field via the
Affleck-Dine mechanism, which are essentially unaltered from the case of baryogenesis (see,
e.g., [61]). Importantly, however, we directly consider the homogeneous scalar field as our
dark matter candidate.

81f we were to take into account other quartic symmetry breaking terms such as ¢'¢%, the results would
be qualitatively similar.
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Similar to the case of a real scalar, it is convenient to decompose the field into the
radial and the angular degree of freedom, ¢ = @ exp(if)/+/2. In these coordinates, the scalar

potential reads

m2

A €
V(p,0) = 7& + Zap4 + 5 cos (46) p* . (3.2)

Explicitly, the equations of motion for the radial and angular components are

@+ 3Hp — 00% +m?p 4+ Ap® + 2ecos (40) 93 = 0, (3.3)
0+ (3H + 20, log ) 0 — 2ep? sin(46) = 0.

The overall evolution of the complex field ¢ is similar to the real case. First, the field
is stuck at its initial value and phase due to the Hubble friction. At a later point, it starts
to roll down the potential, probing the quartic self-interactions of the potential that now in
addition drive the angular motion via the U(1) symmetry breaking terms. During this epoch,
a significant amount of energy density can be transferred to the angular degree of freedom,
creating a net charge asymmetry. As the Universe expands, the amplitude of the oscillations
becomes small enough so that the mass term comes to dominate the evolution and the field
acts as dark matter. In this regime, the effective U(1) symmetry of the theory is restored,
finally stabilizing the charge density.

The net U(1) charge density is mostly governed by the dynamics of the angular compo-
nent 6,

n=¢0. (3.5)
Upon the use of the equations of motion, n satisfies the differential equation
oV
W+ 3H — =0. 3.6
n-+3Hn + 50 (3.6)

From eq. (3.6) it is easy to see that the non-conservation of charge density is proportional to
the symmetry breaking coupling,

1d ov

e (a’n) = ~58 = 2e? sin (40) . (3.7)

Therefore, in the U(1) symmetric case, ¢ = 0, the charge density is comovingly conserved.
From eq. (3.7) we can get a qualitative understanding of the behavior of n(t). The symmetry
breaking term on the right hand side sources the charge generation. Depending on 6 it
can be positive or negative. As soon as # moves significantly, charge will be continuously
created and destroyed for as long as the quartic terms are active. When the mass term
starts to dominate, the field behaves like ¢ ~ a~3/2 and the right hand side falls off as
~ a5, effectively restoring the U(1) symmetry. From then on the previously generated
charge density is comovingly conserved.

According to our earlier discussion for the real scalar field, a long enough period of time
spent in the quartic-dominated regime can lead to fragmentation of the coherent field. As
shown in figure 1, the quartic-dominated regime has to be rather short in order to prevent
this from happening. This is possible if the quartic couplings are not much larger than
m2/<p%. In this scenario, the generation of the charge has to be sufficiently fast in order to
occur before fragmentation becomes sizeable. This can be achieved in the band between the
purple and yellow regions of figure 1. But even when fragmentation is important, there is no
reason to believe that charge generation is completely inefficient. However, our estimations

— 10 —
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Figure 2. Final fraction of the energy density stored in the charged particles with respect to the
total energy density of the coherent oscillations of ¢ as a function of the initial misalignment angle
fp. The initial radial field value is chosen to give the correct relic abundance of dark matter. As a
benchmark, we choose the parameters m = 1eV and A = 10739, which fall in the region between the
yellow and purple lines in figure 1. The U(1) breaking coupling e is set to 0.01 A (blue), 0.1 A (yellow)
and 0.2\ (green). As we can see, a sizeable fraction of the energy density can be stored in the charge
asymmetry, e.g. for e = 0.2 A (green), we observe values in excess of 95%.

are not applicable in this case, which requires a full non-perturbative treatment along the
lines of [69, 81, 82, 85]. Indeed, interesting non-trivial effects such as a formation of Q-balls
or other inhomogeneous structures are expected [68, 69, 84, 85]. Yet, this lies beyond the
scope of the present work.

In practice, to obtain n, we solve the equations of motion for the radial and angular
mode numerically and then use eq. (3.5) for the charge density. The final amount of net
charge is illustrated in figure 2, where we show the fraction of energy density stored in the
charge asymmetry, mn, compared to the total energy density of the field p, as a function
of the initial misalignment angle 6y for different values of €. For simplicity, we estimate the
initial field value g by considering the real scalar field case illustrated in figure 1. For small
€ values, the created charge exhibits a simple oscillatory pattern with respect to the initial
angle. The reason is that in this case 6 only traverses a small range of values during the
time when the quartic term is active. Thus, the right hand side of eq. (3.7) is always of the
same sign and the asymmetry is driven in a single direction. However, as € becomes larger,
0 changes more quickly, and leads to a continuous creation and destruction of charge that
makes the behavior more complicated.

Remarkably, figure 2 shows that it is possible to obtain a sizable fraction close to unity
for a suitable choice of parameters without invoking any significant fine tuning. As already
pointed out in the introduction and as will be discussed in section 5, detecting the part of
dark matter that carries a conserved U(1) charge is challenging. Therefore, if most of the
dark matter is charged, current detection techniques may be significantly less sensitive than
in purely symmetric scenarios.

3.2 Charged dark matter

For later use, we now compile some expressions describing the late time behavior of the field.
After the U(1) symmetry is restored, the dynamics are governed by the mass term of the
potential. In this situation, the general solution for the complex field rotates on an ellipse

— 11 —
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(see, e.g., [86] for useful formulas) in the complex plane,

o= (%) >y, [cos(¥) cos(mt + &) + isin() cos(mt)] . (3.8)

Here, ¥4 is a complex amplitude and 0 is a phase, both fixed at a suitable time ¢; or scale
factor a;.
From eq. (3.8), we can easily compute the charge density as

n=m (%)3 |y |? sin(209) sin(J) . (3.9)

Similarly, the total energy density is given by

air\3 H
peon = (%) a2 = g+ 40 (1) (310)

where we neglect small terms arising from the Hubble evolution. Moreover, we take the
opportunity to define the energy densities in the asymmetric and symmetric parts,

Pa = MmN, Ps = PCDM — Pa - (3.11)

From this, it is also convenient to introduce the asymmetric and symmetric fractions of the
energy density,

MNa = & y Ns = L s (312)
PCDM PCDM

which in the quadratic-dominated regime are independent of time.
Later, in section 5 we mostly consider charge conserving interactions. Those usually
involve the combination

1
#¢ = 5% [A+ Beos?(mt + )] , (3.13)

where,
A=1-+/1-n2, B=2y1-n2, (3.14)

and « is a phase related to 1 and §, which is however not important for our discussions.

In order to get a better physical understanding of the quantites defined above, let us
consider some extreme cases. The combination in eq. (3.13) is constant if the whole density is
stored in the charge asymmetry (1, = 1), whereas in the completely symmetric case (17, = 0)
it is purely oscillatory. More insights can be gained by considering the slightly more general
cases 1 — 1, =ns < 1 and n, =1 — ns < 1. In the first case, we have

Ax1— V2 /050, B~ 2vV2\/157a , for (1—ma)=ns<1. (3.15)

In other words, there is a large constant part ~ 1 while the oscillations are suppressed ~ /7.
In the opposite limit, we have

Axa Br2—n2, for ma=1-n<1. (3.16)

This corresponds to oscillations with a small constant component.

— 12 —
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4 Depletion of the uncharged component via annihilations

In contrast to the asymmetric component of the dark matter, the symmetric part is not pro-
tected by the U(1) symmetry, so there is the possibility that it depletes, e.g. via annihilation
of the effective’ particle-antiparticle pairs. In this section, we consider such a possibility in
order to determine the fraction of the symmetric part of the dark matter that can be lost.
For example, if the annihilation is into massless particles, the energy density stored in them
dilutes as radiation and therefore quickly becomes redshifted.'” The result is an effective
increase in the fraction of the energy density stored in the charged component compared to
the uncharged part.

The specific interaction that we consider in the following does not lead to a full depletion
of the uncharged component, as the annihilations stop when the charged and uncharged
energy densities are roughly of the same order. As a consequence, even in situations where
the initial charge asymmetry is relatively small, the present day asymmetry can still be
significant. More generally, our discussion provides a proof of principle that a sizable depletion
is possible, motivating the thorough investigation of depletion mechanisms.

4.1 Annihilation into a second (uncharged) scalar

As a concrete realization of the ideas above, we consider the depletion of the symmetric
component by an additional coupling of the complex scalar field ¢ to another scalar field .
For concreteness, we focus on the interaction

Lr=gldl*x*. (4.1)

In order to study the transfer of energy from the field ¢ to x, we consider the dynamics of
the quantum field x in the oscillating background ¢. Such a situation has been intensely
studied in the context of reheating after inflation [65-67, 70] (cf. also [88]), and we base our
discussion on the findings of these works.

The interaction term (4.1) induces an oscillating mass term for the field x, i.e. the
frequencies of the mode functions of x are modified as

. . k2
Xk + 3Hxy + (a2 +m? +2g |¢|2> i =0. (4.2)

It is then possible that some momentum modes are enhanced by resonance effects. Since
the mode functions determine the occupation number, this enhancement can be viewed as
a resonant production of y-particles. This process is known as parametric resonance [65-
67, 70).

Let us therefore study the parametric resonance induced by the coherent oscillations of
¢ in more detail. For simplicity, we take x to be massless, such that the mode functions obey

. ) k2
Xk + 3Hxy + <a2 + g<p2> Xk =0, (4.3)

where we use the polar decomposition of ¢. From the above equation of motion it is clear
that the oscillating nature of ¢ can drive the y-modes into a resonance, inducing rapid (as
we will shortly see, exponential) growth of the mode functions.

9As long as we are dealing with coherently oscillating fields, one cannot strictly speak of pair annihilation,
but it serves as an intuitive picture.

0This generally has to happen long enough before matter-radiation equality, but as it was recently
shown [87], a small component of dark matter decaying at late times can help alleviate the Hy tension.
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The total number density of y-particles is given by a summation over all modes,

1 3 1 9
= d’kny = —— [ dkk . 4.4
Ny B )3/ Nk 53 3/ ng (4.4)

The corresponding energy density of the generated y-particles can be computed similarly,

1

= (27a)?

1
3 _ 2
/d kwgng = 379,3 /dk‘k wEng , (4.5)
where wy, denotes the energy of the mode. The comoving occupation numbers can be obtained
from the mode functions via [67],

P

we Xk 2) _ 1
= — - - 4.6
m= 5 (S k) - (4.)

Proceeding in a similar way as we did in section 2, we study separately the evolution of the
occupation numbers governed by (4.3) in the two different regimes of the evolution of the
radial mode ¢: the quartic- and mass-dominated regimes. In the following, for simplicity, we
neglect the asymmetric part of the field and only consider the symmetric contribution. That
is, we focus on the depletion of the symmetric part of ¢ (cf. section 3.2). We comment on
the effects of a non-vanishing asymmetric part at the end of this section.

4.2 Quartic-dominated epoch

In the regime where the quartic self-interaction dominates the evolution of the field, the
theory is essentially scale invariant. Hence it is useful to use conformal coordinates x = ax
and dn = a~'dt, in which the equation of motion reads,

d2.’L'k
dn?

+ (k2 + ga2<p2) xr=0. (4.7)

Importantly, we assume that the evolution of the radial mode is governed by the U(1) sym-
metric interactions only, i.e. it is given by (2.8). Under this assumption, the equation of
motion for the mode functions (4.7) can be rewritten as a Mathieu equation,

dek .
et (Ar — 2qcos(2z)) z, =0, (4.8)
where we have defined
3
z= i\fkapoto (a(t)— 1)+ g , (4.9)
4\?% k2
A== ) — +2 4.10
: <3> g (4.10)
dg
= —=. 4.11
179N (4.11)

Without the need to solve the differential equation for the mode functions explicitly, we know
by Floquet’s theorem that the solution contains an exponential factor,

xp o< exp (pugz) , (4.12)
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Figure 3. Fraction of energy density stored in charged particles compared to the fraction of the
energy transferred to the field x as a function of the scale factor a for the quartic-dominated epoch.
The end of the quartic-dominated regime is indicated by a dashed vertical line. As a benchmark
for the coherent oscillations of ¢, we chose the parameters m = 1eV, A = 10739, ¢ = 0.1\ and
0o = 0.27. Furthermore, the initial field value is chosen to give the correct relic abundance of dark
matter. The left panel corresponds to a narrow resonance, g = 0.1 A, while the right panel shows a
broad resonance, g = 10* \. The solid yellow line assumes that the initial occupation numbers are just
the minimal quantum ny = 1/2, whereas the dashed line uses inflationary fluctuations ny ~ (Hi/k)?,
with H; = 10* GeV. We note that our estimate accounts only for the exponential growth of the mode
functions and does not take into account polynomial pre-factors. This causes the slight decrease in
both panels.

with Floquet exponent ui. The Floquet exponents characterize the different solutions of
the Mathieu equation. For instance, if py is imaginary, x is an oscillatory function, falling
into the class of stable solutions of the Mathieu equation. We are however interested in the
unstable solutions, i.e. solutions with real and positive ug, which correspond to exponential
growth of the mode functions and thus rapid particle production. The Floquet exponents are
in turn characterized by so-called (in)stability bands of the Mathieu equation for different
values of A, and ¢q. These stability bands determine the rate of resonant production of
x-particles in the unstable regions, see, e.g., [80].

The Floquet exponent uy for each mode is essentially set by ¢, i.e. the ratio between the
couplings g and X of the theory. This ratio is therefore the defining quantity that controls
the production rate of y-particles. Semi-analytic estimates for the Floquet exponent exist
for two different limits, ¢ < 1 and ¢ > 1. These two regimes are coined narrow and broad
resonance, respectively.

In figure 3 we show an example of the energy transfer from the coherent oscillations
of the symmetric part of ¢ to the field x for both types of resonance as a function of the
scale factor. A detailed discussion of how to arrive at these results is given in appendix A.
The fraction of energy density stored in the created charged particles (shown in blue) is
computed taking the full dynamics of the oscillations into account. However, the result for
the resonant production of x-particles (shown in yellow) is only valid in a purely quartic-
dominated regime for the radial oscillations. For the chosen benchmark point, we observe
that the generation of charge stops at a ~ O(10), before the creation of y-particles becomes
significant. In fact, our description of energy transfer is only applicable up to a ~ O(3), which
is the point where the purely quartic-dominated regime ends and the mass term takes over.
That is, during the quartic-dominated epoch, the transfer of the energy to x cannot reach a
significant amount, such that the depletion of the uncharged component of the dark matter
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is neither efficient in narrow resonance, g < A, nor in the broad resonance regime, g > A.
Furthermore, this implies that the induced backreaction on the dynamics of ¢ due to the
creation of y-particles'' can be neglected as long as the quartic interaction terms dominate
the evolution of ¢. This assures that the mechanism of charge production described in the
previous section is not affected.

4.3 Mass-dominated epoch

Once the mass term starts to dominate the evolution of the field, the U(1) symmetry of the
theory is restored and the generated charge density is (approximately) conserved. However,
similar to the quartic-dominated regime, the uncharged component of ¢ is still subject to
annihilation into y-particles.

After a convenient field redefinition, z; = a3/ 2xk, the equation of motion for the
modes reads

) K 3
i+ <a2 + 1H2 + gg02> zp=0. (4.13)
In contrast to the quartic-dominated epoch, the explicit dependence on the Hubble scale of
the expansion does not drop out.'?

As pointed out in the beginning of this section, we assume that the evolution of the
radial mode is entirely governed by U(1) symmetric interactions, i.e. it is given by eq. (2.11).

Using this, the equation of motion is of quasi Mathieu form,

d2$k

g + (Ak - 2qCOS(2Z)) T = 0, (414)
where we have defined
z=mt, (4.15)
n k? 3 H?
g®?

= —. 4.17
1= 42 ( )

Here, ® denotes the amplitude of the radial oscillations of the symmetric component. The
term involving the Hubble parameter appears as a shift of the momentum in each mode by
k% — k? 4+ 3/4a>H?. As we will later see, this shift is small and can be neglected.

Eq. (4.14) is not precisely a Mathieu equation, because the characteristic parameters Ay,
and ¢ explicitly depend on time through the scale factor. Depending on the coupling g, the
system might start out in a broad resonance, but, as time evolves, ¢ continuously decreases
until it eventually ends up in a narrow resonance. In addition, ¢ might significantly vary
within a few oscillations of the field, such that the analysis based on the static stability chart
of the Mathieu equation is not applicable anymore. Instead, the dominant process in this
setting will be the so-called stochastic resonance [67]. In this regime, the occupation number
ny typically increases, but may sometimes decrease instead. The reason for this is that the
frequency of the modes xj changes drastically with each oscillation of ¢. Consequently,
the phases of y; are practically uncorrelated at the successive stages of particle production,

1II‘n particular, the resonant production of x-particles effectively contributes an additional friction term
~ I'¢ to the equations of motion of ¢, where I denotes the rate of particle production.
12Note that in a universe dominated by matter instead of radiation, the term involving H? would disappear.
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mildly diminishing the resonant effect. For a detailed discussion of the stochastic resonance
phenomenon, we refer the reader to the seminal work [67]. Here, we closely follow their
derivation in order to estimate the rate of resonant production of x-particles during the
mass-dominated epoch.

A necessary condition for the resonance to be active is given by ¢?>m > H [67]. Given the
typical scale of the Hubble parameter in the mass-dominated regime, this roughly translates
into \/g® 2 m. This condition equivalently reads ¢ < 1/4, which means that we expect
particle production to stop in the narrow resonance regime. The same condition, in turn,
allows us to estimate the time scale t; or the number of oscillations Ny after which the
resonance terminates.

Rapid production of x-particles occurs whenever the adiabaticity condition for the mode

frequencies of y is violated,
dwy,

S

w? (4.18)
with the frequency given by w,% = ’;—2 + %H 24+ gp?. Due to the oscillations of the driving field,
the resonance is only active for a short period of time in the vicinity of each zero crossing
©(t) = 0. This period is typically of order inverse to the characteristic momenta involved in

the resonance, At ~ k;!. These, in turn, can be estimated by

k2
= < Kk2(t) = /gm®(t). (4.19)

Since k2 > a?H?, the momentum shift induced by the Hubble scale is completely negligible,
as claimed above.

Similar to what we did in the quartic-dominated epoch, we turn to the rate of the
exponential growth of the occupation numbers,

ng ~ exp (2upmt) . (4.20)

That is, we want to estimate the Floquet exponent py for the total duration of the resonance.
As worked out in detail in [67], this exponent is given during each zero crossing t; by,

- 1 A s
fp=5-n <1 +2¢7™ — 2sinfe 31 + e"”””?> , (4.21)

with K/? = k2/ (ai\/ﬁmq)j). Here, each index labels an evaluation at t;. Furthermore, 0
denotes a random phase, implementing the fact that the phases of the modes are uncorrelated
at successive moments of particle production. For simplicity, we drop the term involving the
random phase in eq. (4.21) for the remaining part of this work. ‘

Each short burst of particle production contributes with a growth exponent /L?CAtj. In
order to define an effective Floquet exponent, we average over the oscillations of ¢,

— ZMiAt] , (4.22)

where ¢; and ty denote the start and the end of the resonance, respectively. Using this

averaged Floquet exponent (4.22), the computation of the energy density that is transferred
to the field x proceeds as in the quartic-dominated regime (cf. (4.5)).
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Figure 4. Asin figure 3, fraction of energy density stored in charged particles compared to the fraction
of the energy transferred to the field y as a function of the scale factor a but for the mass-dominated
regime, which starts at the vertical dashed line.

In figure 4 we illustrate an example of the energy transfer from the coherent oscillations
of ¢ to the field x as a function of the scale factor for a broad resonance, g = 10* \. Similar
to figure 3, the generation of charge density (shown in blue) takes the full dynamics into
account, while for the resonant production of y-particles (shown in yellow) we assume a
pure mass-dominated regime for the radial oscillations. For the chosen benchmark point, in
contrast to the quartic-dominated era, we observe that the energy transfer from ¢ to y can
be very efficient in the mass-dominated regime.

In the last few paragraphs of this section, we would like to point some relevant caveats
to our estimations. As it is, figure 4 seems to indicate that the symmetric part of the
dark matter is entirely depleted before the resonance terminates, which for our particular
choice of parameters is estimated to happen at ay ~ O(70). This picture is however not
complete for two reasons. Firstly, at the point where the energy transfer becomes an order one
effect, our simplifications of neglecting backreaction break down and computational control
is lost, preventing us from making precise statements about the exact amount of remaining
symmetric abundance. Secondly, we recall that so far we have only considered the U(1)
conserving terms for the evolution of ¢. Including the asymmetric component (i.e. the angular
motion of the field) effectively introduces an additional mass term for y that can act to either
drive or even terminate the resonance, as we now discuss.

Indeed, taking into account the symmetric and asymmetric contributions to the radial
mode (cf. section 3.2),'* we have

o? = p;DQM [A+ Bcos*(mt)] , (4.23)

where A grows with the asymmetric fraction of the energy density and B with the symmetric
one. The oscillating driving term is now proportional to B. In addition, we have a new
constant part given by A. Inserting this into the condition (4.18) the numerator is ~ B,
whereas in the denominator we get a momentum shift by k% — k? + gApcpm/m?. The
reason for this is that the field squared is always displaced from the minimum at least by an
amount proportional to A, and the effective mass of x is therefore always positive. Evaluating

13Here, we drop the phase a which is irrelevant for our discussion.
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at the time when (? is minimal, we find for the range of momenta that fulfill this condition,

2
3 2 1
((S) s — Ac) > K 1, where c= ngDM ~—. (4.24)

~ a?2m?2 ™ m2 a3

Here, the condition on the right hand side of k? corresponds to the need for the instability to
be active over a sufficient momentum range. Since B < 2, the left hand side requires ¢ 2 1
for the resonance to be active. Looking now at the second term on the left hand side we see
that the resonance is hindered by the asymmetric part. When A ~ 1 the resonance stops for
all values of ¢ 2 1. Using eq. (3.14) we find that this happens when 7, ~ ns. In practice, this
mechanism therefore does not allow to effectively deplete the symmetric part far beyond the
halfway point.

In summary, we conclude that for suitable values of the portal coupling, the energy
transfer can be negligible during the quartic-dominated regime, but very efficient during
the mass-dominated epoch. This means that while the generation of the charge density is
not affected, part of the energy density stored in the radial oscillations can be efficiently
depleted, at least up to reaching the level where 1, ~ ns. Another interesting possibility
would be to consider a negative portal coupling g, which can induce a tachyonic mass term
for the x field. Such a tachyonic instability allows for the annihilation channel to be always
kinematically open, in principle enabling a much more efficient depletion of the symmetric
dark matter component. As a matter of fact, this case can be treated with the same methods
of parametric resonance that we presented in this section. In line with [89], we find indications
that the energy transfer from ¢ to x can be tremendously increased already in the quartic-
dominated epoch, as the resonance bands are much broader and the corresponding Floquet
exponents are orders of magnitude larger, even for moderate values of the coupling. The
details of this interesting possibility for an efficient depletion of the energy density stored in
the uncharged component of ¢ would require a dedicated study.

5 Phenomenology of light dark matter with a net charge

As already outlined in the introduction, detection of very light dark matter carrying a non-
vanishing charge density is made more challenging mainly by two effects.

The first one is that only the combination ¢f¢ can appear in couplings, instead of
just ¢rear as would be the case for a real scalar field ¢.c,. This severely limits the available
interactions between the dark matter and the Standard Model. Indeed, at the renormalizable
level there is only one “portal” coupling

Ly =r|¢|°HH (5.1)

which is the one that will be considered in more detail in the next subsection.

The challenges that arise due to the U(1) symmetry are perhaps more obvious for higher
dimensional operators. For example, the usual two-photon coupling of an axion-like particle
is replaced by

1 ~ 1
M¢realFF — W |¢|2F‘2 (52)

14 A CP even scalar would couple to F2, while allowing for CP violation the coupling to FF could be the
relevant one. This does not affect our dimensional argument.
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We see that higher dimensional operators generically feature an extra suppression by the
potentially large energy scale M.

The second challenge, which is closely related to the first one, is that charged particles
cannot be absorbed, an effect that is used in most experiments for the detection of very light
dark matter particles.

Let us have a more careful look at this effect. Very light dark matter particles have very
high occupation numbers and can be conveniently described by using classical field equations
(as we have done in this paper). For a real scalar field and neglecting velocity effects,'®
the effect of dark matter in a typical experimental setup corresponds to a spatially constant
oscillating field,

Preal ~ Preal Sin(mt) . (5.3)
Considering typical interactions with the Higgs boson or photons we have

d
b®rear sin(mt)H'H  or %ﬁlsin(mt)FF. (5.4)

where b denotes the coupling constant of the real Higgs portal that has mass dimension 1. In
other words, an oscillating term appears in front of the operators involving Standard Model
fields. This implies that, from the point of view of the visible sector, time translation invari-
ance is broken and the Standard Model fields can gain energy. Under suitable conditions,
the absorption of unconserved dark matter particles can take the form of oscillating driv-
ing forces. For example, the Higgs interaction leads to oscillating mechanical forces on test
masses [8] whereas the photon interaction can drive an electromagnetic resonator [3].

Let us now see how the situation changes for the case of charged scalar fields. As
discussed in section 3.2 the charge conserving interaction term can be readily expressed in
terms of the density as in eq. (3.13). Let us consider the case, when most of the energy density
is stored in the asymmetric component, i.e. 1 — 7, = 15 < 1. In this case eq. (3.13) reads,'¢

1
6o = 325 [1+2v/20, cos?(mt) | (5.5)

If there is no symmetric part, ns = 0, there is no oscillating term and the Standard Model
fields cannot gain energy in this way. This can be understood because any absorption can
only proceed as a pairwise particle-antiparticle annihilation, and if there is only one species,
this cannot happen. Indeed, the oscillating terms are proportional to /7, showing that an
uncharged, symmetric component is needed. The power absorbed is typically proportional
to the square of the oscillating term and therefore ~ n,ns. This can be roughly understood
as the probability of a particle meeting a suitable antiparticle at each interaction.

5.1 The Higgs portal

Let us briefly illustrate our general considerations above for the concrete example of the only
renormalizable portal for a charged dark matter particle, i.e. the Higgs portal coupling given
in eq. (5.1).

5This is a good approximation within the coherence length ~ 1/(mw), since the velocity is very non-
relativistic.
16We again drop the irrelevant phase a.
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Fine tuning. The Higgs portal coupling induces a contribution to the mass of ¢,

m? =m2 + k3 /2, (5.6)
where vg = 246 GeV is the measured value of the Higgs vacuum expectation value (vev). If
the field ¢ is to remain light and without invoking a precise cancellation between the two
different contributions to the mass, we require that

2

m

k<3-107%° <> . (5.7)
neV

This should however be seen as a purely fine tuning argument rather than a strict limit.'”

In the following, we want to turn to direct experimental tests and observations.

Higgs decays. If the dark matter is much lighter than the Higgs, m < m;/2, the current
experimental constraint on the branching ratio BR(H — inv.) < 0.24 [90] bounds & to be

K < 0.0036, (5.8)

which is in line with, e.g., [91]. This is a relatively weak constraint, but importantly does
not rely on ¢ being dark matter.

Varying fermion masses. The Higgs portal coupling (5.1) also leads to a shift of the
mass parameter u? of the Higgs potential or, equivalently, to a shift of the Higgs vev,

[ 2 — 2 2
v= %%vo (1— H2|52| ) ) (5.9)

where we define vg = /p? /), which corresponds to the unperturbed (x = 0) Higgs vev. The
latter expression assumes that the shift is small, and is valid as long as k |¢)|2 < 2. Clearly,
a modified Higgs vev translates into a shift of the Standard Model fermion masses,

2
my R mg)c (1 - Kl(@ > . (5.10)

The correction to the mass is hence Amy = m?c/-z |62 /(2142), which can be positive or negative
depending on the sign of the coupling k.

Since in our setup we assume that the totality of the dark matter is explained by the
scalar field, the relative modification of the fermion masses can be rewritten in terms of the
dark matter density,

Amy K pPDM
—_— = 5.11
m(} 4p? m? (5.11)

In this form, the dependence of the correction on the mass of ¢ is also made explicit. Para-
metrically, the relative change in the fermion masses is

Amg i P! peV\?
—= ~10 5.12
m$ "\ 04 GeV/cm3 m ’ (5.12)

1"The Higgs vev is in general a dynamical quantity that varies during the history of the Universe. In order
not to experience a dramatic change in the cosmological evolution of ¢ (or avoid a dynamical fine tuning), we
can assume that the reheating temperature never exceeds the electroweak scale so that the Higgs vev is fixed
to its current value during the whole postinflationary epoch.
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where we have used the measured value for the Higgs mass mpy ~ 125 GeV [90, 92, 93]. An
absolute shift in the fermion masses is of course hard to observe, but the fact that eq. (5.12)
depends on the (local) dark matter density opens up interesting possibilities. The change in
the fermion mass can for example affect the frequency of atomic transitions. Current limits
coming from atomic clocks bound the time variation of the ratio y = my/me to be [94]

g = (0.2£1.1) - 10 6yp L . (5.13)

Similar bounds have also been derived in [95]. In our setup, variations of p can arise if the
dark matter density at the experimental locations (i.e. the Earth) changes over time due
to, for instance, the presence of very small scale dark matter substructure. Assuming an
observation time of 1 year, x could be constraint to be

1 (0.4 GeV/cm? m \2 Appm -1
1
et (MO (Y () -

where Appn denotes the typical change in the local dark matter density over the appropriate
observation time.

Big Bang nucleosynthesis. Apart from generating a shift in the fermion masses,'® the
modification of the Higgs vev also affects the Fermi constant,

1 K -2
Gr= s = G, <1 - W'ﬁgﬁ) . (5.15)
Hence, the DM-Higgs coupling alters all weak interaction rates. A powerful probe of weak
interactions and the Fermi constant in the early universe around T =~ 1MeV is provided
by Big Bang nucleosynthesis (BBN). Detailed studies of the effect of a shift in the Fermi
constant on BBN have been conducted in, e.g., [98, 99]. Here, we quote their results and
apply them to our setup. The observed abundance of *He sets lower and upper bounds on
the ratio of Fermi constant at BBN compared to the value measured today,

0.78 < GEBN/G% < 1.01. (5.16)

The lower bound increases to 0.85 when the limits on “Li production are also included. We
can translate the constraints into a bound on k by taking into account the redshift of the
dark matter density.'? This gives

2 av
- peV PDM -10
—4.1077 < <2.10710. 5.17

~ H( m > <1.3 keV/cm3> ~ (5.17)

The lower bound changes to —3 - 1072 if the effect on “Li production is taken into account.
Despite the measurement itself being way less precise, this constraint is much stronger than
the one coming from atomic clocks. The reason for this is that the dark matter density at
the time of BBN was about 20 orders of magnitude larger than the present (local) one, and
therefore the shift in eq. (5.15) benefits from this huge enhancement.

181n spirit, the limit derived here from BBN is similar to the one obtained in [96, 97] for the very low mass
limit m < 1076 eV of a real scalar quadratically coupled to fermions. There, the field value is not oscillating
during BBN either.

¥For m < 1076 eV, the field does not start rolling until after BBN and the redshift dependence assumed
here is not directly applicable [100].
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Astrophysical observations. Some astrophysical observables can also be used to con-
strain variations in Gg. For example, the agreement between the redshift determined from
the 21 cm line and the redshift determined from optical resonance lines of the same ob-
ject constrains the electron-to-proton mass ratio me /mp7 the fine structure constant « as
well as the product a?g,me/m, [101, 102], where g, denotes the gyromagnetic moment
of the proton. Since the bulk of m, does not come from the Higgs mechanism, its rela-
tive change in the proton mass is negligible compared to the electron one. The strongest
limits come from a quasar absorption system at z = 1.77, which constrain the product
Aln (a?gyme/my) < 2 x107* [103]. This implies that G varies less than 0.04% from today
to that redshift. Furthermore, from the agreement between optical and radio redshifts of a
distant galaxy at z = 3.4, it has been determined that G varies less than 0.2% back to a
redshift of z = 3.4 [104]. Translating these constraints into bounds on x gives

2 3 —1
0.4 GeV A
15| 52.1012( n > ( leoca{cm ) ( fff) ,at z = 1.77, (5.18)
peV PDM PDM
2 3 —1
, 0.4 GeV A
4] 51-1013( - > ( eV/em ) ( f)?) , at z =34, (5.19)
peV PDM PDM

This result depends on the difference between the dark matter density of the observed galaxy
to the local one at Earth, which is denoted by Appm.

6 Conclusions

In this work, we have studied a model of very light (even sub-eV) asymmetric dark matter. In
our setup, dark matter is produced non-thermally via the Affleck-Dine mechanism. The final
energy density is a combination of a symmetric component, i.e. one that contains an equal
number of particles and antiparticles, and an asymmetric one only constituted of particles
(or antiparticles). These two components can naturally be of the same size if the symmetry
breaking terms in the potential are comparable to the symmetric self-interactions, and for
particular initial conditions the asymmetric component can contribute in excess of ~ 95% to
the total dark matter abundance.

We have also described how a coupling |<b|2 x? of the charged field ¢ to an additional
(massless) scalar field y with a positive coupling constant allows to deplete the symmetric part
of the energy density via a parametric resonance effect. The symmetric component cannot
completely disappear in this way, as this mechanism becomes inefficient when the two com-
ponents are of the same size. Therefore, if such couplings are present, the present-day dark
matter abundance is generically expected to be evenly distributed between a symmetric and
an asymmetric population. A negative coupling constant leading to a tachyonic instability
would make the depletion more efficient, but also cause a breakdown of the approximations
on which our results rely. We leave a more complete study of this situation to future work. A
promising way forward could be an approach, e.g., based on classical statistical field theory
simulations. Such an approach would also automatically include the effects of fragmentation,
i.e. the disintegration of the homogeneous field into inhomogeneous fluctuations. This effect
generally occurs in a large part of parameter space where the self-interactions are somewhat
larger than the ones we study here (which correspond to the minimal values required to
efficiently produce a charge asymmetry). Sufficiently large self-interactions could also have
other consequences such as the formation of Q-balls or other macroscopic, inhomogeneous
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configurations that may have interesting effects for phenomenology. These possibilities merit
further investigation.

A crucial feature of such light asymmetric dark matter is the change in the resulting
phenomenology and, in particular, of the expected experimental signatures. Direct detec-
tion of sub-eV dark matter usually proceeds via an effective absorption of the dark matter
particles. The existence of a comovingly conserved particle number in the dark matter how-
ever forbids the asymmetric component from being absorbed, making this detection strategy
much less sensitive. Further suppression arises from the restrictions on the interaction with
Standard Model particles due to the requirement of charge conservation.

As an application of this idea, we study the simple example of a Higgs portal coupling
interaction. Instead of the usual oscillatory time variations of constants of nature (such as
fermion masses or Gp), in the asymmetric scenario effects only arise due to variations in
the dark matter density, therefore hindering the sensitivity of the traditional experimental
setups. To overcome this limitation, we study alternative probes based on variations arising
from redshift evolution as well as local fluctuations of the dark matter field.

It is of course also possible to look for the symmetric component of the dark matter,
which generically appears in our model but can be comparatively subdominant to the asym-
metric one. In any case, this symmetric component is susceptible to the usual resonant search
approaches looking for oscillations at a fixed frequency,?” as the ones that are employed to
look for dark matter made from light uncharged bosons. Similar effects would also arise from
suppressed charge violating couplings to the Standard Model.

Finally, we would like to point out that, since the sensitivity of direct detection searches
is reduced for very light asymmetric dark matter, its couplings to the visible sector are allowed
to be larger than is commonly assumed in the usual uncharged scenario. This opens up the
opportunity to search for such particles in laboratory or astrophysical environments that can
directly produce them.
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A Parametric resonance and the Mathieu equation

The resonant production of particles in an oscillating background field is described by the
Mathieu equation,

dzl‘k

W + (Ak — 2qCOS(22’)) T = 0. (Al)

29More precisely, this would look similar to the real scalar case with quadratic fermion couplings studied,
e.g., in [96, 97].
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Floquet’s theorem implies that the solutions to the Mathieu equation contain an exponential
factor,

X ~ exp (ugz) . (A.2)

The Floquet exponents py, are characterized by so called (in)stability bands of the Mathieu
equation for different values of Ay and ¢, see, e.g., [80].

We want to discuss two different regimes, ¢ < 1 and ¢ > 1, i.e. the narrow and broad
resonance. Both are important to determine the rate of resonant y-particle production in the
classical background field ¢. The equations of motion for the mode functions x; are given in
section 4.

A.1 Narrow resonance

In the regime of narrow resonance, ¢ < 1, the dominant contribution to the unstable solution
comes from the first resonance band?' of the Mathieu equation. In this band, the Floquet

exponent is given by [67, 80]
_ A% ko ’
Pk = \/(2) <A 1) ’ (4.3)

where we defined A2 = (3/4)?\p2. It is maximal at its center, ux, = ¢/2, which corresponds
to the momentum k2 ~ A\p3. In this sense, the resonance is narrow, because only very few,
distinct momentum modes are enhanced — in this case it is the specific mode k,. Integrating
over the narrow momentum band (cf. eq. (4.5)) yields the transfer of energy from ¢ to x. It
occurs at a rate

2g9¢0 1
r 3 xal)’ (A4)

Note that this rate is larger than the naive expectation from a perturbative approach.

In particular, treating the interaction term (4.1) as an effective (time dependent) trilinear
coupling g{¢)px?, one can perturbatively study the decay ¢ — yx. Parametrically, the

corresponding rate is given by I' ~ gf;%"ﬁ, which is suppressed by an additional factor

of the coupling compared to the parametric resonance. On the one hand, this additional
factor can be recovered by also taking Bose enhancement into account, see, e.g., [88]. On the
other hand, from the perspective of parametric resonance one can in principle also recover
the perturbative result, when considering the (properly normalized) energy transfer from ¢
to x at early times. In this sense, both methods describe the same outcome from different
perspectives.

A.2 Broad resonance

The broad resonance regime corresponds to ¢ > 1. As its name suggests, in contrast to the
narrow resonance, it corresponds to a regime where a broader spectrum of modes is enhanced.
Therefore, particle production is typically more efficient compared to a narrow resonance.

The dynamics of the Mathieu equation are less under control in the broad resonance
case compared to the narrow resonance regime. Still, especially if ¢ > 1, we can make use
of an analytic approximation of the Floquet exponents given in [105],

,ukzilog(\/a?Jr\/xfl) , (A.5)

21See, for instance, the stability chart of the Mathieu equation in [80].
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where we define
x = (1 + 6771’\/66) cos® U, (A.6)
s 1| T ((1—iy/ge) /2)
U=[(—+¢clo <7T 1/4)> + =& - . A7
(5 eton () v+ 39 (20 D
In terms of the parameters of the Mathieu equation, we furthermore define ¢ = ‘3—5 — 1. Here,

we consider the case € > 0. For the regime € < 0, see [106].

Using the analytic approximation of uy, it is straightforward to compute the energy
density stored in the creation of particles by numerically evaluating the momentum integral
given in eq. (4.5).
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1 Introduction

The nature and genesis of dark matter (DM) and the dynamical origin of the matter-
antimatter asymmetry of the Universe are two outstanding mysteries that the Standard
Model of Particle Physics (SM) cannot explain. Meanwhile, the SM also suffers from
aesthetic or fine-tuning problems, especially the gauge hierarchy problem. The hope of
solving these puzzles has driven theorists and experimentalists alike to search for new
physics (NP).

Many particle physics models have been proposed to explain the origin of the DM
relic abundance, measured to be Qpyh? = 0.1200 & 0.0012 [1], i.e. roughly 26% of the
critical energy density of the Universe [1, 2]. However, searches for DM at colliders and
at designated direct detection experiments together with studies of the possible indirect
effects of DM in astrophysical observations have yet to shed light on its nature, thereby
severely constraining many scenarios.

The origin of the primordial matter-antimatter asymmetry Yp = (np — ng)/s =
(8.718 & 0.004) x 10~ inferred from measurements of the Cosmic Microwave Background
(CMB) [1, 2] and Big Bang Nucleosynthesis (BBN) [3, 4], requires a dynamical expla-
nation: baryogenesis. Many mechanisms of baryogenesis (satisfying the three Sakharov
conditions [5]: C and CP Violation (CPV), baryon number violation, and departure from
thermal equilibrium) have been proposed, but remain experimentally challenging to verify
due to the inaccessibly high scales and very massive particles involved.

A new mechanism for low-scale baryogenesis and DM production was introduced in [6]."
Contrary to the standard lore that baryogenesis is difficult to test experimentally, the
mechanism of [6] predicts distinct signals at B factories and hadron colliders. In particular,
a large positive enhancement of the charge/semileptonic-leptonic asymmetry in neutral B
meson oscillation systems is required, as are new decay modes of charged and neutral B
mesons into baryons and missing energy together with exotic decays of b-flavored baryons.

Weak scale supersymmetry (SUSY) offers a theoretically well motivated solution to
the gauge hierarchy problem with a plethora of implications for LHC searches. However,
the lack of discoveries at the LHC has pushed the Minimal Supersymmetric Standard
Model (MSSM) to ever more tuned corners of parameter space [13], prompting theorists
to introduce new variations of weak scale SUSY where experimental constraints may be
evaded or relaxed. For instance, supersymmetric models with Dirac gauginos [14, 15] and

Many models and mechanisms that simultaneously generate a baryon asymmetry and produce the
DM abundance in the early Universe have been proposed. For instance, in models of Asymmetric Dark
Matter [7-12], DM carries a conserved charge just as baryons do.
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an exact U(1)r symmetry (R-SUSY) [16, 17] are phenomenologically appealing [18]. Ex-
act U(1)g symmetries — under which particles within the same supersymmetric multiplet
carry different charges — are motivated by top down constructions. By forbidding Majo-
rana gaugino masses and supersymmetric a-terms, the majority of collider constraints are
circumvented in models of R-SUSY. Therefore, such extensions of the MSSM are intriguing
in their own right, but are arguably even more motivated if the deviation from minimal-
ity accommodates a solution to other outstanding problems of the SM, such as DM and
baryogenesis.

In the present work, we realize the mechanism of baryogenesis and DM production
introduced in [6] in an R-SUSY setup where an exact U(1)r symmetry is identified with
U(1)p baryon number.? In this baryogenesis scenario, neutral B mesons are produced
at MeV temperatures in the early Universe, undergo CP-violating oscillations and subse-
quently decay to a Dirac gaugino (which is charged under the R-symmetry and therefore
baryon number) through a four-fermion interaction obtained by integrating out heavy
squarks. Successful baryogenesis requires at least one squark to have a mass of O(1TeV),
and critically a Dirac gaugino with mass of a few GeV (typically smaller than 4 GeV in
order for B meson decay to be kinematically allowed). Current constraints do not allow
the existence of so light gluinos or charginos, but the bounds do not apply to the color
neutral bino [13].

The collider phenomenology of various R-SUSY setups has been greatly stud-
ied [21-27], along with constraints from low energy flavor observables and electric dipole
moments [28]. However, previous work on R-SUSY models focused on scenarios with
heavy Dirac gauginos (for instance [18] considers flavor constraints on a model where all
the gauginos share the same mass scale of order 500 GeV-TeV). Realizing the mechanism
of [6] motivates us to study the phenomenology of a complementary region of R-SUSY
parameter space — one where multiple gaugino mass scales are present. This allows the
bino to be light enough for baryogenesis purposes while the other gauge superpartners
are heavier and avoid collider constraints. This scenario can be realized, for instance, if
different SUSY breaking scales are assumed [29].

In the present work we further extend the R-SUSY setup to include a sterile neutrino
and sneutrino with GeV scale masses, and discuss their role in providing a mass for SM
neutrinos via a type-I seesaw [30-33]. In this scenario, the bino decays predominantly into
a sterile neutrino-sneutrino pair. The sterile neutrino decays are generically long lived and
may be searched for at SHiP [34], FASER [35], CODEX-b [36], MATHUSLA [37] and in
the ATLAS muon tracker [38], while the sneutrino is stable on cosmological time scales
and constitutes the DM. This opens up a variety of astrophysical constraints and signals
which are discussed and assessed.

While the existence of an R-symmetry is theoretically well motivated, it is generically
expected that this symmetry is not realized exactly, as supergravity considerations lead

2R-SUSY models can accommodate diverse baryogenesis scenarios [19, 20], sometimes at the cost of
breaking the R-symmetry [21]. In this regard, realizing the mechanism of [6] is a novel application of such
ingredients and, as will be discussed, motivates a rather unstudied region of parameter space: a light (GeV
mass scale) Dirac bino.
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to a gravitino whose mass is not U(1)r symmetric. Supergravity breaking of the U(1)g
symmetry introduces, for instance, Majorana sparticle masses generated from the conformal
anomaly along with aterms and small soft squark masses, resulting in additional constraints
(see [39] for a detailed discussion). We quantify the degree to which the R-symmetry can
be broken while still being able to accommodate the baryogenesis and DM production
mechanism from B mesons.

This paper is organized as follows: in section 2 we review the key ingredients and
results of [6], i.e. the generic model and parameter space needed to achieve baryogenesis
and DM from B mesons. In section 3 we present new model independent constraints on the
experimental observables within our framework. Next, section 4 introduces the model of R-
SUSY with Dirac gauginos and right-handed neutrino multiplets, in addition to discussing
the degree to which we require the R-symmetry to be exact. In section 5 we present
our results for flavor observables within the SUSY model — namely the contributions to
the semileptonic-leptonic asymmetries in neutral B meson oscillations and various other
flavor constraints. Next, in section 6 we discuss what region of parameter space is able to
generate the observed matter-antimatter asymmetry and the DM relic abundance. This
is followed by a discussion of additional constraints on the model parameters arising from
neutrino physics, DM stability, supersymmetry breaking and neutron stars. In section 7
various signals at colliders and B factories that can probe this model are discussed. Finally,
we conclude in section 8 by summarizing the allowed parameter space of the model that
realizes baryogenesis. Some further details of the computations are given in the appendices.

2 Baryogenesis and dark matter from B mesons

Here we review the mechanism of low scale baryogenesis and DM production from the
oscillations and subsequent decay of neutral B mesons, which was proposed in [6]. An
inflaton-like® field ® with mass mg¢ decays out of thermal equilibrium in the early Universe,
at temperatures of order Tp ~ 1—100MeV. The main decay products are assumed to
be quarks and antiquarks that hadronize producing neutral Bgzs,d = |bg) mesons and
antimesons BY, which then undergo CP-violating oscillations before decaying partially into
a dark sector.

A minimal set of four new particles is required to generate the necessary interactions
between the visible and dark sectors (see [6, 39] for details). First consider an electrically
charged (Q. = —1/3), baryon number carrying (B = —2/3), color triplet scalar which
couples to SM quarks — foreshadowing, we denote this particle by Gr. Such a particle
couples to the SM quarks through the fully SU(3). antisymmetric term ¢}, @ b, and various
other flavor combinations. Additionally, we introduce a Dirac fermion v carrying baryon
number —1, so that couplings of the form gt s¢ are allowed. To avoid collider constraints,
the new colored scalar is assumed to have a mass around the TeV scale (see section 7.3

3The details of an inflation model are beyond the scope of this work. This role can also be played by a
modulus or any other late-time decaying particle.

4 Additional mesons may also be produced, but are uninteresting for the current setup as only B mesons
can give rise to baryogenesis in this way due to kinematic considerations.
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for a more detailed discussion), allowing us to integrate it out arriving at an effective
Hamiltonian valid a low energies:

Susbi). (2.1)
d
To simplify the notation, we have chosen a particular combination of light quark flavors
to showcase the mechanism, and have parametrized the effective coupling by Aeg. It will
however be true that any other combination of couplings that yields an effective four-
fermion interaction involving b and ¢ and two other light quarks® is equally suitable.

For a sufficiently light 1, with mass smaller than about 4 GeV, the effective operator
in eq. (2.1) allows the b quark within the B meson to decay; Bg — 1+ Baryon 4+ X, where
X parametrizes mesons or other additional SM particles. Since 1) carries baryon number,
this decay is baryon number conserving. However, an asymmetry n,, —ny can be generated
due to the CP-violating nature of the neutral meson oscillations. If ¢ is allowed to decay
back into visible sector particles, the generated asymmetry will be erased. However, the
asymmetry may be preserved if ¢ dominantly decays into stable DM particles. This is
made possible by the existence of a dark scalar baryon ¢ with baryon number —1 and
a dark Majorana fermion £. If a discrete Zo symmetry is assumed under which the dark
sector particles transform as ¢ — ¥, ¢ - —¢ and £ — —&, we can write a Yukawa operator

L D —AnYoE, (2.2)

mediating the decay of ¢ into the dark sector, where an overall negative baryon number
is stored. A positive baryon asymmetry is thus produced in the visible sector without
globally breaking baryon number. Note that the scalar ¢ carries baryon number and as
such its mass is constrained to be greater than ~ 1.2GeV [40].5 In this paper we consider
a scenario in which the scalar constitutes the DM (the fermion will turn out to be long
lived but unstable on cosmological time scales). The combination of kinematics, proton
decay, dark matter stability, and neutron star stability leads us to consider a parameter
space where

mp — my, > my > mg +me >1.5GeV  and mg +m, >my > 1.2GeV, (2.3)

where m,, is the neutron mass and mpg is the B meson mass.
The asymmetry and DM abundance can be determined by solving a system of coupled
Boltzmann equations [6, 41]. Doing this, the comoving baryon asymmetry is found to

5More precisely, any up- plus down-type pair of first or second generation quarks, in order to preserve
hypercharge and for the B meson to be able to decay through the effective operator. We refer to table III
in [6] for an exhaustive list of options.

5The authors of [40] showed that the observation of neutron stars with masses greater than 2Mg con-
strains the mass of a dark particle carrying baryon number to be greater than the neutron chemical po-
tential inside the star, which is about 1.2 GeV. Otherwise, if a light dark baryon did exist, a process such
as n+n — DM + DM could occur within the star. As a consequence, neutrons would be replaced by DM
particles and the neutron Fermi pressure would diminish. This would destabilize the neutron star, leading
to gravitational collapse.
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scale as

Y o« Br(B" = B+X) Y ag(Tr, Amp,) x af,. (2.4)
q=s,d

Here, Br(B® — B + X) is the branching fraction of the B® meson to a baryon B and X,
which stands for the dark sector particles plus potentially other mesons or SM particles.
The “reheat temperature” T is taken to be the temperature at which the ® decays become
significant, that is, when 3H(TR) = I's, where I'¢ is the decay width of ®. Furthermore,
aZe is the leptonic charge asymmetry (which in this set-up is effectively equivalent to the
semileptonic-leptonic asymmetry agl), an experimental observable which parametrizes CP
violation in the Bg 4 Systems. An important point is that, as in neutrino physics, neutral
B meson oscillations can only occur in a coherent system. Additional interactions with the
mesons can act to decohere the oscillations [42, 43] by “measuring” the system, thereby
suppressing the CP violation and diminishing the potential to generate an asymmetry. In
the early Universe, decoherence is caused by the scattering of e off B® mesons due to
their charge asymmetry. For CP violation to effectively happen, B mesons must oscillate
at a rate similar to or faster than the eiBg — eiBg scattering in the plasma. The factor
of aq (TR7 Amp q) in eq. (2.4) is a measure of decoherence at the temperature Tx for each
of the ¢ = s,d systems.

The kinematically allowed and currently experimentally unconstrained parameter
space that accommodates the measured baryon asymmetry and DM relic abundance was
mapped out in [6]. In order to reproduce the observed value of Yz ~ 8.7 x 107! the
experimental observables in eq. (2.4) must, after scanning over the (mg,'g) parameter
space, lie within the ranges

Br(B® »B+X)~2x107*=10"", and Y af~107°-10"%>0. (2.5)
q=s,d

If we compare with the SM predictions [44]

af™M = (22240.27) x 107° and %M = (—4.7+0.6) x 1071, (2.6)

sl

we conclude that the amount of CP violation predicted by the SM is typically not enough
for successful baryogenesis. However, given the current experimental constraints [4]

a5 %P = (<0.6+2.8) x 1073 and a%®P = (=214 1.7) x 1072, 27)

sl sl

we see that there is room for new physics to enhance the CP violation and accommodate
the required values in eq. (2.5). We will explore this in more detail in section 3. The
other relevant quantity is the branching ratio of B mesons into a baryon and dark sector
states which would contribute to missing energy in an experiment. To the best of our
knowledge, to the date an inclusive search for such a decay has not been performed. Given
the experimental constraints on similar processes like B — Kvv, which are in the O(107°)
level, we expect that existing and future data from BaBar, Belle (-II) and LHCb may be
in position to fully test the parameter range that allows for successful baryogenesis.
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The symmetric component of the DM is generally overproduced in this set-up. There-
fore, additional interactions allowing the DM to annihilate are required in order to deplete
its abundance. The results of [6] show that an annihilation cross section

(00) g = (6 —20) x 1072° cm? /s (2.8)

is needed in order to reproduce the observed DM density Qpyh? ~ 0.12.

One of the main appeals of this mechanism is its susceptibility to be tested in terrestrial
experiments such as flavor facilities and accelerators. Indeed, experimental constraints on
as1 can directly constrain the mechanism. We explore this model-independent bounds in
section 3. Next, we construct a realization of this mechanism, i.e. (2.1) and (2.2), in a
supersymmetric framework. Having a full model will allow us to consistently calculate the
new physics contributions to ag and the branching fraction Br(B° — B + X), together
with any other related flavor observables that the new particles and couplings may modify.
In doing so, we will be able to identify the phenomenologically viable region of parameter
space where baryogenesis can successfully be achieved, and develop the best approach to
experimentally test the mechanism in high and low energy experiments.

3 Model independent constraints

We now conduct a model independent study to further quantify the required new physics
(NP) contributions to realize baryogenesis and DM from B mesons. This will set the stage
for successfully embedding this mechanism in a full model. As seen in (2.4), the baryon
asymmetry depends critically on the semileptonic asymmetres a?, and the branching frac-
tion Br (BO - B+X ) of neutral B mesons to baryons and dark sector states. As discussed
above, the SM prediction for the semileptonic asymmetries is not enough to generate the
observed baryon asymmetry required for baryogenesis, and in this section we study the
ability for general NP contributions to enhance this asymmetry, taking into account all
the relevant experimental constraints. The amount of NP introduced is constrained by
measurements of different Bg oscillation parameters, in turn limiting the size of the en-
hancement of the semileptonic-leptonic asymmetry which is consistent with experimental
data. As a consequence of these bounds, we obtain a lower limit on the required branching
fraction in order to generate the measured baryon asymmetry of the Universe. In this
section we remain agnostic about the origin of the NP contributions and perform the study
in a data driven and model independent way.

3.1 The semileptonic asymmetries

Experimental measurements of the oscillation parameters in neutral B meson mixing con-
strain the size of NP effects that introduce new CP violation into these systems. We now
quantify such constraints. Recall that the evolution of the neutral Bg — Bg system is

described by
d (B _ (4 |BY(t))
‘& <|Bg(t)>> - (H) <|Bg(t)>> ’ (3.1)
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where the Hamiltonian 2 x 2 matrix Hds. = M7 — il'9 contains off diagonal terms which
result in CP violation in the neutral meson mixing. Writing the off-diagonal elements as

M, = [ M| ¢y and Iy = [T, et J (3.2)
the mass and decay rate differences between the two propagation eigenstates are given by
AMY ~2|M,| and AI'Y ~2|I'l,|cos¢fy, (3.3)

where we have defined

Mll
oty = arg (42 ) =+ o — 6. (3.4)
12

To get to eq. (3.3) we have assumed that |[',| < |M,|, which is well established experi-
mentally. Note that although both MY, and T'{, can be complex, only the phase difference
between the two is physical. This phase is the main quantity controlling the CP violation
in the system. In the SM, where the off-diagonal elements of the oscillation Hamiltonian
are generated by box diagrams, nonzero ¢}, and ¢ arise from the phase in the CKM
matrix [45-48].

The NP contributions that are relevant for baryogenesis only modify M? and leave
I'? unchanged from its SM value. In particular, there is no extra source of direct CP
violation, which measures differences in the tree-level decay of B — f with respect to the
CP conjugate B® — f. In addition, no new common final state to which both B° and B0
can decay is introduced. Therefore, the CP-violating observables that may be modified by
NP contributions are:

e CP wiolation in mizing, which is described by the mixing phase ¢1,. CP violation
in mixing can be measured via the semileptonic CP asymmetries, also known as CP
asymmetries in flavor-specific decays. The asymmetry is defined as

q _F(Bgﬁf)_F(Bg_)ﬂ _Im<F(f2> |y

SETBI S )T (B o) \ME,) T | M,

sin ¢, (3.5)

where the final state is such that the decays Bg — f and Bg — f are forbidden.

o Mizing-induced CP violation, also known as CP wviolation in interference, which arises
from interference between mixing and decay. Here, we consider a final state f to which
in principle both B and B° can decay, and define

L(Bg = f) =T (By = f)

AL, (1) = ——= . 3.6
crs) I'(BY— f)+T(BY— f) (3.6)

This form of CP violation is controlled by the phase ¢?, which is defined as
¢! = —m+ ¢, +arg <j§> , (3.7)

where Ay (Ay) denotes the decay amplitude of BY (B%) to f.
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In order to assess the extent to which NP can impact these observables, it is customary to
define [44]

MY = MEM A= MESM LAY A T, = TN (3.8)

We reiterate that we are only allowing modifications in M{,, but not I'{,, which is fixed
to its SM value. The complex parameter AY is a measure of the effects of NP. This
parametrization has the advantage that each of A? and (i)qA are individually related to the
observables AMY and ¢?. It also allows to write a simple expression for the semileptonic
asymmetries in the Bg, 4 Systems. For each g = s,d we have

‘Fq SMIgin (qbq SM + gqu)
‘M{]éSM |AQ|

(3.9)

It is however more convenient for us to parametrize M féNP in a way that makes the relation
with the parameters of the NP model more transparent. For that purpose, we define

NP SM SM i
MBS = MY -l = MY - || ei%a. (3.10)
Note that A =1 4 a. The NP effects are thus normalized with respect the SM values as
NP
. ]

NP SM
b ot = o — oM. (3.11)

The sign of the contribution to agl depends on the relative alignment of the NP phase
with respect to the SM one (recall that a positive contribution is required for successful
baryogenesis, see section 2). In the SM, the CP violation can be traced back to the single
physical complex phase in the CKM matrix. Using the Wolfenstein parametrization, we
obtain the SM predictions for the phases of the mass splittings,

—2/\277

3 ~0.768xad, and ¢j" ~ arctan | iy = ~0.036rad

2
¢§l\’48M ~ arctan 1
(3.12)

The experimental measurements of the oscillation period of neutral B mesons (which
constraints AM?) and the CP violation in interference (which constrains ¢?) can be turned
into exclusion limits on the size of NP contributions. We use the most up-to-date averages
by the HFLAV group [49] to derive our constraints. A key ingredient for the analysis are
the SM predictions for the values of the relevant quantities AM®SM AT%SM Qﬁ‘f’QSM, $TSM
and aZI’SM, which we obtain from [44].

The results of our analysis are shown in figure 1 for the By and B, systems. The
main conclusion is that the combination of measurements pushes the absolute value of any
NP contributions to be roughly one order of magnitude smaller than the SM values. This
statement is slightly dependent on the phase of the NP contributions. Additionally, for
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95% cl exclusions
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Figure 1. Bounds on the NP contributions to the absolute value (horizontal axis) and the phase
(vertical axis) of Mia, assuming I'1o is given by the SM value. The left panel corresponds to the
BY system, and the right panel to BY. Colored contours are excluded by measurements of AM and
mixing-induced CP violation. The contour levels give the values of the semileptonic asymmetry,
with solid (dashed) lines corresponding to values larger (smaller) than the SM ones.

small enough values of ‘M{IéNP‘, the phase ?\}[NP is essentially unconstrained. In figure 1,

we have also overlaid contours showing the value of the agl arising from the NP parameters.
As expected, phases in the (0, 7) range enhance agl with respect to its SM value, whereas
phases in the (7, 27) range give a negative contribution to the asymmetry. It is important
to note that in the Bg system the asymmetry is bound to be negative, while in the BY
system it can be positive. More precisely, we obtain the following 95% cl ranges for the

semileptonic asymmetries:”

af € [-8.9x107%, —9.0x 107°], and af € [-21x107* 41x107".  (3.13)

This is a much tighter region than the one quoted in eq. (2.7), which is an average of only
direct measurements of the asymmetries. Of course, the one we have derived here is reliant
on the extra assumptions mentioned above regarding the NP contributions.

3.2 The branching fraction Br(B° — B+ X)

Taking the values in eq. (3.13) as reference for the maximum positive asymmetry that can
be accommodated by NP contributions, we may use (2.4) to set a limit on the possible
branching fraction of neutral B mesons to baryons and dark sector states Br (BO - B+X )
that is required to reproduce the observed baryon asymmetry of the Universe.

The baryon asymmetry is solved for by evolving a set of coupled Boltzmann equa-
tions [6, 39, 41] governing the evolution of the number densities of the relevant particles
®, B, B and the DM. The solution may be found numerically, and factorizes into the

"Our limits differ by up to a factor of 2 from the ones derived in [50] (see http://www.utfit.org for
up-to-date results), which are extracted from a global fit of all SM+NP parameters including all relevant
constraints.

— 10 —
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Figure 2. Left: values of the numerically determined functions a4 and ay as a function of the
reheating temperature over the range of interest 4-100 MeV, computed following the prescription
of [41]. In order to account for the uncertainty in the calculation coming from the lack of precise
knowledge of the scattering rate I' of e* off B mesons in the primordial plasma, we conservatively
allow for up to a factor of 4 uncertainty in I'. This uncertainty mostly stems to the lack of knowledge
about the charge radius of the neutral B mesons. Right: branching ratio of B mesons to visible
baryons and dark antibaryons necessary to reproduce the baryon asymmetry of the Universe, also
as a function of the reheating temperature. We use the largest experimentally allowed values for
the semileptonic asymmetries and give the results for 3 different values of the mass of ®. We use
different shades of the colors to highlight uncertainties coming from the scattering rate as explained
above and, additionally, from potential variations in the fragmentation ratio of b quarks to B? and
BY mesons [4] (we use a benchmark ratio of 1 : 4 but to be conservative allow it to be as large as
1:2). In this range of parameters, branching ratios in the 0.001-0.1 range can lead to successful
baryogenesis.

following form:

(Br (B® — B+X)> <1OOGeV
Yp =

10=2 e ) (ad(TR) ad + as(Tg) agl) . (3.14)

In addition to the branching fraction and the semileptonic asymmetry, the asymmetry de-
pends on mg and I'g. The ® width may be related to the late era reheating temperature in
the usual way 'y = 3H(TR). Following the prescription of [41], the value of the asymmetry

is simply inversely proportional to m¢ and depends on the decay width through a numeri-
0

q=s,d
on Tg is depicted in figure 2. Roughly speaking, a, acts to parametrize the decoherence

cally determined polynomial denoted by a,(Tg) for the B systems, whose dependence
effects of the system.

In analogy with neutrino oscillations, additional interactions with the B mesons can
“measure” the state of the meson and decohere the oscillating system through the Zeno
effect [51]. Such decoherence will spoil the oscillations and therefore prevent a baryon
asymmetry from being generated. For the setup at hand, the only possible source of
dechorence is the et scattering off the neutral B meson in the early Universe plasma. To
a good approximation, decoherence becomes important when the scattering rate exceeds
the oscillation lengths of the BY or BY system, which are measured to be AM; = 1.17 x

— 11 —
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107" GeV and AMy = 3.34 x 1073 GeV. The temperature-dependent scattering rate is
roughly T,z p_xp5 ~ 1071 GeV (7/20 MeV)5 up to uncertainties in the charge radius of
Bg,d mesons. Therefore, decoherence becomes more relevant at high temperatures. More
specifically, the oscillations decohere for T 2 (15, 30) MeV for the By and B; systems,
respectively. Decoherence effects may be properly treated in the Boltzmann equations
through the prescription of [43]. Results are displayed on the left panel of figure 2, for
which we assume that reheating occurs between ~ 4 — 100MeV, that is, between BBN and
hadronization. To avoid excessive decoherence, baryogenesis favors reheating temperatures
in the range T ~ 15 — 50 MeV.

The behavior of the numerical results for a4(Tr) can be understood as follows: at
high reheat temperatures (Tg 2 50MeV), the B mesons formed from the decay of the ®
do not oscillate coherently and asymmetry production is therefore highly suppressed. As
we consider lower values of Tg, the scattering rate for e*B — e*B drops such that the
B? mesons are produced and oscillate coherently thereby producing a baryon asymmetry.
At even lower temperatures, Bg — Bg coherent oscillations will also contribute to the
asymmetry. The change of behavior of o, q(TRr) at very low Ty is the result of dilution by
a greater entropy density.

Recall that for baryogenesis to proceed through B meson oscillations and subsequent
decay to the dark sector, a large positive net semileptonic-leptonic asymmetry is favored.
As we saw above, the NP contributions to the neutral B meson oscillating systems can
enhance the semileptonic-leptonic asymmetry in B? decays to at most a3 = 8.80 x 1074
while not being in conflict with measurements in B physics. Meanwhile, agll < 0 in all
regions of parameter space, so that maximizing the produced baryon asymmetry favors
the smallest possible value of this negative contribution, namely agl = —4 x 107 At the
same time, figure 2 shows that the maximal values of o, occurs for a reheat temperature
of about 30 MeV. Taking everything into account, we conclude that in order to reproduce
the observed value of Y = (8.718 £ 0.004) x 107!, a sizable inclusive branching ratio of
B mesons to baryons is needed. The required value for this branching ratio is displayed
on the right panel of figure 2 for extremal values of aj?, therefore representing a lower
limit on the size of the branching fraction. The relatively large branching ratio is a robust
prediction of the mechanism and provides a unique opportunity for high-energy experiments
like LHCD [52] and Belle-II [53] to test this baryogenesis scenario.

4 A supersymmetric realization

The model independent analysis presented above allows to place constraints on the observ-
ables that play a direct role in the baryogenesis mechanism considered here. However, it
is expected that other related observables can be used to indirectly test the scenario once
the required minimal NP content is embedded in a consistent framework. With this aim,
we construct a complete realization of the model in a supersymmetric context. The key
ingredients of the theory which allow for baryogenesis to be realized are an unbroken U(1)
symmetry [16, 17] and the presence of Dirac gauginos [14, 15]. Supersymmetric models
with Dirac gauginos and U(1)r symmetries are phenomenologically appealing [18]. By

— 12 —



A SUSY theory of baryogenesis and dark matter from B mesons

75

forbidding Majorana gaugino masses and supersymmetric a-terms, the majority of collider
constraints that push the MSSM into ever more fine tuned regions of parameter space are
avoided. Their collider phenomenology has been greatly studied [21-26], along with fla-
vor considerations [28]. Among other applications, these models can accommodate diverse
baryogenesis scenarios [19, 20], sometimes at the cost of breaking the R-symmetry [21]. In
this regard, realizing the mechanism of [6] is a novel application of such ingredients and,
as will be discussed, motivates a rather unstudied region of parameter space: a light (GeV
mass scale) Dirac bino.

Let us briefly summarize the main ideas behind our supersymmetric theory for baryo-
genesis and DM from B mesons. R-symmetries are known to arise naturally in supersym-
metric constructions [14-18, 28]. Supercharges and their conjugates transform in opposite
ways under an R-symmetry, allowing for particles within the same supermultiplet to carry
different R-charges. Although U(1)g is usually taken to be broken at low energies, an
interesting possibility is for it to remain exact® and be identified with baryon number.
Following this avenue leads to quarks and squarks having different baryon number assign-
ments, as shown in tables 1 and 2. In this way, a right-handed down-type squark dg has
the required charge assignments to play the role of the heavy colored scalar in eq. (2.1). We
may also identify an adequate candidate for the neutral GeV scale Dirac baryon v in the
form of the Dirac bino. After integrating out the heavy squark, the effective four-fermion
operator in eq. (2.1) arises from a combination of R-parity violating and gauge interactions.
Furthermore, the Dirac partner of the bino is by definition a singlet under the SM gauge
group, allowing it to naturally couple to a dark sector. The dark sector can be minimally
accommodated by introducing a generic new singlet chiral multiplet. More interestingly,
this new singlet can be identified with a right-handed neutrino multiplet. In this way, the
bino mediates the decay of B mesons into dark sector states. The complete set of super-
field charge assignments is summarized in table 1, and the corresponding particle fields and
their properties are given in table 2. In what follows, we will further elaborate upon the
ingredients of this model needed to realize baryogenesis.

4.1 An exact U(1l)g symmetry

The model is similar to the one studied in [21, 22]. An exact R-symmetry requires a
superpotential with R-charge of 2 (superspace derivatives D, have R-charge —1). Given
the U(1)r charges of superfields (see table 1), only the following terms respect the R-
Symmetry:

1 "
W O y.QH,U* — yyQHD* — y.LHE + 5\, UDSD; + pHuRy + paRuHy
(4.1)

The first four terms of eq. (4.1) constitute the usual MSSM superpotential, with the ad-
dition of the “R-parity violating” (RPV) term U7D$Dj; (the subscripts denote generation

8Tt is however difficult to argue against the existence of some amount of breaking due to supergravity,
we will discuss this in section 4.7.

—13 —
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Superfield ‘ R-Charge (B no.) ‘ L no. ‘
U°, D¢ 2/3 0
Q 4/3 0
H,, H, 0 0
R, Ry 2 0
S, T,0 0 0
L 1 1
Ec, N¢, 1 —1

Table 1. Summary of superfields with their R-charge (baryon number) and lepton number as-
signments. Each antichiral superfield has R-charge opposite to that of the corresponding chiral
superfield.

indices) which is now allowed.” The rest describe the Higgs sector; the R, ¢ multiplets are
added to generate u terms which are forbidden in models with R-symmetry. Electroweak
symmetry breaking proceeds as usual when the scalars of H, and Hy acquire vacuum
expectation values, while the VEVs of R,, 4 remain zero.

Given the U(1)g charge assignments of the matter content (see table 1), U¢ and D¢
have an R-charge of 2/3. If we explicitly write out the decomposition of the multiplets,
eg. D= J}‘% + ﬂ@dTR + 62 Fy, we see that the d-type right-handed squarks have R-charge
—2/3 while the quarks'” have R-charge 1/3 (recall that 6 has R-charge 1). Since we identify
baryon number with R-charge, dg has the appropriate charge assignments to be identified
with the heavy colored scalar that mediates the effective interaction of eq. (2.1). At the
quark/squark level, the U°D¢DF€ term in the superpotential produces the interactions

L D Ao (ﬂ}}skaR + §§bTRu}r% + E}}UTRSTR> . (4.2)

As in section 2, we have chosen a particular combination of quark flavor to keep the notation
simple. In general, the role of dr can be played by any first or second generation up- or
down-type squark, which means that any of the couplings /\g’j3 with 4,7 = 1,2 can be
relevant for the baryogenesis mechanism.

4.2 Dirac gauginos

In Wess-Zumino gauge, the field strength of a vector superfield can be written in the usual
way as

WE = Ba+ Do + 2 (075 ) 3B |0 + i6%" 9,17, (43)

9Note that although the b couplings are R-parity violating, they preserve the U(1)r symmetry (i.e.
they do not break baryon number). As it is a very extended convection in the SUSY literature, we will
henceforth refer to \” as the RPV couplings. Other R-parity violating couplings, like the ones usually
denoted by A, X or u’ (see e.g. [54]) are not allowed by the R-symmetry.

1"We use the notation of [54] to denote dk as the Weyl spinor in the chiral superfield D€.
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Particle H Description ‘ Spin ‘ QEM ‘ Baryon no. ‘ Lepton no. ‘ Mass ‘
P “Inflaton-like” scalar | 0 0 0 0 11-100 GeV
gr € D¢, U° Squark 0 |-1/3 -2/3 0 O(TeV)
BecW, . .
Dirac bino 1/2 0 -1 0 O(GeV)
Mes
vr € Ng Sterile neutrino 1/2 0 0 1 O(GeV)
Ur € Ng Sterile sneutrino DM | 0 0 -1 1 O(GeV)

Table 2. Summary of the component fields and their charge assignments, properties, and the
superfield in which they are embedded. We work in terms of Weyl spinors so that the Dirac
bino consists of two components 1 = (37 /\Z) Here, ® is an “inflaton-like” field that decays
out of equilibrium producing b and b quarks. The heavy colored squark §g is integrated out to
mediate quark-bino four fermion interactions (note that various flavors of squarks may generate
this interaction, as will be discussed further below). The Dirac bino mediates decays of hadrons
into the dark sector. The dark sector is embedded into a right-handed neutrino supermultiplet
where the sneutrino is stable and represents our DM candidate, while the sterile neutrino generally
decays on time scales of interest for collider searches.

where fields are expressed in terms of the y* = z# — ilc"@ coordinates. The hypercharge
U(1)y field strength tensor is B, = 9,B, — 0, B,,, and B is the bino, that is, a left handed
2-component Weyl spinor. One may construct a 4-component Dirac gaugino by adding
another 2-component Weyl spinor to the theory. Concretely, let us introduce a new S
superfield

S(yﬂ) = ¢s + \/5)\?904 + Haean. (44)

Gauge invariance requires the new field to transform in the adjoint representation, while
the R-symmetry fixes its R-charge to vanish. Multiplets for the other SM gauge fields (a
triplet 7' and an octet O) are added in a similar way.'!

With the addition of the new superfields, Dirac gaugino mass terms can be gener-
ated [18, 55]. Consider the following superpotential terms:

Lonass = V2 / 429 W'o| LwBg ¢ 2wWipi | Swiaga| {pe. (4.5)
Ay Ay A3
SUSY breaking is introduced through a D-term spurion W'® = D@ Here, ¢; are O(1)
coefficients, and in general we allow the SUSY breaking scale for each gauge group A; to
be different. From eqs. (4.3) and (4.4) together with eq. (4.5), we see that upon SUSY
breaking, Dirac mass terms
DDy

~ D -
LB D V201 B%\ o+ 1 —— b5 (4.6)
Ay Ay

1 The existence of these adjoint superfields can be motivated by imposing a N/ = 2 supersymmetry in
the gauge sector, as was done in [18].
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are generated (the second term of (4.6) vanishes on-shell when D; = 0). We denote the
4-component Dirac bino and its corresponding Dirac mass as

z/;_<ﬁ) and mw—\/§01<:i>, (4.7)

S

in consonance with eq. (2.1). Similar expressions are obtained for the other gauginos,
which acquire masses 1y, ; = ﬂcZgD /A2 3. In order to reproduce the spectrum required
for baryogenesis, m, needs to be a few GeV. At the same time, collider [13] and fla-
vor [56, 57] constraints generically push charginos and gluinos to lie above the TeV scale.
If no other source of mass for gauginos is present, this implies that there must exist a
hierarchy (c1/A1)/(c2.3/A2,3) < 1073, Such hierarchy can be explained either by invoking
some tuning of the ¢; coefficients or by allowing for at least two separate sources of SUSY
breaking [29] so that Ay < Ag 3.

4.3 Squark masses and couplings

Soft masses for squarks (and other superpartners) can be generated through an F-term
SUSY breaking spurion X = 6F [28] at a scale Ap, which produces squark masses mg ~
F*F/Ap. Given the experimental constraints [21, 26, 28] and depending on the scale of
gluino and chargino masses, squarks as light as a few 100 GeV can be feasible. !

As discussed above, the role of the colored scalar participating in the baryogenesis
mechanism is played by a right-handed squark, which can be up- or down-type and belong
to any of the first two generations. The squark mass is assumed to be in the TeV range
so that it can be safely integrated out at the GeV scale where the baryogenesis dynamics
happen. It is straightforward to see how the rt s term in eq. (2.1) is generated in
the supersymmetric setup. Interacting chiral matter theories have gauge interactions of
the form

Loamge O —V2¢' Qqp(@rarB) +hec., (4.8)

where @, and ¢’ = e/ cosfy denote the charge assignment and hypercharge gauge cou-
pling (as customary, e is the electromagnetic charge quantum and Oy is the weak mixing
angle). When §p, is integrated out, the effective four-fermion interaction Bu sbis recovered.
Of course, other flavor combinations for the operator are possible: they are summarized in
table 3 along with the resulting coefficient of the effective interaction. It is worth noting
that the gauge coupling being fixed, the only unknown parameter that sets the strength of

the effective interaction is )\%3.
4.4 The Higgs sector and neutralino mixing

The number of neutral fermions in R-symmetric models is larger than in the MSSM due to
the presence of the new SU(2) doublets R, 4 and the singlet and triplet fields S and 7. Here

2Dirac gaugino masses produce a supersoft [18] scenario where radiative corrections to the squark masses
are finite. This allows for squarks to be much lighter than gauginos, thus alleviating many of the collider
and flavor constraints. For this reason, this paradigm is sometimes referred to as supersafe.
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four-fermion operator Effective coupling Gr particle
Ybud N isv2 4 (% + 8- %‘Z) ir, dg, br
Ybus Nosv2g (S + % - 24) | in, 5r, bn
Ybed Nisv2 g (%Jr%z—%i) Zr, dr, br
Ybes Nos V2 g (%+%—%§) Cry 3R, br

Table 3. Exhaustive list of all the possible operators contribution to the baryogenesis mechanism
in a U(1) g supersymmetric setup with Dirac gauginos.

we follow [26] to investigate the mixing between all these states after electroweak symmetry
breaking. The relevant terms in the Higgs sector, allowed by gauge and R-Symmetries, are
given by

W O H Ry + pHaRy + S (APHL Ry + APHR ) +T (AR, + A HuRq). (4.9)

Recall that R,, 4 are added to generate the otherwise R-symmetry forbidden p-terms. Elec-
troweak symmetry breaking proceeds as usual when the scalars of H,, and H, acquire vac-
uum expectation values v, and vg (the VEVs of R, 4 remain zero). The terms in (4.9),
together with the Dirac gaugino masses and the gauge potential, generate the Dirac mass

mixing matrix

My 0 gvu/V2 —g'va/V2
0 % —qUy, /V2 2
Mg=| & W gou/V2 gva/V2 , (4.10)
/\u})u/ﬂ _)‘y Uu/\/i Hu 0
~ABva/vV2 NV va/V2 0 Hd

which is written in the (B, W, Ry, Rq) x (As, A, Hy, Hy) basis. As usual, g = e/ sin 8y
and we require that v2 4+ v2 = v?/2 = (174GeV)2. In the large tan 3 = v, /v, limit, the
mass matrix simplifies to

My, 0 gv/vV2 0
M| 0 my;  —gv/V2 0 (4.11)
N7 ABu/N2 = M0/v2 e 0| '
0 0 0

showing that one of the states with mass p4 decouples. It is clear that if )\5 = )\ZV =0,
there is no mixing between the bino, the neutral weakino and the higgsinos. Even if )\5 W
are nonzero, in the limit where m, < v < myj, py, the lightest state is mostly bino with
mass m,y. This is the case of interest to us, as we are dealing with a GeV bino but other
gauginos and higgsinos are at or above the TeV scale. In this limit, the mixings of the bino
are approximately given by

)\Egvz 1 )\fv

My 1

N | —
%l
>
sz
ﬁmz
O}
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Although not relevant for the baryogenesis dynamics, these mixings can play a role in
constraining the model using flavor observables such as y — e, which are discussed in
section 5.2.

4.5 A dark chiral multiplet

As was highlighted in section 2, the crucial step to generate a baryon asymmetry in the
visible sector without incurring into global baryon number violation is to allow % to decay
into a dark sector where the corresponding antibaryon number is stored. In this way, a
DM abundance is generated in parallel to the baryon asymmetry.

Thus far, the model we have introduced cannot accommodate DM. However, being
uncharged under the SM gauge group, the singlet S offers a natural portal to a dark
sector. Given that the fermion in S is the Dirac partner of the bino, such a coupling
allows ¥ to decay to the dark sector. The minimal extension to take advantage of this
portal includes a new chiral multiplet ¢ where the B = —1 dark scalar ¢ and the B =0
Majorana spinor £ can both be embedded,

¢ = " + V20, + 02 Fy,. (4.13)

The only superpotential terms allowed by gauge and U(1)p symmetries are precisely

w o /d29 (YsSpd + mypd) . (4.14)

The former generates the coupling As ¢* & while the latter gives masses to the dark states.
Note that the invariance of (4.14) under ¢ +» —¢ acts to stabilize the DM (corresponding
to the Zy symmetry introduced in [6]).

This most economic and generic extension contains all the ingredients to produce the
baryon asymmetry and an asymmetric DM component. However, given that the dark
states ¢ and £ and the mediator ¢ are rather light, a symmetric relic abundance tends
to be overproduced [6] in this minimal setup. In order to partially deplete the symmetric
abundance, new interactions have to be added to allow for the excess DM to annihilate.'?
In our case, there exists an attractive solution to this problem: to identify the dark sector
states with a right-handed neutrino supermultiplet.

4.6 Sterile sneutrino dark matter

In order to accommodate neutrino masses in the U(1) g symmetric model, the minimum re-
quirement is the presence of a right-handed sterile neutrino multiplet N with R-charge +1,

N, = 0}, + V20v}, + 0°F}, . (4.15)

Identifying U(1)g with U(1)p leads to the right-handed sneutrino g carrying baryon
number —1, while the right-handed neutrino remains uncharged under baryon number. At
the same time, N% has to carry —1 lepton number. The following operators, allowed by

13This problem is recurrent in asymmetric DM scenarios that identify the dark sector and baryon asym-
metries. See [58] for other examples of how the symmetric DM component can be depleted.
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all the symmetries (but including a AL = 2 Majorana neutrino mass term), can be added
to the superpotential:

A 1
W > TNSN% + H, LYy Ny + NGMy NG + hee.. (4.16)

To keep the discussion general, we allow for three flavors of sterile neutrinos (I = e, v, 7;
J =1,2,3). Note that the first and third terms are equivalent to the ones in (4.14), so
the identification of N as the DM multiplet is direct. The first term of (4.16) may be
expanded in component fields as

/\N 1 ~ %
o /d29 SNENG O g Aw (ASVLVR + qssu;u;) +he.. (4.17)
This operator generates the three point interaction (2.2) that mediates the decay of the
Dirac bino (through its right-handed partner \;) into the dark sector states vp and g.
The second term in (4.16) generates Dirac neutrino masses. The SU(2);, multiplets can be
expanded out as

/ d26 (H?LNILy{VJN,J; —~HIELyY N,"%C) +h.c. (4.18)
= 2yy/ (hgl/i”}y + Bgﬁi’/ + R g )

— 2yl (Wb + Wl B ok ) + b

where ¢! = e, u, 7. Upon electroweak symmetry breaking, (hY) = v, produces a Dirac
mass for the neutrino,

LD mp (VLVRT + VZLTVR) (4.19)

with mp = 2yyv, = 2yyvsin 8. For simplicity, we have assumed a diagonal flavor struc-
ture and suppressed generation indices. This simple setup reproduces the type-I seesaw
mechanism [30-33], whereby the light neutrinos obtain masses m,, =~ mZD /My, as long as
mp < Mjy;. For the baryogenesis mechanism to be viable, at least one of the right-handed
neutrinos needs to have a mass in the GeV range so that ¢ can decay into it. In order to
obtain a neutrino mass of m, < 0.1eV, a small Yukawa yy < 1078 is required, as will be
further discussed in section 6.3.

Aside from generating Dirac neutrino masses, the second term in (4.16) also provides
the interactions necessary to avoid the overproduction of a symmetric DM component.
The crucial difference to the generic case discussed in the previous section is the fact that
the DM particles, being identified with sterile neutrino and sneutrino, now carry lepton
number. The annihilation of right-handed sneutrinos into left-handed neutrinos can occur
via t-channel exchange of a bino or a higgsino. We will study this in more detail in
section 6.2.

4.7 U(1)r symmetry breaking from supergravity

The model presented above relies on an exact global U(1) g symmetry which is identified
with baryon number. While R-symmetries are motivated by top down constructions, we

— 19 —



82

Chapter 3

do generically expect them to be broken at low scales. Supersymmetry breaking effects
coming from supergravity are generically always present (however see [59] for a possible
alternative), and these generate a tiny Majorana mass for the gauginos through the con-
formal anomaly (as well as soft squark masses and a-terms). The order parameter is the
gravitino mass mg/; so that gaugino Majorana masses
(Fy)
M1 X M3/ = 7 — 4.20
2= T (4.20)
appear. Here, Mp; denotes the Planck mass. In particular, Anomaly Mediated Symmetry
Breaking (AMSB) [60, 61] produces a small Majorana mass term for the bino

By g° 33
M, =="m = = =——mgy/y. 4.21
@ = g, e 1= 62 5 M3/2 (4.21)
Additionally, soft squark masses (m2)§ = %|m3/2|2%7; and non-zero a-terms a* =

—mg/of,ix Will be generated. Clearly, the introduction of (even tiny) a-terms, soft squark
masses and Majorana gaugino masses from AMSB can spoil the phenomenological ad-
vantages of R-SUSY. Therefore, it is interesting to quantify the degree to which the R-
symmetry must be exact, i.e. the size of the gravitino mass and couplings /\;Ijk of eq. (4.1)
that still accommodate a phenomenologically viable model. This will be further discussed
in section 6.5, where we will see that the most stringent constraints come from the AMBS
Majorana gaugino masses that lead to dinucleon decay.

5 Flavor phenomenology

After having outlined a complete model with a field content that realizes the mechanism
of [6], we may begin to preform calculations within this framework in order to identify
the phenomenologically viable parameter space. As we will see, generating the observed
baryon asymmetry and the DM relic abundance of the Universe requires a precise range
of model parameters and observables, which are summarized in table 5. A key prediction
of this scenario is the modification of some of the oscillation parameters of the neutral B
meson system with respect to the values expected in the SM. Because of this, sufficiently
precise measurements of the B meson system can directly probe the baryogenesis dynamics.
Any NP inducing such modifications is also expected to have an effect on other AF = 2
observables, like oscillations in the B, K, and D neutral meson systems; and on AF =1
processes such as p — ey and b — sy. Making use of the supersymmetric model, these
effects can be quantified within a consistent framework.

It is common lore that SUSY models with an R-Symmetry are not too severely con-
strained by flavor observables (see e.g. [28]). However, due to the presence of the O(GeV)
bino and the A} as the only RPV couplings, our mechanism highlights a different slice
of parameter space from what has been previously considered. It is therefore important
to re-evaluate the constraints and apply them to the relevant parameter space, as well to
assess whether the model prediction for the semileptonic-leptonic asymmetry in the Bg and
B, systems lies within the range that can accommodate baryogenesis.
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The RPV couplings )\g’ijijDi are an obvious source of flavor violation, and may
also produce CP violation through complex phases. A comprehensive study of the phe-
nomenological implications of RPV couplings was made in [62]. The main particularity of
our setup is that the most constraining processes, i.e. proton decay and nucleon-antinucleon
oscillations, are forbidden as long as the R—symmetry remains exact (we discuss the im-
plications of R—symmetry breaking in section 6.5). As a consequence, the flavor violating
observables described below give the strongest constraints for all the RPV couplings.

Soft masses for SM fermion superpartners can also be sources of flavor and CP viola-
tion. A particularity of the unbroken U(1)g is that left-right squark and slepton mixing
is forbidden by the R-symmetry [16]. The soft scalar mass matrices can be parametrized
as usual by dimensionless ratios (52]2 = (mg)ij / |m§| of the off-diagonal elements to the

2

diagonal ones m3, where 7, j are quark or lepton flavor indices (analogously for 5%1%). As

we will see, CP violation can arise if these ratios have complex phases.

5.1 AF =2 meson oscillations

In addition to the flavor violation already present in the SM, our setup allows for new
processes contributing to neutral meson-antimeson oscillations, where flavor is violated by
two units. For baryogenesis, a NP contribution in the BY-BO system is desirable. At
the same time, experimental constraints, which are strongest in the K°-K0 system, must
be satisfied. Studies in general supersymmetric extensions of the SM [56, 57], in RPV
contexts [62, 63] and in U(1) r models with Dirac gauginos [28] have been performed. Here
we extend and adapt those results to our scenario.

The physics of neutral meson oscillations, as well as the relevant observables, have
been described in section 3.1 in a model independent way. We now link such observables
to the NP model at hand. Firstly, the modification of the mass splitting between meson
and antimeson can be computed as

5

3
AMNP =2 <Z C;M; + Z Cﬂ\%) . (5.1)
=1

i=1
Here, 8’1 encode the model-specific partonic processes, which are discussed below. ](\21'Z
correspond to the matrix elements of the resulting effective four-fermion operators 51‘7
that is, M; = (BO|EQ)Z~|BO) and similarly for K° and B?. The operators are numbered
following [57]. The ones relevant for us are Q1 = Bz*yﬂd% Eiwdg, @1 = B%’)/ud% ngd%,
Q4= E%d% Bﬁdlﬁ% and Q5 = E%d’[z Eﬁd%, where o and 3 are color indices. The corresponding
matrix elements are

-1
M, = M, = gf,gmBBl, (5.2)
lr 1 me VY .
M = [gm () 1fB’”BB4’
lr o1 me VY .
Ms = [8 12 <mb +md> ] fmsBs.

In our calculations, we use the values obtained in [64] for the bag parameters B;.
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The decay rate difference AI" is not modified in our setup, as there is no new common
state to which both meson and antimeson can decay. Its value can therefore be set to the
SM prediction as was done in section 3. As a consequence, the previous expression eq. (5.1)
also allows to calculate CP-violating observables, which depend on the complex phase of
81‘ with respect to the SM counterpart, as made explicit in eq. (3.11). We are particularly
interested in contributions to the semileptonic asymmetries in the Bg 4 Systems, as these
are the key observables that enter the baryogenesis mechanism.

At the partonic level, the meson oscillations arise from box diagrams. In the SM they
are mediated by W bosons, but in our supersymmetric scenario new contributions arise,
which can be classified into two groups depending on the origin of the flavor violation.

Contributions from RPV couplings. The corresponding Feynman diagrams are
shown in figure 7 in appendix A. The first two contain four RPV vertices with \” cou-
plings, while the lower two diagrams involve mixed contributions with two RPV vertices
and two gauge/Higgs vertices with the corresponding CKM factors. These diagrams were
calculated in [63] for the (s)top couplings A3, . here we generalize the computation to
include also contributions from first two generation (s)quarks. The explicit analytic ex-
pressions are given in (A.1). Flavor changing squark mass mixing is neglected for this
computation.

As can be seen in eq. (A.1), one-loop diagrams involving RPV interactions generate
the operators Q1, Q4 and Q5. The former is associated with the box diagram involving
four \” couplings and therefore scales as C; ~ \'* / mg, where V"4 symbolizes the appro-
priate product of four potentially different A;Ij(*) couplings (see eq. (A.1) for the explicit
combinations that arise). For simplicity, we assume universal squark masses and compute
the loop integrals in the limit where mg; is much larger than any other mass.' The other
two operators are associated with diagrams with only two RPV couplings, while the other
two vertices correspond to weak interactions where flavor violation is due to CKM inser-
tions. Therefore, they both scale as Cy 5 ~ A’ Zy2 / m?i, where V2 represents the appropriate
CKM factors (see eq. (A.1) for explicit expressions). These diagrams also carry a factor
of my,; My, /m%,[,7 which introduces an extra suppression unless only top quarks run in the
loop (i.e. i = j = 3). Note that the RPV couplings generically source CP violation in the
neutral meson mixing because the \” couplings can be complex.

Using the experimental measurements of the neutral meson oscillation parameters,
(AM, ¢*#) for By, and (AM, eg) for K°, together with the SM predictions for such ob-

5 we can obtain constraints on the products of RPV couplings. The resulting

servables,
limits are compiled in table 4. For all of them, we assume a value of mgz = 1TeV. The
limits on the diagonal of each table are dominated by the C; contribution with four N fac-

tors, which means that they scale with mgz. However, the off-diagonal entries in the tables,

1We do not take into account renormalization group running effects for the operators (632 from the squark
scale down to the hadronic scale. We estimate this approximation to be good within a factor of ~ 2 for the
coefficients (6‘)1 and therefore do not expect a large effects on the limits presented in table 4 and figure 3.

15The SM predictions in the K° sector have large uncertainties and we therefore assume that the SM
values saturate the experimental bounds to obtain conservative limits.
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K° 113 513 33

lys | 3.7x1073 /3.0 x 1074 ~/9.0x1072 2.5 /1.6 x 1072
Mios ~-/25 3.7x107% /3.0 x 10~* 0.25 /1.6 x 1073
Nios -/ 0.29 0.22 /1.4x 1073 28 x 1073 / 4.8 x107°
By AT Aot A3l
Nos | 3.8x 1073 /2.0 x 1073 -/~ 4.0 /1.1
N3 -/- 3.8x107% /2.0 x 1073 0.40 / 0.11

323 -/ - -/ - 33x107% /1.5 x 1073
By Mo Agiy Ao

M3 ] 1.8x1072/1.0x 1072 /- -
913 -/ - 1.8x107% /1.0 x 1072 2.3 /0.73
313 -/~ -/- 1.6x 1072 /8.1 x 1073

Table 4. Constraints on products of RPV couplings from neutral meson oscillations. Each of the
KO, Bg and BY systems constrain different combinations of couplings. For each product, the first
limit assumes that the NP contribution is aligned with the SM one, while the second one assumes
maximal CP-violating phase. A line indicates that the derived limit is above the unitarity bound
on the couplings. The limits are computed assuming a universal squark mass mg = 1TeV, and
scale with my (diagonal ones) or m?j (off-diagonal ones).

which rely on the C4 5 contributions, scale with mg- and are weaker due to the CKM and/or
quark mass suppressions explained in the previous paragraph. The exception are the bot-
tom right entries of the tables, which correspond to diagrams mediated by top quarks for
which the contributions from C’l and Cy 5 are of similar size for mg = 1TeV. Each of the
entries in the table quotes two limits: the left one corresponds to the case where the phase
of the NP contribution to Mjs is aligned with the SM one; the limit in that case comes
from measurements of AM. The right one assumes that the NP phase is orthogonal to the
SM one and therefore enhances CP violation, the limits in that case come from ¢%* and
€x . For the general case where the phases are neither aligned nor orthogonal, the limit lies
between the two extremal values quoted in table 4.

In the general case where the RPV couplings are complex and source CP violation,
contributions to the semileptonic asymmetries in the Bg and BY are expected. Indeed,
as figure 1 shows and was discussed in section 3.1, NP effects can significantly enhance
agl’s with respect to their SM value while satisfying all other constraints. For instance, the
benchmark values used for the baryogenesis calculations are obtained if any one product

of complex RPV couplings saturates the corresponding limit in table 4.

Contributions from squark mass mixings. Off-diagonal terms in the squark mass
matrix can also induce neutral meson oscillations. The bino-mediated diagrams are shown
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in figure 9 (appendix A) for the Bg system, the cases of BY and K° are analogous. For
Dirac gauginos, the number of contributing diagrams is smaller than in the MSSM, as
the Dirac partners do not couple to quarks and thus chirality flips in the internal gaugino
propagators are not possible.!® Furthermore, the U(1)z symmetry prohibits the presence
of a-terms, i.e. no left-right squark mass mixing is allowed.

The authors of [28] considered the AF = 2 flavor constraints arising from box diagrams
with gluinos, which due to the stronger coupling give the largest contribution if the masses
of all gauginos are assumed to be similar. This is not necessarily the case in the regime
where m,, ~ 1GeV is much lighter than gluinos and winos. The analytic expressions for
the contribution of a light bino to the oscillation parameters defined in section 3 are given
in appendix A. Parametrically, the contribution of a light GeV bino to AM is of the same
order as that of a gluino which is about 10 times heavier than the squarks.

CP violation arises when AMNY is a complex quantity. This happens if the off-diagonal
elements of the squark mixing matrix are complex, and thus so are d;7, and dgr. The CP-
violating observables defined in section 3 can thus receive NP contributions. With this,
the experimental constraints detailed in section 3, together with the analogous ones for the
kaon system (AMpg and ex, see [44]) can be used to constraint squark mixing. Figure 3
shows the excluded ranges of values for the diagonal and (generally complex) off-diagonal
elements mg and . The non-trivial dependence of the constraints on the phase of § comes
from interference with the SM contributions, i.e. the alignment between the NP effects and
their SM counterparts.

The values of the semileptonic asymmetries as a function of the model parameters
are shown as contour lines in figure 3. For squark masses in the TeV scale and O(1)
absolute values of the mixings dg, and dpg, a broad interval of phases lead to semileptonic
asymmetries compatible with baryogenesis. At the same time, the stringent bounds in
the kaon sector restrict 45 to be < 1072 unless its phase is close to zero (or 7/2). This
is compatible with baryogenesis, as d45 does not play a role in B meson oscillations, but
points towards some flavor structure that particularly suppresses any flavor violation which
does not involve the third generation; see for instance [65, 66] for constructions where such
flavor structures arise.

5.2 AF =1 observables

Processes in which flavor is violated by one unit can also probe model parameters relevant
for baryogenesis. We limit the discussion to two observables, b — sy and u — e, as they
offer the best experimental prospects. Although the latter is the best tested experimentally,
the former is directly related to parameters relevant for the baryogenesis mechanism. For
this study we mainly adapt the results of [28] to our setup.

6For heavy gauginos that can be integrated out, effective dimension five operators like d~}§2 dks L are
absent, and the transition happens through dimension six operators like JLﬁugz dTL'y“s 1. For a light bino
this does not result in extra suppression, but the chirality structure of the diagrams is in any case different
than for Majorana gauginos.
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Figure 3. Constraints on the soft squark masses coming from the bino contribution to mixing in
neutral meson K, Bg and BY systems. The shaded areas are excluded by the CP conserving and
violating observables indicated in the labels, which are explained in section 3. For simplicity, we
assume an approximately universal value mg for the diagonal elements of the mass matrix. The
dependence on the bino mass drops out as long as mz < mg. The upper panels show constraints
assuming maximal CP violation, while the lower ones show the dependence on the phases of the
squark mass matrix elements. The contour lines in the Bg and BY cases represent values of the
semileptonic asymmetry in each system. As expected, the kaon sector measurements gives the
strongest limits, showcasing the need for some flavor structure to produce sizeable contributions to
the semileptonic asymmetries.

Contributions from RPV couplings. The diagrams contributing to the b — sy decay
are shown in figure 8 in appendix A, along with the full analytic expression for the decay
rate, given in eq. (A.3). Assuming a universal squark mass mg, we obtain

2
TeV 41 3
Br(b — s7) ~4.2-107" <i> > NN - (5.3)

me
q i=1

Comparing with the experimental measurement [67] Br(B — Xy) = (3.55 £ 0.24 & 0.09) x
10~* and the SM prediction [68] Br(B — Xsv) = (3.15+0.23) x 1074, we see that this
process does not place any meaningful constraint on the RPV couplings for squark masses
around or above the TeV scale.

Contributions from squark and slepton mass mixings. Flavor violating decays can
also be triggered by off-diagonal elements in the mass matrix of squarks (for b — sv) or
sleptons (for 4 — ev). Given the particularities of the R-symmetric model, i.e. the absence
of L — R sfermion mixing and the inert nature of the Dirac partner of the gauginos, the
bino can only mediate two kind of diagrams contributing to this process. They are depicted
in figure 10 for b — s7, the ones for © — ey are analogous. The first diagram requires an
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external chirality flip while the second one involves mixing between the appropriate Dirac
higgsino and the bino, as discussed in section 4.4.

The flavor-violating decay of the b quark is most important because it directly probes
the couplings relevant for baryogenesis. Evaluating eq. (A.9) in the small tan 8 limit, we
obtain a branching ratio

TeV\ 4 2
Br(b— s7) =I'(b— sy)7p ~ 8.4 x 1078 < eV> <<7> 6, + 512%R> . (5.4)

mg 8

This should be compared with the experimental measurement [67] Br(B — Xyy) =
(3.55+£0.24+0.09) x 107%, which is compatible with the SM prediction [68]
Br(B — X,v) = (3.1540.23) x 107*. The corresponding exclusion on the b — s squark
mixing is shown in the top right panel of figure 3.

The computation of the flavor-violating muon decay is analogous to the b — sv one
with the obvious substitutions, see eq. (A.14) for the corresponding expression. Evaluating
it again in the small tan 8 limit, we find

T 4 2
Br(p — ey) ~34x107° < eV) ((;) 8tr + 6?.33) : (5.5)

my

This process is extremely suppressed in the SM, so this contribution is constrained by the
stringent experimental upper limit Br(u™ — eTv) < 4.2 x 10713 (90% cl) set by the MEG
experiment [69]. For sleptons at the TeV scale, the mass mixing in the e — p sector is bound
to be d, < 4 x 1073, which again indicates that any flavor violation that only involves the
first two generations should be suppressed.

6 Theoretical and phenomenological considerations

We now discuss constraints on the model parameters that arise from the requirement of
achieving the measured matter-antimatter asymmetry and DM abundance. The model
independent results of section 3 are applied to the R-SUSY model of section 4, as is the
analysis of flavor observables performed in section 5. With this, we find that successful
baryogenesis requires squark masses in the scale of 1 — 4TeV and at least one of the

;’]3 RPV couplings to be O(1). Both these requirements stem from the necessity for a
large branching fraction of (visible) baryon number violating decays of neutral B mesons.
The observed DM abundance is easily accounted for with order one couplings of ¥ to
the sterile neutrino multiplet. We further discuss constraints that apply to parameters
that do not directly control baryogenesis. Such effects are rather a byproduct of realizing
the mechanism in the R-SUSY model. At the phenomenological level, we discuss bounds
coming from neutrino physics and astrophysics. On the more theoretical side, supergravity
considerations on the size of R-symmetry breaking constrain the gravitino mass and some
RPV couplings.
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6.1 Baryogenesis

As was highlighted in section 3.2, successful baryogenesis requires a relatively large branch-
ing ratio of B mesons into final states containing a single baryon and dark sector particles.
In the supersymmetric setup, such decays can be mediated by any of the four-fermion
operators listed in table 3. Assuming that the decay is dominated by a single one of them
yields a branching ratio

2
Am \* Q Qi Qa
0 -3 AV / u _
Br(B” - B+ X) ~10 <2GeV> (1.9TeV)*\/;5V2 g ez +m?i m2 :
v J
(6.1)

where Am = mpgo — mg — mx is the mass splitting between B meson and final states,
and X represents the dark particles together with any other mesons. Note that eq. (6.1)
is computed using a spectator approximation [39], which breaks down when the mass
splitting Am < 2GeV. In general, given the hadron spectrum of interest here, we expect
2GeV < Am < 3GeV for the operators of interest. For final states involving charm quarks,
Am may be too small to reliably use the spectator quark approximation and an analytic
estimation of the branching ratio is not feasible.

For hypercharge coupling ¢'(mp) ~ 0.34 and assuming degenerate squark masses,
achieving a large enough branching fraction for baryogenesis

A
Br (B - B+X)210% requires mgquark S 1TeV )\;-’]-3% ; (6.2)
e

where we have used the maximum positive value of (a%)max = 4.1 x 107* and the minimum

d
sl

take into account the lower bound on squark masses of ~ 1 TeV, which is discussed in more

negative of (a%)min = —9.0 X 107° to maximize the asymmetry. It is also important to
detail in section 7.3. Because of this, it is clear that attaining a large enough branching
fraction to accommodate the observed baryon asymmetry favors at least one of the RPV
couplings being large, together with (at least one) squark mass in the TeV scale,'” that is

Max [A;'jg] ~O(1), for i,j=1,2 and mg, =1—A4TeV. (6.3)

Here the range in the allowed squark mass parameter space takes into account enhancement
to the coupling from the renormalization group running of the anomaly dimension of the
4 fermi operator.'®

6.2 Dark matter relic abundance

The mechanism of [6] tends to generically overproduce a symmetric DM component, there-
fore requiring additional dark sector interactions to deplete its abundance. This is the
case when the DM is constituted by the lightest dark sector particle. However, if the dark

"The parameter space for squark masses can be opened up a little by increasing )\2’]-3 up to where
perturbativity begins to break down (for instance [62] computes the renormalization group running in
R-SUSY models and obtains Aja; < 1.25).

18A detailed RGE study is beyond the scope of the current work.
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sector states are identified with a right-handed neutrino multiplet, the sneutrino is stable
on cosmological time scales even if it is slightly heavier than the right-handed neutrino.
This is due to the fact that the R-symmetry is exact and baryon number remains con-
served. The sterile sneutrino carries baryon number —1 while the right-handed neutrino
has zero baryon number, so as long as the mass difference m,, — myj, is smaller than the
neutron mass, sneutrinos cannot kinematically decay to right-handed neutrinos and remain
cosmologically stable.

In the situation where mg, > m,,, a sneutrino-antisneutrino pair can annihilate into
right-handed neutrinos. After that, the v decays as usual into SM leptons, thus contribut-
ing to the depletion of the symmetric component of DM. The annihilation cross section for
VRV, — VRVR is dominated by the exchange of light binos. The thermally averaged cross
section is given by

4,2 2 _ 2
AN/ T — My,

(ov) (6.4)

B 327rml;R(m3~R —-m2, + mi)2 '
With this, we can easily leverage the results of [6] to find that the observed DM relic
abundance is reproduced for values of the superpotential coupling Ay of the order

Av ~ 0107 = Qpuh®=0.12. (6.5)

In what follows we take this as the benchmark value for A\y. It is worth emphasizing once
again that this requires the sneutrino to be heavier than right-handed neutrino. Otherwise,

—Am/T

the kinematic suppression of the annihilation rate by a factor of e , where Am =

m,, —M,73 makes this annihilation channel inefficient. Therefore, if right-handed neutrinos
are heavier than sneutrinos, additional dark sector interactions are generally needed to

reproduce the correct relic abundance.

6.3 Generation of neutrino masses

As was discussed in section 4.6, the SM neutrinos v acquire a tiny mass through their Dirac
mass mixing with the Majorana right-handed neutrinos vg. This is nothing but the well-
known type-I seesaw mechanism [30-33]. As usual, diagonalization of the neutrino mass
matrix with terms from eq. (4.19) and eq. (4.18) leads to a large eigenvalue m,, ~ My,
and a small one m, = 4y]2\, v? sin? B/ Myy, as long as the Yukawa yy sin 8 is sufficiently
small. Successful baryogenesis requires the existence of at least one right-handed neutrino
with a mass m,, ~ GeV. At the same time, current experimental data constrain the mass
of any of the SM neutrinos to be m,, < 0.12eV [34, 70, 71]. Fulfilling these two conditions

~

bounds vgr’s contribution to the seesaw, constraining the sterile neutrino Yukawa coupling

to bel?
i <2.1078 Mwvn_ . 6.6
yn sinf g VlGeV (6.6)

¥Baryogenesis only requires the existence of one GeV-scale right-handed neutrino, but additional sterile
neutrinos may be present and play a role in the generation of SM neutrino masses. We are therefore unable
to make more precise statements regarding the spectrum of neutrino masses and Yukawa couplings.
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This translates into an upper limit for the mixing between the active and the sterile neu-
trino, which is given as usual by the ratio of the Dirac to Majorana mass terms, corre-
sponding to |U| = yn v sin 5/m,,, in terms of our model parameters. We find

2 < 10 "R
|UI” < 10 TGV - (6.7)

The usual phenomenological constraints for type-I seesaw models with GeV-scale right-
handed neutrinos apply to our scenario. The strongest limits come from a combination of
beam dump, LEP and B factory searches (see [72] for a recent review). Meaningful bounds
can also be obtained from displaced vertices searches at LHC [73]. In the most simplistic
scenario which we discuss here, the mixing between sterile and active neutrino flavors is
expected to be small, |U|2 ~ 107", which is beyond the reach of current experimental
setups.

As a particular feature, our model predicts that a relatively large number of sterile
neutrinos are produced in B meson decays. As was discussed in section 6.1, a new decay
channel for B mesons with branching ratio of > 1073 is required for baryogenesis. The bino
produced in this process decays predominantly to a right-handed neutrino and sneutrino
pair, constituting a large new production cross section for sterile neutrinos. Experiments
like LHCb and other B factories and SHiP [34], where ~ 7 - 10'® B mesons are expected
to be produced, are best posed to take advantage of this production channel, potentially
allowing to place meaningful constraints in the parameters of the model. We leave a more
detailed investigation of this interesting possibility for future work.

6.4 Dark matter stability

The stability of the right-handed sneutrino DM is a consequence of kinematic relations and
the action of a stabilizing symmetry which is a combination of baryon and lepton number.
This stability is however not absolute, as decays into three light (anti)quarks and a SM
neutrino are possible via a higher dimensional operator. The diagram for the process is
shown in figure 4. The first vertex corresponds to the coupling of the Dirac bino to the dark
sector sterile neutrino multiplet through eq. (4.17). The second is an effective four-fermion
operator analogous to the ones shown in table 3, but with a different flavor combination,
namely

O = V2¢' N1, (fg+gg_@g>¢uds. (6.8)

[ d m

The decay is thus induced by the A[;5 RPV coupling, which is not directly relevant for
baryogenesis. The full process vg — * + 1/1(%*) — %+ d+ 5+ vsy is mediated by an off-
shell bino and is further suppressed by the small mixing between the active and the sterile
neutrino, so the decay rate is expected to be very small. Let us nevertheless estimate it
to obtain a constraint on the RPV coupling to light quarks from the requirement of DM
stability.

The hadronized final state must contain a baryon and a strange quark, so the lowest
mass final state in the decay contains a A baryon, which has a mass my ~ 1.1 GeV. As
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v
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u
R - - -
v d N
S

Figure 4. Decay of the right-handed sneutrino DM particle into three light (anti)quarks (which
hadronize into i.e. a A baryon) and a neutrino. The process is mediated by an off-shell bino and
right-handed neutrino, as well as the RPV coupling \{;,. Propagator arrows indicate the flow of
baryon number.

the DM mass is constrained to be in the range 1.2-2.7 GeV, the maximum momentum for
any final state particle is around 1.1 GeV. This is too small for the simple approximation
of considering 3 free light quarks as decay products to be good. However, we can leverage
the fact that the available energy is low enough so that final states with fewer particles,
perhaps only one hadron, should dominate the width. We therefore compute the rate for
the decay 7r — A + v. A rough estimate can be obtained by using dimensional analysis
to match uds < 47 f3 A. The lifetime for the two-body decay is then

my 2 ( My 3GeV?
p 1071 742x1079\% f0.1\? (5cev) (mfv) ( A )
Ton—hy ~ 4.3 x 10  sec |U\2 v o 5
112 N 2(Qu , Q Q
<TGV <m121 + mié - mié
(6.9)
2
VR
A most conservative bound can be obtained by requiring that this lifetime is larger than

where Am? =m m% and the rest of the notation is as described in previous sections.
the age of the Universe, 4.3 x 10'7 sec. Using the benchmark parameter values indicated
in eq. (6.9), we obtain a constraint on the RPV coupling,

T S107°. (6.10)

The operator of eq. (6.8) also leads to a (visible) baryon number non-conserving decay of the
sterile neutrino, vg — Prud 5. As one sterile neutrino is produced for each DM antibaryon
during baryogenesis, such a process could washout the generated baryon asymmetry if its
rate is too large. However, the width of this decay channel is set by the same RPV coupling
which is bound to be small by DM stability in eq. (6.9). Because of this, its rate is negligible
compared to the usual baryon number preserving SM right-handed neutrino decays.

Even if the bound eq. (6.10) is satisfied and the DM is cosmologically stable, the sneu-
trino may have a non-negligible decay width into antiquarks and a neutrino. As discussed
above, the most likely decay mode is expected to be into A 4 v. If such process occurs
inside a large volume detector such as as Super-Kamiokande [74], the pions and the anni-
hilation of the p and 7@ from the A decay could produce a detectable signal. Furthermore,
observations of the antiproton flux in cosmic rays can be used to the constrain the rate of
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DM annihilation or decay into antimatter [75-79]. However, the antiprotons produced in
our setup have very low energies, which makes modelling their propagation in the galactic
medium a difficult task. On top of that, the background contribution to the low-energy
antiproton flux from astrophysical sources is hard to model [80, 81]. A careful analysis
would therefore be needed to apply any such constraint to our scenario.

6.5 How exact must the R-symmetry be?

As discussed in section 4.7, AMSB [60, 61] effects coming from supergravity generate small
Majorana gaugino Masses, soft squark masses and a-terms (trilinear scalar couplings), all
of order the gravitino mass mg/,. While other supergravity scenarios exist in which these
contributions are suppressed (see e.g. [59]), it is interesting to study generic constraints on
the gravitino mass and associated bounds on the RPV couplings.

The Majorana mass term in eq. (4.21) allows for two neutrons to decay into 2 kaons
(dinucleon decay) or neutron-antineutron oscillations via a Majorana mass insertion. In
a nuclear environment, the antineutrons annihilate with other nucleons leading to the
decay of the nucleus. This process is severely constrained by the lack of observation of
such decays. Flavor structure may also severely suppress this process [39], with the most
constrained operators involving only up, down and strange quarks. Such operators are
generated via the combination of the \{;5 operator and a Majorana mass for the bino, or
by any of the other /\;’]k in combination with a Majorana bino mass and flavor violation
from the weak interactions or squark mixing parameters. Among the RPV couplings, A/},
is the most constrained as it can lead to dinucleon decay without any squark mixing or
weak interaction insertion. Adapting the results of [39], where the dinucleon decay bound
is translated into the A — A mixing rate das, to the R-SUSY setup presented here, we find

2
M /)\//
dan = (2 x 1072 GeV3)?——L_ (£212 ) < 19730 eV, (6.11)
mw — mn m&R

where my, is the Dirac mass of the bino given in eq. (4.7), Af}, is the RPV coupling as
defined in eq. (4.1) and M; is the bino Majorana mass, e.g. generated by AMSB (see
eq. (4.21)). Given that in our model the R-symmetry is identified with baryon number, the
gravitino is a baryon and therefore subject to the constraints coming from neutron stars
as discussed in section 6.6, i.e. it must satisfy mg/p 2 1.2GeV. Taking this into account
and using the vanilla AMSB scenario without any additional suppression, eq. (6.11) implies
the bound

T2 $5x107° (6.12)

for O(1TeV) squark masses. Note that this is similar to the bound from DM stability
discussed in section 6.4. Additionally, the squark mass matrix receive a contribution from
AMSB as discussed in section 4.7. This effect should comply with the limits obtained in
section 4.3. Finally, AMSB generates non-zero a-terms which can also contribute to di-
nucleon decay. This effect is however sub-leading to the one discussed above arising from
the Majorana bino mass. All in all, in the scenario where the R-symmetry is slightly broken
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by supergravity effects, avoiding a too large dinucleon decay rate places strong constraints
on some combinations of RPV and flavor violating couplings.

6.6 Dark matter capture in neutron stars

The extremely dense environment found inside neutron stars has been utilized as a lab-
oratory for constraining DM interactions and properties. Neutron stars, the remnants of
a collapsed core of a giant star, are prevented from further gravitational collapse into a
black hole by Fermi pressure of neutrons and electrons. DM that interacts with neutrons
and electrons can upset this balance leading to destabilization of the star. Many studies
have been conducted to investigate such effects and the constraints they imply [82-88]. As
an example of an application, in section 2 we have used the results of [40] to restrict our
parameter space to dark baryon masses greater than ~ 1.2GeV, as lighter dark baryons
would lead to a process that would deplete the neutrons (and therefore the Fermi pressure)
via conversion into DM within the star.

We now examine constraints on our model arising from the possibility that DM is
captured inside the core of a neutron star. Scattering processes of DM on electrons or
neutrons within the neutron star imparts the DM’s kinetic energy on the target such
that the emitted DM particle may not have enough energy to escape the star. DM that
accumulates within the core of a neutron star due to this loss of kinetic energy will begin
to self gravitate, eventually overcoming the Fermi pressure, thereby destabilizing the star
and leading to gravitational collapse [89, 90].

In our framework, DM-neutron scattering proceeds through two higher dimensional
four-fermion operators coupling to light quarks, and as such has a negligible rate. However,
DM-electron scattering e”vr — e~ vr occurs via a one loop diagram involving a bino, W
boson and sterile neutrinos. The cross section for this process is given approximately by

. 2 .
1 g2 m?;R )\?\, ng\, v? sin? I} 61 o (ynsinfg 4
Oeip ™~ —— 5 ~ 107> cm ) (6.13)
167 My, My, My, 10

where on the right hand side we have fixed GeV mass dark sector particles and TeV scale
squarks along with other benchmark values as discussed above. Note that since we consider
bosonic DM there is no contribution to the Fermi pressure from the captured DM, and we
simply recast the bound from [91] on the scattering cross section that would result in
enough DM being captured to cause it to self gravitate. To avoid this, the DM-electron
cross-section needs to be smaller than ~ 107°% cm? (for 1 GeV DM mass). Therefore, black
hole formation is avoided for small enough sterile neutrino oscillation parameters,

Oeip S107%em? =  yysing < 3 x1077. (6.14)

Recall from eq. (6.6) that in a type-I seesaw framework, y sin 3 should not exceed ~ 1078
in order to accommodate constraints on the maximal size of SM neutrino masses. Therefore,
in the simplest type-1 seesaw framework DM capture in neutron stars proceeds at a low
enough rate and does not induce the collapse of the star.
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The accumulation of DM in the core of the neutron star is even less constrained in our
framework, as the captured DM carries antibaryon number and can therefore annihilate
with neutrons within the star. Such annihilation process may proceed through several
different channels in our model. Let us consider as an example the annihilation to a
sterile neutrino and a kaon, which is kinetically favored and proceeds through t-channel
exchange of a Dirac bino. We estimate the cross section for the parton level process
URr +udd — vi + ds as

1 (47'l'f72)2(m12/}3 +m% - m%((] - ng))\?\[ < " ﬁg/ (Qu Qd Qd>>2

Oannh ™~ o 2 (2 2 112 7T 3 2
81 mqp(msz +m32) H 2 H
~ 1078 em? N/ ,°, (6.15)

where we have used our usual benchmark values. For given annihilation and capture
rates C, and C¢, which measure the probability of a single particle annihilating or being
captured over a unit time interval, the number INV,;, of DM particles captured by a neutron

star evolves according to
dNyz,
dt
The capture rate C, depends on the scattering rate of DM with neutron star constituents.

=C.— CyNys, . (6.16)

As shown above, in our case the scattering with electrons dominates over the one with
neutrons. Using eq. (6.13) and the results of [89], the capture rate is estimated to be

23 . —1 Oeip

Assuming that DM particles at the core of the neutron star are relativistic and that the
density of surrounding neutrons is similar to nuclear density ng, the annihilation rate is
annh
with neutrons, which receives a large contribution from eq. (6.15). The number of DM
particles that is required for bosonic DM to form a black hole [89] is about N, ~ 10%%. To

avoid the accumulation of too many DM particles inside the neutron star, we can simply

simply given by C ~ o3¢\ ng, where o is the inclusive cross section for DM annihilation

require C, N7, > C.. This condition translates into a lower bound on the annihilation cross
section, which in our case reads

. 4
o > 10780 ¢y <3”1VOS$B> . (6.18)

This condition is easily satisfied by the annihilation process described above.

7 Signals at colliders and B factories

In this section we identify the main features of the model that are likely to be tested in
current and upcoming terrestrial experiments, with focus on colliders and B factories. As
we will see, a rich phenomenology including exotic B decays and long lived particle searches
provides an opportunity to fully test this baryogenesis scenario. More precisely, the large
~ 1073 branching ratio of B mesons to baryons and missing transverse energy (EMiss)
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eq. (6.1), along with the requirement of 1 — 4 TeV squark masses (egs. (6.2) and (6.3)),
result in multiple correlated signals arising from processes occurring at different vertices
within LHC detectors.

7.1 Semileptonic asymmetries

An avenue to probe the baryogenesis scenario is through the semileptonic asymmetries.
As was discussed in section 3.1, an enhancement of af and/or a& with respect to their
SM values is required to reproduce the observed baryon asymmetry. This amplification
of the CP violation in the B meson system can be tested as the still relatively loose
experimental bounds tighten up on the SM predictions. Given stronger constraints on
the semileptonic asymmetries, larger values of the branching ratio of B to a baryon and
missing energy than the ones quoted in eq. (6.2) would be required for the viability of
the baryogenesis mechanism, strengthening the signals of the searches described below.
Therefore, experimental efforts in this direction complement the searches proposed below
in testing the dynamics of the model.

7.2 Exotic B meson decays at B factories

As was discussed in section 6.1, successful baryogenesis requires a new decay mode of B
mesons with a relatively large branching ratio of ~ 1072, The decay products include a
single baryon and dark sector states (a sneutrino DM particle and a sterile neutrino) carry-
ing baryon number, potentially along with some mesons. This apparently baryon number
violating decay can be looked for in B factories like BABAR, Belle [92] and Belle II [53].
Depending on what precise combination of coupling and light squark dominates the process
(see eq. (6.1)), different baryons and mesons are expected to appear as decay products.
Generically, protons and strange or charmed baryons will be produced. A more experimen-
tally challenging situation would arise if a large fraction of decays occurs into a neutron
and dark particles, as such a virtually invisible final state would be extremely difficult to
detect. However, all of the possible operators contributing to the decay contain either
an up quark or a charm quark, and either a down quark or a strange quark. The only
operator that would not produce either charmed or strange particles in the final state is
isospin symmetric, so averaging over both the B® and BT decays it is valid to assume an
equal number of decays containing protons and neutrons.

A dedicated search for exotic B decays with a final state containing a baryon and
missing energy has not been performed to this date. However, an inclusive branching ratio
Br (B — B+ anything) = 6.8 + 0.6% was reported in [93] (see also [4]), which is large
compared to the known exclusive modes. A loose limit Br (B — B+ X) <1 —2% can
be derived assuming that the (also reported [94, 95]) modes Br (B — pp + anything) =
2.47 +0.23% and Br (B — Ap/Ap + anything) = 2.5+ 0.4 % do not contain any invisible
fermion in the final state. A dedicated search in BABAR or Belle II is highly desirable
and has the potential to probe the full parameter space, given the sensitivity?? of similar
searches like Br (B — Aprir) < 3-107° (90% cl) using BABAR data [96]. An additional

20We thank S. Robertson for his input on this matter.
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signal of interest arises in the case when the mixing of the sterile neutrino with SM neutrinos
is large enough for it to decay into SM states within the detection volume. This possibility
is discussed in section 7.6.

7.3 LHC searches for heavy colored scalars

As highlighted in eq. (6.3), the mass of at least one of the squarks must to be O(TeV), in
order for it to mediate a large enough B — B+ X branching ratio. In this mass range, such
colored scalars can potentially be produced at the LHC. Let us therefore briefly discuss the
existing constraints on the mass of the squarks arising from collider searches. Our discussion
is based on that of [39]. Studies in similar setups have been performed in [21, 26, 27], but
are not applicable to our setup as they focus on binos which are significantly heavier than
the ones of interest here.

If kinematically possible, squarks can be pair produced through the usual QCD
processes. Additionally, resonant production of a single squark can occur through the
ik
kinematic threshold of the single production process. Once produced, a squark Gr can

UijDZ operator. The latter channel can constrain larger masses due to the lower

decay either to a pair of quarks (through the aforementioned coupling) or to a quark and
a bino (through the gauge coupling in eq. (4.8)). The bino decays mostly into dark sector
states and therefore contributes to missing energy.

Searches for dijet resonances and monojet events containing missing energy are best
suited to place constrains on the mass of gg. The limits were computed in [39]; although
;/] 1> the reach
of the searches does not extend beyond 1—1.2 TeV. In this work we therefore conservatively

the detailed limits depend on the values and flavor structure of the couplings A

assume that squarks lie above this scale, in which case no limits from LHC searches for
colored scalars exist. Note however that this is not strictly necessary, as lighter squarks
are allowed providing )\;;k are small enough. A detailed study of the flavor structure and
comparison with the requirement in eq. (6.3) is left for future work.

7.4 Exotic decays of b hadrons at the LHC

At the LHC, bb pairs are copiously produced via strong interactions. These b-quarks
subsequently hadronize and decay. Through the effective four-fermion operators in table 3,
one of the b-quarks may undergo the visible baryon number violating decay b — udy (or
b — u51). Recall that ¢ is the Dirac bino (eq. (4.7)), which subsequently decays into two
dark sector states: a stable sneutrino DM particle and a sterile neutrino. If the sterile
neutrino is sufficiently long-lived, both particles leave the detector contributing to missing
transverse energy of the event. The rate for this exotic b decay is directly related to the
baryogenesis dynamics (see eq. (6.1)) and is expected to be significant, corresponding to a
branching fraction of ~ 1073.

At the partonic level, the process of interest is shown in figure 5 (left) and can be
summarized as

bb—buqy, where q=s.b, (7.1)
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b d

Figure 5. Production channels of the bino at the LHC, also showing its decay into a neu-
trino/sneutrino pair. The left diagram schematically shows the decay of a b quark in a bb pair
through the effective four-fermion operator ¥ udb (this is a parton level diagram, the b quark
would hadronize before decaying). The right one corresponds to direct production of the bino
through the same effective four-fermion operator. Propagator arrows indicate the flow of baryon
number.

and 1 subsequently decays into a DM particle and a sterile neutrino, both of which are
assumed to be stable at detector scales (the possibility of the sterile neutrino decaying
before leaving the detector is discussed in section 7.6). The corresponding signature at
the LHC is an event with a single jet along with significant missing transverse energy
(Emiss) [97]. The fact that the single jet is produced from a b-quark allows for the use of
b-tagging [98], which provides a further distinctive feature of the process.

7.5 LHC searches for j + E'ss

A similar final state to the one discussed in section 7.4 can be generated through 2 — 2
processes in pp collisions. Assuming that the squark mediator is too heavy to be produced
on-shell,”! we may calculate the rate using the effective four-fermion operators given in
table 3. As an example, we consider the process ud — b, which involves couplings
relevant for baryogenesis. The corresponding diagram is shown in figure 5 (right). At the
partonic level, we can estimate the production cross section as

2 1TeV 4 v/ Sud 2
Tudsyp ~ P A3 < e > <1TeV> ; (7.2)

where /5,4 is the partonic center-of-mass energy and we have neglected all fermion masses.
Similarly to the exotic b-hadron decay, this process results in a distinctive final state con-
sisting of a single b-jet plus missing transverse energy corresponding to the decay of the
bino into dark sector particles. The generalization to the other RPV operators )\;’]k is
straightforward and motivates more general mono-jet searches [97].

21Close to the squark threshold deviations from eq. (7.2) are expected, but the order of magnitude
estimate remains valid. The careful analysis required to obtain a more precise expression lies beyond the
scope of this work.
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Figure 6. Decays of the right-handed neutrino through an RPV coupling (left) and charged
(center) and neutral (center) current interactions after a Dirac mass insertion. Propagator arrows
indicate the flow of baryon number.

7.6 LHC searches for long lived particles

In the discussion of the previous section we have assumed the Dirac bino to decay into
dark sector states which leave the detector as missing transverse energy, but this might
not always be the case. In fact, in the model presented above the dark sector particles
are identified with a sneutrino and a right-handed neutrino. The sneutrino is sufficiently
stable to be a good DM candidate and therefore invisible in any high energy experiment.
The sterile neutrino vg is however unstable and expected to decay back into SM particles.
Interestingly, for the range of parameters of interest for baryogenesis, the sterile neutrino
can decay with a lifetime that is long on collider time scales, thereby providing exciting
implications for long lived particle searches at MATHUSLA [37], FASER [35], CODEX-
b [36], and the ATLAS muon tracker [38].

The right-handed neutrino can in principle decay into DM and three light quarks
through an off-shell bino and an RPV coupling as shown in figure 6 (left). However, this
process is related to the same coupling that is required to be small by DM stability (as
discussed in section 6.2). As a consequence, this decay channel is constrained to have a rate
that is too small for detection purposes.?> Nevertheless, the neutral and charged current
decay of the sterile neutrinos through a mass mixing to SM neutrinos may in general be
long lived.?* In particular, the processes vg — ¢’ @l and vg — [T 1~ v (see the center and
left diagrams in figure 6) are long lived with decay lengths of order 1 — 105 meters for values
of the Yukawa couplings that lie within the requisite range to accommodate SM neutrino
masses. Therefore, depending on the exact parameters and experimental setup, the sterile
neutrino might either leave the detector as missing energy or decay in a displaced vertex,
motivating the use of long lived particle detection techniques.

22 Additional frameworks of low-scale baryogenesis through meson and baryon oscillations contain decays
which are long lived on collider time scales and can produce three light quarks. For instance, in the set-up
of [39], baryogenesis proceeds through the oscillation of charmed and beautiful baryons which creates an
asymmetry in a Majorana fermion x. x can be produced at the LHC, and would be relatively long lived
before decaying into light quarks xy — uds. Note that this scenario does however not accommodate DM.

23 Constructing models which produce collider signals from long-lived sterile neutrino decays is a subject
of much study [99].
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In the framework presented here, the prompt production and subsequent long lived

decay of the sterile neutrino would produce novel signals at the LHC. Let us exemplify the
particular case involving b quarks, which is the interesting one for baryogenesis. As discuss
in the previous sections, two different production channels are possible, each one of them
producing a signature with some distinctive features.

Firstly, the creation of a b quark and a Dirac bino from a pp collision can proceed
as in figure 5 (right) through the 1 udb operator in table 3. The cross section estimated
in eq. (7.2). The bino then promptly decays into a sterile neutrino and DM through the
operator in eq. (4.17). This is followed by the long lived decay of the sterile neutrino as
discussed above, resulting in a lepton jet (for the CC case). The parton-level process is
therefore

ud—=by) = bvpigp —bq Glog ,or bIT1 vig. (7.3)

In this case, the long lived particle is centrally produced. A potential study in, for instance,
the ATLAS detector would involve a mono-jet signal (as discussed in section 7.5) and an
associated long lived decay leading to a lepton jet [100]. Note that our signal is novel in
that it contains a single lepton within the jet.

Secondly, QCD production of a bb pair can be followed by the decay of one of the
quarks through the same four-fermion operator ¥ u d b, resulting in a forward production
of quarks, DM and a sterile neutrino as shown in figure 5 (left). The prompt b decay signal
can be searched for as discussed in section 7.4 by triggering on the associately produced
b quark. The long lived sterile neutrino decays through the charged or neutral current
channels just discussed. At the partonic level, this corresponds to the process

b— udyp — udvpvr — udvrqql ,or advglt 1" v. (7.4)

The kinematics of these decays would be primed for forward searches such as FASER. We
leave a detailed analysis of all these interesting collider signals to future work.

8 Summary and outlook

In this work we have constructed a supersymmetric realization of the mechanism proposed
in [6], where the baryon asymmetry and the DM abundance of the Universe are produced
from neutral B meson oscillation and subsequent decay into a dark sector. We have in-
troduced a model of R-SUSY in which an exact U(1)g symmetry is identified with U(1)p
baryon number (such that particles within the same multiplet are charged differently under
baryon number). Heavy squarks of mass 1 — 2 TeV are integrated out to generate baryon
number conserving four-fermion operators coupling SM quarks to a light Dirac bino (about
2-4 GeV in mass) which carries baryon number.

The existence of an exact R-symmetry forbids the existence of Majorana masses for
gauginos, which are instead of Dirac type. This is a crucial feature of the model, as the
Majorana gauginos and the absence of R-parity allow for neutron-antineutron oscillations
and dinucleon decays, both of which processes are very tightly constrained experimentally.
That said, it is well known that supergravity effects generically break the R-symmetry and
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generate Majorana gaugino masses (along with soft squark masses and a-terms). Taking
this into account, we have quantified the degree to which the R-symmetry needs to be
exact in the face of the experimental constraints.

The baryogenesis mechanism starts when b-quarks and antiquarks are produced from
the late decay of an “inflaton-like” TeV scale particle at temperatures T ~ 10 — 50 MeV.
The quarks then hadronize into neutral Bg’ 4 mesons which oscillate and quickly decay into
a baryon and a Dirac bino via the aforementioned operator. The Dirac bino further decays
into dark sector particles, which are identified with a right-handed sterile neutrino and its
baryon number carrying superpartner — a sterile sneutrino which is stable on cosmological
time scales and and therefore constitutes the DM.

We have shown that the R-SUSY model presented here reproduces the measured
baryon asymmetry and DM abundance of the Universe while being consistent with exper-
imental constraints from colliders and flavor observables. In particular, this mechanisms
motivates a study of a yet unexplored region of the R-SUSY model parameter space — that
of a light Dirac bino. Indeed, this work represents the first excursion into the exploration
of this slice of parameter space.

Focusing first on the flavor observables that are relevant for the baryogenesis dynamics,
we have shown that the NP modifications to the semileptonic-leptonic asymmetries a:fd
in the neutral Bg,d - Bg’d systems can be large enough to generate a sufficient baryon
asymmetry while being allowed by current experimental constraints. In our model, the
extra CP violation that enhances the semileptonic asymmetries can be traced back to
complex phases in the RPV couplings )\;’]k or in the off-diagonal elements of the squark
mass matrix. Another robust prediction of the mechanism is the existence of a new decay
channel of B mesons into a baryon and dark sector states, which needs to have a large
branching fraction > 1073. In the supersymmetric setup, this is only possible if at least
one of the squarks has a mass close to 1 TeV while the RPV couplings /\;’]-3 have a flavor
structure that allows at least one of the combinations 11, 12, 21 or 22 to be O(1). The R-
SUSY NP modifications to additional flavor observables (most notably K°— K oscillations
and the branching ratio of b — sy and p — e) further constrain couplings that, while not
directly relevant for baryogenesis, give a hint towards the flavor structure of the model.
The values of the parameters for which R-SUSY successfully realizes baryogenesis are
summarized in table. 5.

As a new feature of the supersymmetric model, the dark sector particle content may
be elegantly realized as a sterile neutrino supermultiplet. The Dirac bino then decays pre-
dominantly into the sterile neutrino and the cosmologically stable sterile (scalar) sneutrino,
which carries baryon number —1 and constitutes the DM. In this way, equal and opposite
matter-antimatter asymmetries are generated in the visible and dark sectors without vi-
olating the global baryon number of the Universe. Dark sector interactions between the
sneutrino and neutrino act to deplete the otherwise overproduced symmetric abundance
of the sneutrino DM. These partially invisible decays of the bino (and, by extension, of
b-flavored hadrons) can be looked for at B-factories like Babar and Belle IT or at the LHC,
by exploiting mono-jet searches and b-tagging techniques. In addition to that, the decays
of the sterile neutrino into SM fermions may be long lived on collider time scales and can be
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Parameter Description Achieve Baryogenesis and DM Reference
me ® mass 11-100 GeV -
Tr reheat temperature 10-50 MeV fig. 2, sec. 3.2
Mgy squark mass 1-4TeV fig. 2, sec. 6.1, sec. 7.3
My Dirac bino mass 1.2-4.2GeV sec. 2, see also [6]
My, Majorana neutrino mass 1.2-2.7GeV sec. 2, see also [6]
Maiy, sneutrino mass 1.2-2.7GeV sec. 2, see also [6]
Br Br of B — vv + Baryon 4x107*-0.1 fig. 2, sec. 3.2, sec. 6.1
agl asymmetry in Bg [78.9>< 1074, —9.0x 10*5] fig. 1, sec. 3.1, fig. 3, sec. 5.1
a3 asymmetry in B? [72.1 x107%, +4.1x 10*4] fig. 1, sec. 3.1, fig. 3, sec. 5.1
Max[Af;3] RPV coupling >1 sec. 6.1
A1z RPV coupling ud s <1078 sec. 6.4
AN coupling for \; Up v 0(0.1) sec. 6.2

Table 5. Ranges of parameters relevant for generating the observed baryon asymmetry (Y =
8.7 x 10~!1) and DM abundance (2pyph? = 0.12) of the Universe and which are consistent with all
experimental constraints. For convenience, in the third column we provide a link to the relevant
section in this paper where each result is discussed.

searched for at experiments like SHiP, MATHUSLA, FASER, CODEX-b, and the ATLAS
and CMS muon trackers. Additional constraints on model parameters are derived from
measurements of neutrino oscillations and by exploiting astrophysical observations, most
importantly the existence of stable neutron stars.

To conclude, we have presented a supersymmetric model that can achieve low-scale
baryogenesis and DM production without baryon number violation. In contrast to the
standard lore of high scale baryogenesis, our setup enjoys a plethora of possible experi-
mental signatures ranging from measurements of flavor observables to long lived decays
at colliders. Such exciting possibilities leave the door open to fully test this baryogenesis
scenario in the not too distant future.
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A Analytic expressions for flavor violating observables

Here we give the analytic expressions and some more details on the evaluation of the NP
contributions to the flavor violating observables discussed in section 5. We distinguish
two kinds of contributions depending on whether the light bino plays a role in the process
or not.

A.1 Contributions from RPV couplings

The R—parity violating couplings )\;’]k can mediate flavor changing transitions and induce
CP-violating effects through their complex phases. A comprehensive study of RPV SUSY
phenomenology was done in [62], to which we refer for any further details not discussed here.

AF = 2 processes. Neutral meson oscillation parameters are modified by the existence
of diagrams like the ones depicted in figure 7 for the case of the Bg system. The corre-
sponding box diagrams were computed in [63] for the (s)top couplings, here we generalize
the results including the two lighter generations. One important difference in our setup
is the absence of left-right squark mass mixing, which is forbidden by the R-symmetry.
Taking this into account, we find

3

~ 2 : 1 1 I EIRNU
2 2 2 2 2
3,j=1
(A1)
Cy = —Cs,
3 92
_ 1% 2 2 2
Cs = E A2 Vi12 ]23V Vi My, my [12 (msR7mW7mui’mu]')
i,jfl
1
2 2 2 2 2
+ A2 1y (m9R7mW7mui7muj) + Am2 tan2 6-[4 (quva-Hmui?muj)
W w
My, My
ll* * Ui 2 2 2
+ E E Ail2 323V j372m2 \Cr2| I (mbv Mot Mg, M )
i,5=1r= 1 w

Here, V;; denotes the corresponding CKM matrix element and Ci, refers to the mixing
matrix of positive charginos. The loop integrals are given by

I (m2 m2.m2 m2) _ /OO k"dk2
n\11bq, 11eg, 1103, 110y 0 (k2+m)(k2+m)(k2—|—m)(k}2+m)

(A.2)

In the limit where one of the masses M is much larger than the others, we have Iy ~ 1/M?
and I ~ 1/(Mu)?, where u is some combination of the remaining masses. Additionally,
logarithmic factors with quotients of masses can appear in the expressions. Therefore,
squark masses dominate the integrals and the coefficients C; are always suppressed by 1/ mg.

AF = 1 processes. The RPV couplings alone can induce the flavor-violating decay
b — svy through the diagrams shown in figure 8. Summing all contributions, the resulting
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U Uj R
b —»———<——>— d b —>—7 < —>— d
§R+ Y§R s A \ ]
d—<+——> <« } d e b
U4 U; R
aJ’R
b b —»—— -4 — < b
s 4 Xi
d d—<+—---»---—>— (d
Ui R

Figure 7. Diagrams involving the RPV couplings )\;’jk and contributing to the neutral meson
oscillations. The case of the Bg system is shown as an example, the K° and BY are analogous with
the obvious substitutions. Propagator arrows indicate the flow of baryon number.

br,

SR by,
br dr br UR,i

SR

Figure 8. Diagrams for the flavor-violating decay b — sy mediated by RPV interactions. The
photon can be attached to any charged line. Propagator arrows indicate the flow of baryon number.

branching ratio is

2
2N, ) > -
Br(b— svy) = % - TB Z BRYV 4 BRPVI (A.3)
i=1
where
BRPV _ _/\;,1*2 ;'/13 1 G1 (xd) (A 4)
i 86472 m2 ’ ‘
R,
BRPV:_ ;/1*2 2113 1 Gy (l‘ )
Al 86472 m?2 o
dr
The loop function G; is defined in eq. (A.12) and is evaluated at z4 = m?l/m%m or

Ty, = mii/m?ZR' For heavy squarks, we have G(r < 1) ~ 1/2.

A.2 Contributions from squark mass mixing

Here we compute the contribution of a light Dirac bino to the meson oscillation parameters,
following the spirit of [28]. The flavor violation is generated in this case by off diagonal
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EL/R (ZL/R
b —>——F <X <> — (

BY L5

d —<+—Lt»X»p-I—<— 7}

dL/R bL/R

Figure 9. Diagrams mediated by Dirac binos and involving squark mass mixing which contribute
to neutral meson oscillations. The case of the B system is shown as an example, the K° and B?
are analogous with the obvious substitutions. Note that only L—L or R— R (and not L — R) squark
mixing is allowed by the R-symmetry. Propagator arrows indicate the flow of baryon number.

elements in the squark soft mass mixing matrix. To be specific, we give the expressions for
consider Bg, but the computations for B and K are analogous. The relevant diagrams
are shown in figure 9. With the notation of eq. (5.1), we obtain

1\* oz%, 9 7
_(Z . A.
Ch <6> mngLLfG()‘B)v ( 5)
- N*a2 ,
= —_ s 3 )\" A'
Cl (6) mgaRbe( B)a ( 6)
1\* o3 x
Cy= (6) m 46LL0RR fo(Ag), (A7)

Comparing with [28], we see that binos give rise to fewer operators than gluinos due to the
more restricted color structure of the diagrams. The loop function depends on the ratio
Ap = m%/mg~ and is given by

. 6A5(1+Ag)logAg — A% — 9N + 9N+ 1

fohg) = i , (A5)

which approaches fG — 1/3 when mpz < mg. To get this result we have neglected the
momentum of the external quarks and applied Fierz rearrangements to obtain the desired
color structures. In general, AMNY is a complex quantity because the off-diagonal elements
of the squark mixing matrix can be complex, and thus so are d;;, and drgr. Effects in the
CP-violating observables defined in section 3 are therefore expected. Note however that
C is always real because it only depends on the absolute value of the squark mixing
parameters 62 = § - 6*. Analogous formulas, with the obvious substitutions, hold for the
BY and K systems.

AF = 1 processes. The calculation of these processes are done following the conven-
tions of [28]. The diagrams for b — sy are shown in figure 10. Summing contributions
from both diagrams, the decay width of a b quark to a s quark and a photon mediated by
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» S, br . > SL
bL B Hd B

br

Figure 10. Diagrams for the flavor-violating decay b — sy mediated by a light bino, with external
(left) and internal (right) chirality flip. The flavor violation arises through off-diagonal terms in the
squark mass matrix. The photon can be attached to any charged line. Propagator arrows indicate
the flow of baryon number.

a light bino can be written as

5
Ne Gem my

1 TR (|BL1 + Bol* + |Bri + BR2\2> , (A.9)

Br(b — sv) =

where B r1 correspond to diagrams with an external chirality flip,

- ay 5LL ~
BL1 = 74327_‘_ mg Gl(CCB), (AlO)
ay ORR
Bp = ——— & -
BT 108 m2 1(zp);

while Bra ro come from the diagrams with internal bino-higgsino mixing,

oy 9 . 0LL
Brg = —— 5 A1l
L2 i 08 Bmg Ga(z ), (A.11)
ay o . ORR
BR2 = ECOS /8 m% GQ(.’L‘B)

q

The loop functions GG; and Go, which are to be evaluated at = = mZB / mg, are given by

172 — 922 — 9z + 1 — 62%(z + 3) log x

Gl(l') = 2(1 — $)5 (A.12)
- .732 X T\x ogx
Gola) = Sz 44 Jr(lljj)4( +2) log -

In the case where the bino is much lighter than the squarks, we have Gi(z3) ~ 1/2 and
Ga(zp) ~ 1.

The computation of the flavor-violating muon decay p — ey is very similar to the
b — s7v transition, with the obvious substitutions. We therefore directly give the result

48 >

o (\Am + Ap|* +|Am + AR2\2) ; (A.13)
F

Br(u — ey) =
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where

ay Orr
_ ) 1
Ari 5. m% Gi(rg), (A.14)
ay ORR
Ap1 = 1o m% Gl(xé)v
ay o . 0Lp
Apg = —ﬁcos ﬁm% Ga(zp),

ay 5 ,0RR
ARQ = 87COS ﬁ m% GQ(.’L‘B).

The loop functions as defined above should now be evaluated at = m% / m%.
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1 Introduction

Axions, axion-like particles (ALPs), as well as other very light, weakly coupled bosons are
promising and popular dark matter candidates [1-4]. Usually lacking a conserved charge,’
they can in principle decay, and generally do. However, both their weak couplings as well as
their low mass contribute to the decay rate being extremely small, and decays are often of
little concern to the model builder.

Let us illustrate the situation at hand with the paradigmatic example of an ALP ¢ with
a two-photon coupling,

1 1 1 .
L£=5(0u9)" = 5m3d” = 19677 OF" Fru. (1.1)
The perturbative decay rate is then given by
2 3
Pt T T Gdr '

The region where ¢ becomes cosmologically unstable corresponds to I'pery > Hg, where
Hy is the present-day Hubble parameter, and is indicated as the solid black line labelled
“Perturbative decay” in figure 1. As expected, the decay is only relevant for large masses
2 1keV.

The estimate above showcases the fact that the interactions are very small and the cor-
responding rate is tiny. So why have another look and reconsider the cosmological relevance
of decay processes? The reason lies in the generation of the dark matter ALPs, which, as is
well known, are produced coherently via the misalignment mechanism [1-3]. The key feature
to highlight is the coherent nature of the produced particles. Indeed, if the ALP is present
during inflation, the field is completely homogenized within the horizon. Therefore, all ALPs
are in the same state, i.e. their occupation number is enormous,

2 2
Po w0 [ eV ® (m¢ 3
Ny~ Lo oqo0 () (= ) (¢ 1.
¢ mgH3 0 <m¢> <1011G€V) H) ’ (1.3)

!See [5] for an example of very light dark matter particles featuring a conserved charge.
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where H = a/a denotes the Hubble constant, mg the mass of the ALP field and & the
typical field amplitude. Such a large occupation number makes Bose enhancement effects
seem plausible. Yet, this by itself does not necessarily result in an enhanced decay rate.
Bose enhancement also requires large occupation numbers in the final state, in our case
populated by photons. Interestingly, since the decay into two photons is a two body decay
and therefore all produced photons have equal energy, they can quickly accumulate a high
occupation number, allowing for Bose enhancement to set in. As we will see in more detail
below, it is here that the crux of the matter, which saves the perturbative estimate in all
standard cases, lies. In the expanding Universe, the produced photons redshift, thereby
moving out of the momentum range required for them to take part in the Bose enhancement
and generally making ALPs cosmologically stable. Furthermore, the fact that the Universe
is permeated by an ionized plasma that generates an effective mass for the photons also
contributes to hinder the decay.

The problem of the potential instability of coherent bosonic dark matter is as old as
axion dark matter itself [1-3]. Indeed, the authors of [1, 2] already realized that coherent
decay of QCD axion dark matter into either relativistic axions or photons is ineffective due
to expansion and plasma effects — the two effects that we will reconsider here for more
general ALPs. A non-equilibrium QFT calculation of the photon production from coherent
QCD axion dark matter oscillations was performed in [6] and reached the same conclusion,
albeit plasma effects were not included in the computation. The decay of the condensate into
relativistic axion modes can also be described as a growth of quantum fluctuations caused by
anharmonicities in the potential. This was done in [1, 7], once more finding that the effect is
negligible in an expanding background, unless extreme misalignment angles occur [8].

As the situation is well-stablished in the case of QCD axions, in this work we consider
the more general case of axion-like particles, where the mass and the decay constant (and
therefore the photon coupling) are independent parameters. The question of stability is of
particular interest for ALPs with larger couplings and/or larger initial field values, which are
theoretically motivated by monodromies [9, 10], clockwork constructions [11-13] and string
theory expectations [14]. On the more experimental side, the (mgy, gay,) parameter space
will be tested by many future ALP dark matter experiments such as ABRACADABRA [15],
ADMX [16], BRASS [17], CULTASK [18] HAYSTAC [19], KLASH [20], MadMax [21], OR-
GAN [22], QUAX [23], or RADES [24]. In addition, experiments like IAXO [25] will look
for ALPs with photon couplings independently of whether they constitute the dark matter.
As we will see, it is a non-trivial conspiracy of expansion and plasma effects that allow the
ALP to be sufficiently stable and therefore a viable dark matter candidate in the region of
parameter space probed by these experiments.

Before returning to the main topic of this note, let us point out that even if the cos-
mological stability is not threatened, interesting effects related to ALP-photon interactions
can take place. For instance, decays in dark matter-rich environments can lead to observable
radio signals [26, 27]; while photon propagation in an axion background can exhibit paramet-
ric resonance-driven conversions [28, 29]. The associated signals would be enhanced if axion
structures exist in our galaxy, be it in the form of axion stars [30-32], miniclusters [33-37],
condensates [38, 39], or superradiant clouds around black holes [40-42]. On a different di-
rection, it has been recently suggested that dark matter axions could be detected by looking
for an electromagnetic “echo” [43]. Finally, the ALP condensate could also suffer similar
tachyonic or parametric instabilities that can lead to a rapid decay into dark photons. The
authors of [44] argued that this effect could help deplete an excess of dark matter axions.
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This idea was further developped in [45], while [46, 47] used the instability to generate dark
photon dark matter.”? This violent decay process can lead to the production of gravitational
waves, as was pointed out in [54].

In this work we focus on the effect of a photon coupling, as it is the only bosonic Standard
Model particle that is lighter than the typical dark matter ALPs. However, modifications
of the simplest pseudo-Goldstone scenario for ALPs can also increase the effect of other
couplings. An important example are the self couplings. While these effects are small for
simple pseudo-Goldstones [1, 7], they can become important in a monodromy setup where
the initial field values are large [10]. This can lead to a fragmentation of the condensate and
a significant density fluctuations at small scales [55]. Moreover, if the ALP exhibits couplings
to other light bosonic dark sector particles, similar effects to what we discuss in the following
may become relevant.

This brief note presents a detailed study of the cosmological stability of generic light
pseudoscalar dark matter. The discussion in the previous paragraphs sets the plan for the
rest of the manuscript. In the following section 2, we use classical equations of motion to
account for coherent effects, i.e. Bose enhancement, in the decay. This naively suggests an
enormously enhanced decay rate. Then, in sections 3 and 4, the effects of expansion and
in-medium photon dispersion are consecutively taken into account. This generally prevents
the Bose enhanced regime from being reached. Finally, we conclude in section 5.

2 Bose enhanced decay rates

An alternative to the usual perturbative calculation of the decay rate ¢ — 7y is to consider
the growth of the photon field in the time-dependent ALP background. We first study this
in Minkowski space where the alternative approach may be expected to yield the same result
as the perturbative one. The equation of motion (EoM) in Fourier space reads (see, e.g. [44])

As + (W £ gy k) Ax =0, (2.1)

where k is the momentum of the photon mode and AL represent the two helicity modes
for the photon. For brevity, we will consider only the mode A = A_, but A, can be
treated analogously. The ALP dark matter field, which is taken to be homogeneous, performs
oscillations with frequency mg and amplitude ® and is therefore given by

(t) = @ sin(mgt), (2.2)

corresponding to the solution to its free EoM.? Using the definitions

me 4]€2
T ="t A= —mi, and q= 2g¢w<1)—m¢, (2.3)
the EoM of the photon field has the form of a standard Mathieu equation [59],
dA
ot (A —2gcos(22))A = 0. (2.4)
x

2See [4, 48-53] for other scenarios for the production of light vector dark matter.

3In our calculation, we neglect the backreaction of the decay photons on the ALP field. This is a good
approximation as long as only a small number of photons is produced. Once photon production becomes
significant enough for backreaction effects to matter, the stability is already compromised.
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Figure 1. Parameter space for ALPs in the mass vs. two-photon coupling plane (adapted from [4, 56—
58]). The shaded regions indicate experimental and observational limits as labelled. The green line
indicates the stability bound that would arise from Bose enhanced decay, neglecting expansion and
plasma effects. The blue lines shows how the expansion of the Universe ameliorates this constraint.
The dotted line corresponds to evaluating the stability condition today, the dashed one corresponds
to matter-radiation equality and the solid line is obtained by evaluating it at the earliest possible
time, when the field just starts to oscillate, i.e. when H ~ mgy/3. Finally, the red line additionally
takes into account the plasma effects that prevent decay. We conclude that stability is ensured in all
regions that are not already excluded by experiments or observations.

The crucial result is that this differential equation admits exponentially growing solutions
A~ exp (), (2.5)

with a rate
Nk = B gqﬁvw@ me, (2'6)

where B) is an O(1) coefficient. Such growing solutions appear for k-modes satisfying the
condition
m
‘k - Td)‘ < ok, (2.7)

where the effective width of the resonance band is (see e.g. [60] for an analytical derivation)
0k ~ gpyy® me/2. (2.8)
The coefficient 5, reaches its maximum £, = 1/4 at the center of the band k = k, = my/2,

and decreases to zero at the edges. This is nothing but the well-known phenomenon of
parametric resonance [61-66].
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The (dominant®) resonance occurs around k, = my/2 as one would expect for a per-
turbative two-photon decay. The puzzling observation is however that both the width, Jk,
and the effective growth rate of the photon field, n, given in eq. (2.6), are parametrically
different from the perturbative decay rate given in eq. (1.2). Crucially, the rate obtained from
the EoM is proportional to only one power of the coupling constant, and it also depends on
the ALP field amplitude and therefore on the ALP density. For example, let us consider the
QCD axion with f = 10'2 GeV, for which the perturbative decay time

rolo~10% s (2.9)

pert

is comfortably larger than the age of the Universe. However, the decay time obtained from
the EoM,
mt ~ 1077 s, (2.10)

is dramatically smaller. For a generic ALP, the region of parameter space where the lifetime
obtained from the EoM in eq. (2.1) is smaller than a Hubble time is indicated by the green
line labelled “Minkowski” in figure 1. The enhanced rate thus seems to affect huge areas in
parameter space. However, as we will see in the next section, this instability does not become
effective in a large part of this region once we take proper account of the expansion of the
Universe and the effective plasma mass of the photon.

Before going on to discuss these effects, let us nevertheless try to understand the origin
of the huge discrepancy between the classical and the standard perturbative calculations. As
already mentioned in the introduction, we are dealing with bosonic systems featuring very
large occupation numbers. In such a situation (cf., e.g., [67]) the decay rate receives a Bose
enhancement via the photon occupation number Ny,

T = Tpere(1 + 2Np). (2.11)

For Ni > 1, the second term can lead to an exponential growth in the photon number. This
can easily be seen by writing the Boltzmann equation for photons with momentum k, = mg/2
(we denote number densities by lowercase n and occupation numbers by uppercase N),

iy = 204 = 2T pert (1 + 2Ng)ng. (2.12)

This rate equation can be rewritten using the relations

2 3
93 1
Al = —my®®, and Nj~

Ny /2
6ir 0 T o

Amk? ok /(2m)3 7

I‘pert = (213)
where we have divided the photon number density by the corresponding phase-space volume
to obtain the expression for the photon occupation number. For now we will simply insert
eq. (2.8) for the width of the momentum shell %k (which is derived from the EoM eq. (2.1)).
Below we will justify this from a perturbative argument based on the uncertainty principle.
Doing this, we can solve eq. (2.12) in the N > 1 limit to obtain a number density

Ny X €xp (BgpyyPmgt), (2.14)

and so the result from the classical EoM is recovered. The fudge factor S takes into account
the O(1) uncertainty in the expression for Ny in eq. (2.13).

4The Mathieu equation also features a number of sub-dominant resonances. These are, however, paramet-
rically weaker [60].
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The assumption that Nj > 1 needs justification, as initially no photons may be present
in the relevant phase-space region. Let us estimate the time needed for the photon occupation
number to grow beyond 1 via the perturbative decay. To evaluate this, we start from eq. (2.12)
in the regime where Nj < 1, and therefore ignore the second term to obtain

An,y = 2l pergngAt. (2.15)

If the decay happens within a short time At, the momentum of the photons has an indeter-
mination Ak due to the uncertainty principle AE At > 1/2. Therefore, the corresponding
growth in the occupation number after a time At is

An,,

ANjy ~ —
R ankz)(2n)

At (2.16)

In consequence, the Bose-enhanced regime is reached on a time-scale

1

™
— o~ = [0} 2.17
At 93 Gy ® M ( )

which corresponds to the time-scale for the exponential growth obtained in eq. (2.6) using the
equations of motion. The corresponding width dk ~ 1/At parametrically matches eq. (2.8),
justifying its use above. At later times, when Nj 2 1, the width is also of the same parametric
size. This is due to the fact that after each subsequent time ~ At, the newly created photons
from the stimulated decay dominate the occupation number and “reinitialize” the uncertainty
principle.

A more careful numerical analysis of the EoM reveals that, for arbitrary initial con-
ditions, the typical time needed to reach the regime of exponential growth is given by this
same time-scale. In this sense, the perturbative calculation and the results from the EoM
are consistent.

3 Expansion prevents growth

As already indicated, so far a crucial effect has been neglected: the expansion of the Universe.
This can be incorporated into the EoM, most conveniently by using conformal time (see
appendix A for the precise expressions). However, the effect that is relevant for our purposes
is just the fact that the photon k-modes are redshifted due to the expansion and therefore
move out of the resonance band. This allows for a physical and intuitive approach to the
problem, which we follow in this section.

After a time At < H, where H is the Hubble rate of expansion, the physical momentum
of the photon modes changes by an amount

% ~ HAt. (3.1)

For Bose enhancement to be effective, the exponential growth of the photon number, which
is proportional to |A|?, has to set in on a short time-scale compared to the one at which
modes are redshifting out of the resonance. This requires

<5k1

1
Aty ~ —— S —— ~ Atyedshift- 3.2
growth 27%* Sk H edshift ( )
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The actual condition for instability is slightly stronger: the resonance has to be effective for
a long enough time to allow the ALP condensate to decay. Decay of the dark matter field
happens when a sizeable fraction of its energy density is lost. The energy density in the
exponentially growing photon modes is given by

py(t) = % / dk k2w Ny (1), (3.3)

where wy, is the frequency of a (single helicity) mode and Ny is its occupation number,
w .
Ne = 55 (1Al /0 + 144l?) (3.4)

Given that the resonance has a very narrow bandwidth dk < k, the integral can be approx-
imated using the method of steepest descent to give

1 5 T
po(8) = g Kok [T N (1), (3.5)

where the rate 7, at centre of the resonance band k., = mg/2 is given in eq. (2.6), and thus
Ny, (t) = N et (3.6)

Here, IV, ,8* denotes the initial occupation number of the mode. As discussed in the previous
section, the exponential enhancement sets in when 2n;, At 2 1. After that point, the ratio
of the energy density in the produced photon population with respect to that stored in the
ALP field, py ~ miqﬂ /2, can be approximated by

2
Py 9911 ™Me

Ny, e®st :
oo > k., © (3.7)

The initial condition can correspond to vacuum fluctuations, Ny*¢ =1 /2, or to CMB photons
with a corresponding occupation number

1 2T,
NEMB = ~ B (3.8)

exp (m¢/(2TCMB)) -1 m¢

valid for mg < Tomp, using the CMB temperature at the time at which the resonance is
active. In both cases, the prefactor of the exponential in eq. (3.7) is very small. Therefore,
for a sizeable fraction of the DM ALPs to decay the resonance has to be active for many
growth times,

Atgecay ~ (Atgrowth ~ ¢/ (21, ) (3.9)
where
¢ ~ max {log ( e 2) log (‘I’> } . (3.10)
Gpyy Mg, 9prymeToms
Thus, the final condition for stability, Atgecay S Atredshifi, can be recast as
R IORS 2<Z$ (3.11)
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which is required to hold at any time during the evolution of the Universe. ¢ amounts to a
factor of O(10-100) for the parameters of interest.

As shown in appendix A, the condition in eq. (3.11) can also be derived by an investiga-
tion of the EoM for the photon field in a Friedmann-Robertson-Walker (FRW) background.
The analysis in appendix A also shows that other effects related to expansion, namely the
damping of the amplitude of the photon field and the ALP oscillations, are not as effective
in curbing the exponential growth as the one discussed above.

The requirement for stability in eq. (3.11) must hold at all times. In figure 1, the
dotted and dashed blue lines correspond to it being evaluated today and at matter-radiation
equality, respectively. We clearly see that the constraint becomes stronger when evaluated
at earlier times. The reason for this is that the left hand side of eq. (3.11) falls with the
scale factor as 1/a3, whereas the right hand side falls only as 1/a?. The stability condition
is therefore most restrictive when evaluated at the earliest possible time. This corresponds
to the time tosc when the ALP field oscillations start, given by H(tosc) ~ mg/3. Assuming
standard cosmology, this produces the solid blue line labelled as “Expansion” in figure 1.

The QCD axion and simple ALPs that arise as Goldstone bosons inhabit regions which
are below the blue line in figure 1. These are thus stable even without taking into account
plasma effects (this was already understood in the original works [1, 2]). The reason for
this is that a sufficient condition for the stability condition in eq. (3.11) to be obeyed is for
the product ggyy®(tosc) to be smaller than unity. This is automatically satisfied for simple
pseudo-Goldstone bosons, as in this case the field value is bounded by [68]

o <xnf. (3.12)
At the same time, the photon coupling can be written as

Cim Olom
oryy = qZ:_fie : (3.13)

where Cy,, summarizes the model dependence (e.g. due to charge assignments of fermions
mediating the interaction). In simple models, this constant is not expected to be much larger
than unity and therefore g,,,® < 1. However, there is a renewed interest in ALP models that
can accommodate larger values of this product. Recently, it has been realised that this part of
the parameter space can be populated by monodromy [9, 10] or clockwork constructions [11—-
13], and by string theory expectations [14]. In these situations, the relation g,,,® < 1 is
violated by either having an initial field value that is larger than that of a naive Goldstone
boson or by directly enhancing the photon coupling over its usually expected value.

4 Plasma effects prevent early decay

There is still a critical observation that we have ignored in our analysis so far: the early
Universe is filled with a dense plasma that has a severe impact on the propagation of pho-
tons. Following [69], the coherent interactions with the background can be described with a
modified dispersion relation and a wavefunction renormalization for the photon.
Importantly, a photon propagating in a medium acquires an extra polarization degree of
freedom, that can be identified as a longitudinal excitation in the Lorentz gauge. However,
the homogeneous ALP field does not couple to this degree of freedom. This can be seen
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by explicitly writing down the terms in the photon EoM arising from the ¢FF term in the
Lagrangian,

1

zga'yv(bF,uuﬁwV %

Gary (<z'>v X A~ Ve x (A—VAO)), (4.1)

where A = (A%, A) and A" is completely determined by the Lorentz gauge condition 9- A = 0.
As in this work are only dealing with a spatially homogeneous ALP field, only the first term
in the above equation is non-vanishing. This term only sources transverse photons and
accordingly we do not further discuss longitudinal modes.

As discussed in appendix B, the most relevant effect® for our purposes is the fact that
the dispersion relation of transverse modes is modified in such a way that the medium does
not allow modes with frequency below a certain cutoff to be excited. The lowest frequency
that can propagate is known as the plasma frequency, wp. In practice, this is equivalent
to considering an effective in-medium mass® m, = wp for the photons. The immediate
consequence is that the decay of the ALP cannot take place at all as long as its mass is below
the 2m., threshold [1]. This can be seen by adding a term m?YA:t in the left hand side of the
EoM in eq. (2.1), so that the condition for parametric resonance becomes

/ me

in terms of physical momenta. If mg < 2m,, the effective mass prevents the resonance and
thus the decay of the ALP from happening. This effect turns out to be efficient in stabilizing
the ALP in a large part of the parameter space.

In order to quantitatively evaluate this effect, an expression for the effective photon
mass (or plasma mass) throughout the relevant epochs of the history of the Universe is
required. To obtain it, we use the results of [69, 70] and apply them to our setup. The
result is presented in figure 2 as a function of the Hubble parameter, while the corresponding
dependencies on the temperature and redshift, together with the details of the calculation,
are given in appendix B.

The shape of the curves in figures 2 and 3 can be qualitatively understood as follows. At
high temperatures T' > 1 MeV, relativistic electron-positron pairs dominate the dispersion
relation of photons and generate a large effective mass m, oc T'. The effective mass sharply
drops during the eTe™ annihilation at T' ~ m,, after which the dominant contribution comes
from scatterings off the leftover electrons and the ionized hydrogen and helium atoms. At
even lower temperatures T ~ 0.1eV, electrons and protons combine to form neutral atoms
causing another drop in the effective mass. Finally, the first stars reionize the medium at
around z ~ 1-10, which explains the increase in the plasma mass at T ~ meV. Today, the
effective photon mass in the intergalactic medium’ is expected to be My ~ 1071410713 eV,
which sets an absolute lower bound on the mass of the (background) ALPs that can be
subject to decay.

5The wavefunction renormalization constant of the transverse mode is always very close to one and does
not play a role in our analysis [69].

SStrictly, only modes with wavenumber k >> wp have a dispersion relation that approaches that of a massive
particle (see appendix B and [69] for more details).

"The space between galaxies is thought to be permeated by an ionized plasma with electron densities
ne ~ 107%-10"*em ™2 and temperatures T ~ 10°-107 K, known as the warm-hot intergalactic medium or
WHIM [71].
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Figure 2. Effective mass of the photon (in the sense explained in the text) in the early Universe as
a function of the Hubble parameter (see figure 3 for m, as a function of temperature and redshift).
For this figure, we fix w = wp.

As soon as the plasma is dilute enough such that m, < mg¢/2, the ALP decay is
allowed and the discussion in the previous section becomes valid. Given that the condition
in eq. (3.11) is stronger earlier on, it must be imposed at the first moment that it becomes
applicable. Two requirements are needed: that the ALP field is oscillating (i.e. that 3H <
mg) and that the photon plasma mass falls beyond the threshold m, < mg/2. By looking at
figure 2, one immediately concludes that the latter is the most restrictive of the two. This
means that it is the plasma effects that set the earliest time at which the resonance can be
active, and ultimately the region of parameter space where the ALP dark matter field is
cosmologically unstable.

Numerically, the region of ALP parameter space where Bose enhancement can be rele-
vant is delineated by the red line labelled “Plasma” in figure 1. It is obtained by imposing
eq. (3.11) as soon as 2m., < mg. As discussed above, there is no bound on ALPs lighter than
present-day photons in the intergalactic medium, i.e. for my < 107 eV. We conclude that
when plasma effects are considered, the region that is prone to instabilities is much smaller
due to the delay of the ALP decay. As advertised in the introduction, it is therefore crucial
to take into account both the expansion of the Universe and the in-medium dispersion effects
to absolutely establish the stability of ALP dark matter.

Let us conclude this section by commenting on the possibility of photon production due
to spinodal or tachyonic instabilities [6, 44]. As soon as the temperature is low enough such
that the photon plasma mass can be ignored, one can see from eq. (2.1) and eq. (A.1) that
the frequency of certain modes of the photon field can become imaginary if they lie in the
band A —2¢g < 0. The mode remains tachyonic only as long as the sign of the cosine does not
change. Requiring that the timescale of the energy growth is smaller than the time that the
cosine preserves its sign, in addition to the tachyonic condition, gives [44]

k
me < p < Gy P, (4.3)

— 10 —
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which clearly requires gg,,® > 1. It is easy to see that the condition for photon production
due to a tachyonic instability is not satisfied anywhere in the stable region below the red line
in figure 1. Indeed, from eq. (3.11), we see that the product gy, ® is at most of the order
of y/H/mg, which is much smaller than unity by the time the photon mass becomes smaller
than the ALP mass (see figure 2).

5 Conclusions

Axion-like particles (ALPs) are dark matter candidates that often enjoy a ¢F F coupling,
through which the ALP can decay into two photons. That said, the cosmological stability
of this kind of dark matter seems to be nearly trivial at first sight due to its low mass and
incredibly weak coupling. However, if the ALP field exists already during inflation, the rapid
expansion creates an extremely homogeneous and therefore coherent initial state. Given the
low mass of the ALPs, this effectively corresponds to a bosonic state with incredibly high
occupation numbers, suggesting the possibility of a Bose enhancement of the dark matter
decay. Indeed, in an otherwise empty and non-expanding Universe, the resulting stimulated
emission would lead to an extremely rapid decay of ALPs into photons, invalidating most
of the interesting parameter space. However, as already found in the original papers [1—
3], there are two effects that prevent this catastrophe: the expansion of the Universe and
the plasma effects that modify the propagation of photons. For QCD axions, the former is
already sufficient to prevent the evaporation of the dark matter; however, for ALPs with
larger couplings significant non-excluded areas of parameter space would still be subject to
decay. Here the plasma effects are crucial, as they generate an effective photon mass which
kinematically forbids the decay of ALPs lighter than this plasma mass. This opens up the full
parameter space not yet excluded by past experiments or astrophysical observations (which
do not rely on ALPs being the dark matter). In this sense, the full region is viable to be
explored by current and near future ALP dark matter experiments [15-24].

It may be interesting to think of additional observable effects caused by the Bose en-
hanced decay stimulated by the CMB photons. Even if the ALP condensate is not signifi-
cantly depleted, this leads to an additional number of photons of frequency ~ my/2 being
injected. Usually this effect is bigger at relatively small masses where, however, it seems chal-
lenging to detect. The interplay of the condensate with primordial magnetic fields can also
lead to interesting phenomena [72]. Although first estimates suggest that the cosmological
stability of the ALPs is not threatened under standard assumptions regarding the magnetic
field strength, this is a topic worth studying in more detail.

For ALP couplings other than the photon one, similar Bose enhanced effects may become
important and therefore the viability of the ALP as a DM candidate needs careful verification.
Indeed, while self-couplings have been found to be safe for QCD axions [1, 7], they can be
relevant in models that go beyond the simplest pseudo-Goldstone ALP. Among other effects,
they can lead to a fragmentation of the condensate [55].% Similarly, some care is needed
when couplings, e.g. to other light dark sector bosons, are stronger than expected for naive
pseudo-Goldstone bosons as suggested by recent theoretical constructions [9-14].

8The fragmentation does not invalidate these light scalars as dark matter candidates, but can significantly
modify their cosmological and astrophysical phenomenology.

— 11 —
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A Equation of motion of the photon in an expanding Universe

The condition in eq. (3.11) can be derived by investigating the photon EoM in an FRW

background,

d’A  2HdA 1 1
— </\ —2¢—+= cos(2x)> A=0, (A1)

dz?  my dx a? ab/?

where we set the scale factor a to be 1 at t = ¢y, and define x = mgt/2, A = 4]{:2/7713S and
q = 294y Pk/mg such that they coincide with their flat space definitions. Taking a ~ t" ~ z",
with n = 1/2 (2/3) for radiation (matter) domination, we can replace factors of 1/a by factors
of (zo/x)", where g = z(tg).

Here, we focus on the regime where the photon plasma mass is much smaller than
the ALP mass, i.e. my < mg, so that the exponentially enhanced decay is possible. From
figure 2, we see that this implies = mgt/2 = nmg/(2H) > 1. We thus choose an initial
time point such that zp = 1/¢ < 1, and make a change of variables y = x — ( to obtain

d2A 571 QndA 1 2n 1 5n/2 B
dyQ+<1—|—§y> dy+<>\<1+€y> —2q<1+€y) cos(y+46) |A=0. (A.2)

Note that for £ = 0 we recover the Mathieu equation in eq. (2.4). For non-zero &, exponential
growth may not take place if, as explained above, the k-modes get redshifted out of the
unstable band. The redshifting causes \/a? to decreases with time as

1 2n
A ~ (1 — 2n&y), A3
(11g) ~A0-28) (A3)
so that the time it takes for k-modes to move out of the unstable band |A — 1| < ¢ is
Aredshite = 5= (A.4)
2n€

Demanding this to be smaller than the time scale of exponential growth, Ayqecay = (/q, we
again find
2 < 2 <oc
¢ S2Ang = (967 P)T S 20— (A.5)
Mg
where ( is defined in eq. (3.10).

It is worth noting that there are two other effects that can potentially curb the exponen-
tial enhancement. The first is the Hubble friction (second term in eq. (A.1)) and the second
is the damping of the ALP oscillations (that is, the decrease in ¢/a®? with time). These
effects, however, are subdominant compared to the redshifting discussed above. While the
first effect becomes relevant only for £ ~ ¢, the second is not important because the change
in ¢ in the time At eqsnits is O(¢?) and thus marginal.

— 12 —
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B Dispersion relation of the photon in the primordial plasma

Here we briefly review the most relevant dispersion effects that affect the propagation of
photons in the early Universe plasma. The discussion is based on [69, 70] whom we closely
follow. Other references where similar studies are made are [73-75], among others.

A photon propagating through a plasma is subject to scattering with the charged con-
stituents of the medium. The coherent accumulation of such interactions can be macroscop-
ically described by a modification of the dispersion relation of the photon, which becomes

— W+ B+ ma(w, k) = 0. (B.1)

The index a = {T'(£), L} labels the different polarizations of the field, now also including a
longitudinal degree of freedom that is not present in vacuum. Thus, the key quantities are
77, and 7p, the longitudinal and transverse components of the polarization tensor IT#. In
an ionized plasma, the dominant contribution to the polarization tensor is that of the free
electrons and positrons. At lowest order in QED [69, 70],

L = wp (1 — Gik?/w?)) + (v — 1)k, (B.2)
mr = wp (1 + Gvlk?/w?)/2), (B.3)

G(x)—3<1—2m 1_xlog<1+\/§>>. (B.4)

with

T 3 2z 11—z

In the above expression, v, = wi/wp depends on the plasma frequency wp and wy,

oo [ 1
wd = - /0 dp fpp (v — 31}3) , (B.5)
4ov © )
2 em 3 5
= d —° — B.6
Wi - /0 p fpp (31} v ) , (B.6)

where f, is the sum of the phase-space distributions of e~ and e*.
For nondegenerate systems, as appropriate in the early Universe, one has

, 47“;2721% (1 — gmle) Nonrelativistic, B.7
wp = daem ( 2 4 lWQTQ) Relativistic B0
3r W T3 ’

where T, ne and p are the temperature, number density and chemical potential of the elec-
trons, respectively. This can be inserted into the dispersion relation, eq. (B.1).

In practice, we are only interested in the cutoff frequency below which no propagating
modes (i.e., modes with non-vanishing real k) exist in the plasma. We focus on transverse
modes, as these are the only ones that couple to the homogeneous ALP field.” Given that
7 is a monotonically increasing function of k, we can simply solve eq. (B.1) for k = 0, in
which case G = 0. It is thus easy to see that the cutoff frequency is straightforwardly given
by the plasma frequency wp. In analogy to the case of a massive particle, for which the mass
gives a lower bound for the frequency (or energy) of the propagating states, we refer to the
cutoff frequency as the plasma mass of the photon, and denote it by m.,. Note, however,

9Longitudinal modes have a more complex behaviour that may be interesting to study in inhomogeneous
situations.

— 13 —
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Figure 3. Effective transverse photon mass in the early Universe as a function temperature (left)
and redshift (right) (see figure 2 for m., as a function of the Hubble parameter). For this figure, we
fix the frequency to the plasma one, w = wp.

that this is an abuse of nomenclature, as the dispersion relation for transverse modes only
really approaches that of a massive particle for short wavelengths k > wp. Our definition
of m, differs slightly from the standard one (e.g. [69]), by up to a factor of 3/2 in the
relativistic limit.

At very early times in the history of the Universe, the plasma is comprised primarily
of eTe™ pairs (before eTe™ annihilation) and ionized hydrogen atoms (after e*e™ annihila-
tion). This entails that the interactions of photons with the medium are indeed dominated by
Coulomb scattering with electrons and positrons. However, at lower temperatures the pro-
tons and electrons recombine to form neutral atoms and the free electron density becomes
very small. As a result, the scattering off hydrogen and helium atoms cannot generally be
neglected anymore and there is an additional contribution to the transverse photon mass,
which becomes [74]

mg ~wh — 2w (n — g — 2w? (0 — 1)he. (B.8)

Here, ny = nx(ny) is the refractive index, which is proportional the density of atoms of the
species X. The contribution from helium can be neglected because it is less abundant (it has a
mass fraction Y, = mye/mpu =~ 0.25) and its refractive index, (n—1)ge = 0.36 x 1074, is much
smaller than the hydrogen one, (n — 1)y = 1.32 x 10~* (values for normal conditions [76]).
The transverse photon mass can then be given as a function of the proton density n, and
the ionization fraction X, as

o (B.9)

m? = 1.4 x 1072 eV? (Xe 77 %1073 (i)Q 1- Xe)> "p

eV ¢
One may worry that during the dark ages, the negative contribution from the scattering
off neutral hydrogen can drive mgf to be negative for high-frequency photons. This does
however not play any role in our analysis, given that the photons produced from resonant
ALP decays have frequencies only slightly above wp, too small for the second term in eq. (B.9)
to be relevant. Putting everything together, we obtain the profile for the cosmological history
of the plasma mass of the photon shown in figure 3, both as a function of temperature and
redshift (figure 2 shows the corresponding line as a function of the Hubble parameter). For
the calculation, we fix w = wp and use the ionization fraction profile from [74].

— 14 —
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Axionlike particles (ALPs) are interesting dark matter candidates from both the theoretical and the
experimental perspective. Usually they are motivated as pseudo-Nambu-Goldstone bosons. In this case one
of their most important features is that their coupling to other particles is suppressed by a large scale, the
vacuum expectation value of the field breaking the symmetry that gives rise to them. This naturally endows
them with very weak interactions but also restricts the maximal field value and therefore the regions where
sufficient dark matter is produced. In this paper we investigate deviations from this simplest setup, where
the potential and interactions are as expected for a pseudo-Nambu-Goldstone boson, but the kinetic term
has singularities. This leads to a significantly increased area in parameter space where such particles can be
dark matter and can be probed by current and near future experiments. We discuss cosmological limits and
in the course of this give a simple derivation of a formula for isocurvature fluctuations in models with
general anharmonic potentials. As an application of this formula we give an update of the isocurvature
constraints for QCD axion dark matter models, using the most recent results for the QCD topological

susceptibility and the newest Planck data.

DOI: 10.1103/PhysRevD.98.023539

I. INTRODUCTION

Axions and axionlike particles (ALPs) are a prediction of
some of the best-motivated beyond the standard model
physics scenarios (see, e.g., [ 1-3] for reviews). Many of their
properties are determined by two quantities: the mass, m,
and the so-called decay constant, f,. An important feature
that all these particles share is that they enjoy a shift
symmetry, a discrete version of which is preserved at the
quantum level. The existence of this symmetry protects their
potential from quantum corrections that could otherwise be
very large. In the framework of quantum field theory, such
particles arise as pseudo-Nambu-Goldstone bosons of
approximate global chiral symmetries [4-9]. In other setups
such as supergravity or string theory, particles with similar
properties appear in the spectrum. For instance, ALPs are a
general consequence of the compactification of extra
dimensions and string theory [10-16]. In that context, there
can be dozens of such particles whose potentials, kinetic
terms and interactions may contain a large number of free
parameters. In an attempt to accommodate all these similar
particle candidates, we will talk about ALPs in the general
sense of a light (pseudo)scalar particle, and we will reserve
the term “axion” to refer to ALPs that couple to the gluon
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field strength tensor through the QCD topological term and
solve the strong CP problem.

Axionlike particles are excellent candidates to account
for some or all the dark matter that we observe in the
Universe [17-20]. Cosmological and astrophysical obser-
vations tell us that dark matter particles should be weakly
interacting, stable at cosmological scales and cold. ALPs
can naturally fulfill all these requirements. First, the
discrete shift symmetry constrains their possible couplings
to other fields, and those that are allowed are typically
suppressed by f,, which can be a large energy scale. This
fact, together with their small mass which limits the
possible number and type of decay products as well as
the phase space, makes them extremely stable. Naively, the
fact that they are very light might seem to contradict the
requirement that the ALP dark matter population should be
cold. However, it is easy to see that this is not necessarily
the case. Because of their feeble interactions with other
particles, ALPs are not produced thermally, but rather by
the so-called misalignment mechanism, which yields a very
nonrelativistic population of ALPs that behave as cold dark
matter [17,19,21-23].

All in all, ALPs and axions are well-motivated dark
matter candidates, but their possible mass and decay
constant span many orders of magnitude, thereby providing
a significant challenge for experimental tests. Fortunately,
their properties, in particular their low mass, also provides
for new opportunities for experimental searches and theo-
retical arguments that can be used to probe their parameter
space (see [24] for a recent review).

Published by the American Physical Society



Experimental tests are usually dependent on the coupling
to Standard Model particles. One example is a coupling to
two gluons,

a

L D—Sﬂfa

G,,G". (1)

This coupling also induces a coupling to a nucleon electric
dipole moment (EDM),

L C gpNo,, F"N )

that is particularly important for searches when ¢ is
dark matter. The coupling constants are related via [26,27]

2.4 %1071
fa

GeV
e e cma 3.4 x 103 GeV-2 (%) (3)

a

Figure 1 summarizes the constraints that can be cast on
the canonical ALP dark matter scenario from these inter-
actions with the visible sector. In addition we show limits
that arise from unavoidable gravitational interactions.

Unfortunately, some of the theoretically favored existing
models require high decay constants for the ALPs to be
able to account for all the dark matter energy density that
we observe in our Universe. This means that some of the
better-motivated combinations of (m, f,) are not in the best
position to be tested, be it through gravitational interactions
or through couplings to gluons and nucleons or photons. It
is therefore timely to search for models that can accom-
modate low enough values of f, that can be in reach of
these searches, while still being able to produce the
required dark matter abundance. One option is to enlarge
the field range by a monodromy [36-38] as done in [39].

In this paper we pursue the same goal by employing a
nonstandard kinetic term for the ALP field. This is a
possibility that has been exploited in the literature [40,41]
in the context of inflationary models (though not so much
for axion inflation), but to our knowledge such a study has
not been performed for dark matter models. As we will see,
a very rich phenomenology arises when this possibility is
allowed. Of special interest is that this scenario will indeed
be able to populate regions of the parameter space that can
be tested in the near future, either with astrophysical
observations or experimental searches. Focusing on the
coupling to nucleons, the main motivation for us in this
respect is threefold. First, as was already argued, we want to
explore the possibility of building an ALP dark matter

"The coupling (1) also induces tree-level P, T-violating forces
between nucleons, which can give a larger contribution to atomic
EDMs than the loop-induced nucleon EDMs [25]. This is relevant
for EDM experiments that use atoms instead of free neutrons, like
some of the ones presented in Fig. 1. For those, the limits and
projections should be understood as applying directly to f, and
not g,.
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FIG. 1. Parameter space for canonical axionlike particles,
considering gravitational effects and interactions derived from
the QCD GG term. On the horizontal axis we plot the mass of the
ALP, while the vertical axis gives the decay constant f, on the
right and the effective coupling to nucleons g, « f5' on the left.
Canonical ALP models with a constant mass can only generate
enough dark matter via the misalignment mechanism in the
yellow and grey shaded areas. Accounting for the anharmonic-
ities of the potential and allowing for a fine-tuned initial
condition, this region can be enlarged to also include the orange
band (we take the lowest viable Hubble scale of inflation,
H; ~4.5x 1072 GeV). Note that the QCD axion models are
restricted to lie on the magenta line. Taking the interaction to be
given by Eq. (1), the region to the left of the QCD axion line is
disfavored by the unavoidable (temperature-dependent) contri-
bution to the mass from QCD effects [28] (see also Sec. V). This
region is shown in light grey. The dark blue region is excluded by
the supernova limits estimated in [29]. Shaded in brown is the
area where experiments looking for a static nuclear electric dipole
moment (nEDM) (see [30]) would have found the oscillating one,
while the dotted lines represent sensitivity estimates for future
oscillating EDM experiments [31,32]. In the dark green region
“BBN” ALPs coupled to QCD are inconsistent with the pro-
duction of the observed abundance of light elements during big
bang nucleosynthesis [28]. The violet and dark red lines dubbed
“Earth” and “Sun” correspond to constraints from the ALP field
being sourced by dense astrophysical objects [33]. The dark grey
area is disfavored by the observation of quickly rotating stellar
black holes which would have been spun down in a superradiant
process (from [34]). The area above the dashed black lines,
plotted for different values of the Hubble scale of inflaton H/, is
disfavored due to the generation of too much power in iso-
curvature perturbations at the scales probed by the Planck satellite
[35] (see more details in Sec. IV). Finally, f, is (softly) bounded
from above by the requirement that it does not exceed the
Planck scale.

model with a larger such coupling. Second, we ask
ourselves if these models could lie on the region of
parameter space to the left of the QCD axion band in
Fig. 1. Finally and concerning the big bang nucleosynthesis
bound that seems to restrict this area of parameter space, we
would like to test its robustness constraining such ALP
models.
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In this work we study the viability of ALPs with a
noncanonical kinetic term as dark matter candidates from a
purely phenomenological perspective. Let us nevertheless
briefly mention some of the mechanisms that can give rise
to this scenario. For instance, a nonminimal coupling of the
ALP field to gravity in the so-called Jordan frame induces a
noncanonical kinetic function in the usual Einstein frame.
In the context of supergravity, an explicit breaking of the
shift symmetry in the Kihler potential also results in
nonstandard kinetic terms for the ALP. Finally, in the
context of compactifications, string theory a priori contains
all the necessary ingredients to generate axions with
noncanonical kinetic terms, caused, for example, by
backreaction effects. However, no explicit construction
of the models that we consider in this work exists as of
today, and this task is beyond the scope of this paper. We
leave the study of the possibility of embedding this
phenomenological study in a more complete framework
for future work.

This paper is structured as follows: in Sec. II we discuss
the effects of noncanonical kinetic terms and set up our
explicit case study. In Sec. III we study how these modified
kinetic terms affect the cosmological evolution of the ALP
field, and in Sec. IV we analyze the isocurvature perturba-
tions predicted in this setup. In Sec. V we discuss the
impact of allowing for a coupling to QCD in this scenario,
and we conclude in Sec. VI.

Before getting started on the details we note that,
although in this paper we focus mainly on the example
of gluon interactions, most of our discussion is completely
general and can be applied to any other coupling.
Moreover, while the structure of interactions that we
consider is inspired by that of pseudo-Nambu-Goldstone
bosons, the essential qualitative features should also apply
in the case of more general scalars and only depends on the
singularities of the noncanonical kinetic terms.

II. NONCANONICAL KINETIC TERMS

In this section we examine the effect that a nonstandard
kinetic term can have on the dynamics of the ALP field. Let
us start with the Lagrangian

C- %K2<¢)aﬂ¢aﬂ¢ — V(@) 4)

where we have allowed for a general real scalar (and
positive definite) function of ¢, K?(¢), to scale the kinetic
term and thus render it not canonically normalized. For
definiteness, we will work with the usual periodic potential
for ALP fields,

V() :A“(l —cos%). (5)

a

We now proceed by performing a field redefinition to
obtain the canonically normalized field. The formal sol-
ution is to define

o) = / K($)dd = g(d). (6)

and thus the Lagrangian for ¢ is

L(p) = %8"418,4(# - V(g (9)). (7)

Being canonically normalized, ¢ is the physical (propa-
gating) field. Let us see what kinds of functions K result in
@ being a viable dark matter candidate.

The first condition is that ¢ behaves like cold dark matter
in the late Universe. This requires that it oscillate har-
monically at late times (see, e.g., [17]). Accordingly the
kinetic term should not modify the dynamics close to the
origin. This is automatic if the kinetic term approaches a
nonvanishing constant value close to the origin,

K —const=1 for ¢ — 0. (8)
As indicated in the equation, this constant can be chosen to
be equal to 1 by a suitable choice of normalization.

So why should we now choose a nontrivial function for
K and what shall we choose? As already mentioned in the
Introduction, we would like to find a model with larger
couplings, i.e., smaller f,, that still gives a sufficient dark
matter density. Roughly speaking the problem of obtaining
a sufficient energy density can be understood as follows.
For the potential Eq. (5) the maximal initial energy density
is given by A*. This is linked to the mass m of the particle
via A* =m?f2. If f, is too small the initial and in
consequence the final energy density is too small to make
up all of the dark matter.

One way to avoid this problem would be to break the
periodicity of the potential (5) such that the potential
continues to grow for large field values, e.g., by exploiting
a monodromy [39].

Here we will explore a different strategy. As long as
the Hubble constant is sufficiently large the evolution of
the field is frozen and the energy density is approxi-
mately constant. As discussed below the evolution and
consequently the dilution of the energy starts when
H? ~ |V"(¢)|. Hence, we can increase the energy density
today by choosing the kinetic function K such that the
potential becomes very flat for large field values.” A cartoon
of this is shown in Fig. 2.

?An alternative is to start in a region of field space where V()
is very small; i.e., the field is close to a maximum. However, this
is strongly limited by the existence of inflationary fluctuations
[42,43] (see also Sec. IV).
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FIG. 2. Slow-roll-like potential.
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we see that this can be easily achieved if K has a singularity
at some field value ¢ = a,

K - 0o for ¢ —a. (10)

This singular structure has an additional advantage: The
noncanonically normalized field ¢ will never exceed ¢p = a
during its evolution. Limits such as the one discussed in
Sec. V D arising from big bang nucleosythesis (BBN) that
are based on a sizable field value at some earlier epoch can
thus be avoided if a is sufficiently small.

A simple function that satisfies the above requirements
while keeping the periodic properties intact is

K(fﬁ)_@- (11)

fa

While this choice might seem rather arbitrary at first,
there are some arguments that make it more general than it
seems. The approach for obtaining a flattened potential for
a scalar via a noncanonical kinetic term has been widely
used in the context of inflationary cosmology [40,41].
Indeed over the last years, a-attractor models [44,45] have
attracted special attention. In this context, the authors of
[46] showed that the determining property of this class of
models is the existence of a pole in the kinetic term. More
precisely, it is the order and the residue of the pole that play
a key role, and not so much the precise functional form of
the kinetic function. We can therefore be confident that our
results will not depend much on the specific choice of K.
Similarly to [46], here we focus on the case of a second-
order pole. As we mentioned before, this case is better
motivated and may arise, for instance, as a consequence of
a nonminimal coupling to gravity. Nevertheless, we check
in Appendix A that our main conclusions remain
unchanged if we allow for higher-order poles.

Also, recall that the shift symmetry ¢ — ¢ + const of the
ALP field is what protects its mass from large corrections.
It thus seems sensible to preserve or only slightly break this

symmetry. Indeed, by our choice of potential Eq. (5), we
are assuming that a small explicit breaking is present. This
breaking typically occurs at the nonperturbative level
[47,48] and crucially preserves the discrete shift symmetry
¢ — ¢+ 2kxnf,, which allows us to retain a sufficient level
of protection against quantum corrections. We would like
the kinetic term to preserve, at least, this discrete shift
symmetry, which requires that K (¢) be a periodic function
of ¢/ f .. These arguments quickly lead us to Eq. (11). Once
again, we stress that the fact that we are writing a specific
kinetic term should not be understood as a construction
of a complete model, bur rather as a benchmark for our
phenomenological study.

The transformation to the canonically normalized field is
given by

p(p) = 2]{,’1 arctanh (tan ;v]c(l)a) . (12)

We should note that the poles of K(¢) are located at
¢/f. = n/(2N). This means that, when doing the field
redefinition (12), we are restricting the field space to
@/fa € (=35 .5y) As already mentioned above this will
become important when discussing the limits arising from a
gluon coupling in Sec. V. In principle there exist a total of N
different branches ¢/ f,, € ((k —=3) %, (k +1) £) where the
field could be trapped. However, the only one which has a
minimum in the potential is the one closest to the origin. In
other branches, the field would slow-roll towards inﬁnity,3
making them unappealing for the phenomenological pur-
poses that we have in mind. For this reason, we focus on the
phenomenologically viable region around zero.
Using the field redefinition (12) the Lagrangian for the

canonically normalized field is given by

)]

2fa) )]

(13)

1 2
L= Eampa,,(p —A* {1 — cos (ﬁ arctan (tanh

By expanding about the origin, it can be checked that we
indeed recover the quadratic behavior for small field values.
The potential is plotted in Fig. 3 for different values of N. It
indeed looks quite similar to what we imagined in Fig. 2.

What about the equations of motion? Let us assume that
we have a homogeneous and isotropic field, ¢ = ¢(¢) and
consequently @ = ¢(#). The Klein-Gordon equation for a
homogeneous and isotropic field in an expanding space-
time is

*In principle one could have tunneling between different
branches. If the decay time of the metastable vacuum is small
enough, the field would always eventually end up in the branch
closest to zero. However, a calculation of the tunneling rate is
highly model dependent and beyond the scope of this work.
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FIG. 3. Potential for the canonically normalized field, plotted
for various values of N. Note that the potential is quadratic for
small field values but flattens away from the origin.

p+3Hp+0,V(p) =0, (14)

where H is the Hubble expansion parameter.
For convenience we introduce the dimensionless field
variable,

v =9/l (15)
in analogy to how the 6 angle relates to the original axion

field. Thus, we will be expressing the field value in terms of
f. units. The equation of motion can then be written as

1 2 N
W+ 3Hy + m? msin {— arctan <tanh TW)} =0,

N
(16)
where we define
/\4
m2 = F N (17)

which corresponds to the second derivative of the physical
field around the minimum at y =@ = ¢ = 0. m is the
physical mass of the dark matter particles.

III. COSMOLOGICAL EVOLUTION
AND DARK MATTER PRODUCTION

The goal of this section is to find an estimate for the dark
matter density in the model defined above and compare it
with the observed abundance. The energy density of the
field depends on the parameters (f,, m, N), as well as the
initial conditions for the field and its cosmological evolu-
tion. For this purpose it is useful to briefly recall the
misalignment mechanism [21-23], which gives us the basic
idea of how our field evolves in a cosmological setup.

A. The misalignment mechanism

Here we briefly summarize how a misaligned light scalar
field evolves in an expanding spacetime, closely following
the description in [17]. Let us consider the simplified case
of a real scalar field with Lagrangian

1 1

Note that our final goal is not the harmonic case but
a more complicated potential with strong anharmonicities.
However, solving this simplified equation will give us
helpful insights to tackle the anharmonic potential. In a
homogeneous setting, the equation of motion for ¢ is

b +3Hp+mip =0. (19)

This is the equation of a damped harmonic oscillator. There
are two distinct regimes in the evolution of ¢. First, at very
early times when 3H > my, the oscillator is overdamped
and so the solution is ¢ =0, and the field is stuck at its
initial value. At a later time #, such that 3H(#,) = m,, the
damping has decreased enough so that the field can start to
oscillate. The equation of motion for the oscillating regime
can then be solved using the WKB approximation:

a(ty)
a(r)

where a(t) is the scale factor. We see that the energy
density, which is proportional to the amplitude of the
oscillations squared, dilutes with expansion as a~3. This
means that the oscillating field behaves like pressureless
matter for all processes mediated by gravitation. In this
simplified setup, the energy density in the axion field
today is

keV  my oo 2
f0) =017 J1 (PN g 21
Py(o) I eV(lO” Gev) M) (21

where

$(0) z¢<rl>( )3/2 cos (my(t— 1), (20)

(9.(T,)/3.36)
(9.5(T1)/3.91)

is a smooth function (cf. [17]) that varies from 1 to ~0.3
when T'; € (T, 200 GeV). The last result assumes that the
field starts oscillating during radiation domination and that
the comoving entropy is conserved.

F(Ty) = (22)

B. Analytical estimate of the dark matter density

After this small detour to explain the misalignment
mechanism for the harmonic potential, let us go back to
our case of interest: the ALP field with a nonstandard
kinetic term. Recall that the equation of motion that we
have obtained for the physical field v is

2 N
sin {— arctan (tanh —V/)} =0.
V78 N 2

(23)

W+ 3Hy + m?

cosh Vi
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We see that in the limit of small y, when Ny < 1, this
reduces to the simplified case (19) and the evolution is
exactly as we described in the simple real scalar field case.
However, the situation is different in the regime Ny 2 1.
As we can expect by looking at Fig. 3, the flatness of the
potential away from the minimum at y = 0 will have the
effect of delaying the start of the oscillations. Moreover,
the oscillations, once they start, will not be harmonic until
the damping has made the amplitude decrease enough to be
in the small field regime. This means that the WKB
approximation might not be as good in this case.

Although we suspect that the WKB approximation might
break down when the amplitude of the oscillations is big
due to the anharmonicity of the potential, we will use it as a
first approximation to solve the equation of motion and get
an analytical estimate of the result. We will later contrast
this to a more precise numerical computation. In the
analytical approach, we will study the two regimes, where
the damping is over- and undercritical, respectively, and
build up the global evolution of the field by gluing together
the solution for each regime. Our goal is to compute the
current energy density of dark-matter-like particles given
an initial condition for the physical field.

As we saw, the first thing to do is to find the time when
the oscillations start. In analogy with the simple case,
where the condition was 3H = m, we use a generalization
of this formula for a nonharmonic potential, namely

3H = [V (yo)['/2. (24)

In Sec. IIT C we will see that this indeed works reasonably
well to determine when the oscillations start, as it takes into
account the flatness of the potential away from the origin.
In the limit of large Ny > 1, the second derivative of the
potential can be written as

V() = —2Nm2exp™ sin——. 25
(W) mexp™V sin o (25)

This turns out to be a very good approximation for
intermediate and even small values of Ny. One key
difference with the harmonic case is that here the point
in time when oscillations begin depends on the initial field
value ¢,. With this we already see that the oscillations are
exponentially delayed for big Ny:

3
s = lstart = W

3 -1/2 y
b <2N sin %) exp% x expNLzo, (26)

where we have assumed radiation domination so that
H = 1/(2t). We now use this as an initial condition for
the WKB approximation. In this approximation, the energy
density of the physical field ¢ is

nn =gmrwi s () e

where we have used the conservation of comoving entropy
S = sa’ to express it in terms of temperatures instead of
scale factors. Using the expression for the Hubble constant
during radiation domination

H(T) = 1.66«/gi(T)T—2, (28)
my|

we can express the current energy density of the field as a
function of the initial condition ),

keV m f 2
2017 [ Ta ) T,
Po o’ 1ev(1011 GeV) voF (1)

—3/4
. <2N sin %) expiVvo, (29)

We can compare this density with the one corresponding to
a harmonic potential. The result is

P _F(T).
o FT)

2Nsin—— _3/4ex Vo~ expiVvo, (30)
N p p¥re,

so the energy density is exponentially enhanced* for large
N and initial condition . The precise exponent that we
obtain here should be taken as a very rough estimate.
Indeed, a numerical computation is needed to get a precise
result, which is what we will aim for in the following
section.

As we can see in (30) the enhancement is exponential in
Ny This implies that the field values required to yield the
correct dark matter abundance are usually not too large. In
the phenomenologically interesting region we usually do
not need to have values for Ny that are bigger than 50. The
largest initial field values happen for N = 1 and are of order
50 in units of f,.

Another constraint that we have to care about is that the
field is behaving like dark matter once it comes to dominate
the dynamics of the Universe; i.e., we do want to avoid
having an additional phase of inflationary expansion driven
by w. A sufficient condition for this is that the field has
already started to oscillate at matter radiation equality.
Making use of the more precise numerical estimate that we
will obtain in the next section, we can estimate what region
of parameter space satisfies this condition,

V' 081
f.2 107 GeV-N - (%) . (31)

*“In Appendix A we check that a significant enhancement also
exists if we allow for a kinetic function with a higher-order pole.
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This condition excludes the very small values of the mass
and the decay constant in the upper left corner of Fig. 1,
which are already in tension with the nEDM experiment,
BBN observations and the limits from [33].

C. Numerical computation

Having obtained a simple estimate of the cosmological
evolution of the field, we now make use of a numerical
solution of the equation of motion to have a more precise
result. Our goal in this subsection is to quantify how much
the solution for the nonlinear equation of motion (23)
deviates from the harmonic case (19).

Following the usual practice for dealing with anharmo-
nicities in the ALP potential (see [49-52], and [53] has a
slightly different definition), we use an effective para-
metrization in terms of an anharmonicity function f(y),
such that

P = fwo)p™™, (32)

where p is the energy density of the ALP field, computed
late enough when it is already behaving as cold dark matter.
This function only depends on the initial misalignment
angle, and it should account for all the deviations from the
harmonic solution. This approach is normally used to
account for departures from the quadratic potential in
the usual axion and ALP models. Our case is slightly
different, mostly because we are dealing with an
unbounded field range. As a consequence, the usual func-
tional form for f () does not work here. Guided by the
result obtained in the analytical approximation, we work
with the following ansatz for the anharmonicity function:

fwo) = ePNvo, (33)

where b is a real parameter to be determined. This ansatz
accounts for the exponential enhancement in energy den-
sity that we have found analytically. The normalization
needed is that f(w() — 1 when w, — 0, so as to recover
the harmonic case in the small field limit.

The goal now is to fit the ansatz to a numerical
computation of the energy density. To set the problem in
a more straightforward way, we want to compare the
numerical solution of

o 1 .12 N
W+ 3H(T)yr + m? coshvg {N arctan (tanh%)} =0
(34)

with the solution for the damped harmonic oscillator
equation

W+ 3H(T)yr + mPy = 0. (35)

In this computation we use dimensionless quantities
measured in units of m, denoted with a tilde: H,7, ...

In these units, the time for the start of the oscillations in the
harmonic case is 7}*™ = 3/2 (assuming radiation domina-
tion), and the period of the oscillations is 2z. We solve the
equations numerically until we are well within the adiabatic
regime in both cases (that is, when the amplitude of the
oscillations has decreased enough so that the noncanonical
potential is well approximated by the harmonic one). Then,
we compute the energy density p = (1/2) 2> + V(fy)
and extract the anharmonicity factor as the quotient of both
energy densities. As we are within the adiabatic regime, p
scales as p o a~> in both cases, so the quotient will stay
constant. An example of the numerical solution can be seen
in Fig. 4.

This process is repeated for a large number of values of y
and N and we fit the results to the ansatz (33). We obtain a
very good fit with a value of b = 0.56, as can be seen in
Fig. 5. One should note that we are fitting a two-dimensional
data sample with just one parameter, so finding a good fit
confirms that we have chosen an adequate ansatz.

The anharmonicity function allows us to compute the
energy density of the noncanonical ALP field in a very
simple way, combining the harmonic solution (21) with the
anharmonicity function (33). As long as we are within the
adiabatic regime, the energy density in this approximation
is given by

anh(t) ~ leme( N) 2 a}llarm 3
Py =5/a 08 Yo a([)
_ l 2. 12 2 g*S(T) T 3
= 2fam f('/IO* N)WO grS(Tl]mrm) Tlluarm : (36)

The key difference between this equation and (27) is that
here we use the well-known solution of the harmonic
equation of motion, instead of the full nonlinear one that
arises in our noncanonical setup. All the information about
the nonlinearity is encoded in the anharmonicity function,
making it much more manageable.

In the analytical approach, we found that the quotient
between noncanonical and canonical density scales as
e/ pe ~eBNvo In the full numerical approach’ we
find a somewhat lower coefficient for the exponent of 0.56.

We have seen that a noncanonical kinetic term can
indeed enhance the energy density of ALP dark matter. In
the next few sections we will make use of the solutions for
the cosmological evolution of the noncanonical ALP field
to make predictions about its phenomenology, and to apply
it to some particularly interesting cases.

°In this study we have limited ourselves to the homogeneous
field evolution. Recently, the authors of [54] showed that
potentials like the one we are considering can lead to a parametric
resonance instability that can make inhomogeneous modes grow.
This effect may help to alleviate some tension that has been
pointed out in [55] between the existence of ultralight ALPs and
Lyman o forest observations.
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FIG. 4. Numerical solution of the noncanonical equation of motion compared to the harmonic solution, using N = 5 and y, = 1.5 as
an example. The top panel shows the solution for the field as a function of time, while the middle and bottom ones show the energy
density of the field and the quotient of energy densities for the harmonic and noncanonical equations of motion. Note that this quotient
approaches a constant as the adiabatic regime is reached, allowing us to obtain the anharmonicity factor. As a comparison and
confirmation of our analytical results, the top panel also shows the time at which the oscillations are predicted to start in our analytical

approach, Eq. (26).
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FIG. 5. Fit of the anharmonicity function to the ansatz in

Eq. (33). We plot the result of the fit for a set of values of N and a
range of the initial misalignment angle y, € (0,5).

IV. ISOCURVATURE PERTURBATIONS

So far, we have assumed the initial misalignment angle
60y = fuy to be a constant value all throughout the
Universe, but of course we have to take into account
fluctuations, e.g., those imprinted by inflation. We do this
by taking the initial misalignment angle as a spatially
varying quantity, and describing it in terms of its average
and variance. Two very distinct scenarios arise, depending
on whether the mechanism that gives rise to the ALP field
turns on before or after the inflationary epoch of our
Universe.

If the ALP field was established, e.g., by spontaneous
symmetry breaking, after inflation, the variance of the angle
can be large even within our Hubble volume. The mean
value will be ¢y = 0 and the energy density is given by the
fluctuations as well as other effects such as, e.g., the decay
of topological defects [56,57]. In particular the latter
contributions are not well understood and may also
have some model dependence when going beyond the
QCD axion.

To avoid this, we will focus on the scenario where the
ALP field was present during inflation. Classically, if the
ALP field was established before inflation, then the spatial
variance of the field within a Hubble patch will be washed
out as spacetime is stretched during inflation. This means
that aé — 0, and the misalignment field can take any value
¢o in our Hubble patch.

However, this is not completely true, as any light field
present during inflation will acquire quantum fluctuations
(see, e.g., [58]). The power spectrum of such fluctuations
for a canonically normalized scalar field is scale invariant,

Gowor = (32) e O7

These fluctuations can be thought of as arising from a
thermal spectrum at the Gibbons-Hawking temperature
Ty = H;/(27) [59]. As long as these fluctuations do
not restore the spontaneously broken symmetry that gives

023539-8



__Chapter 5

rise to the ALPs, i.e., as long as® Toy < fa» this will
imprint small fluctuations on top of the otherwise homo-
geneous ALP field. The corresponding fluctuations of the
misalignment angle in Fourier space will have an amplitude
of 6,(k) = H,/(2xf,). In real space, the fluctuations are of
a size 6, = yH;/(2xf,), where y ~ O(1) is a dimension-
less factor that effectively encodes the dispersive effect of
the logarithmically divergent small k modes (see [50]). Its
value depends on the length scales that we are interested in.
Following [61] we will set y = 2 for the CMB characteristic
scale k, = 0.05 Mpc™'.

As the ALP has a negligible contribution to the total
energy density of the Universe during inflation, fluctuations
in the field do not contribute to the usual curvature
perturbations. Rather, they manifest themselves as fluctua-
tions in the ratio of the number density of ALPs to the total
entropy density, and they are completely uncorrelated with
the curvature perturbations. This is the reason why they are
called “entropy” or “isocurvature perturbations.” As their
interactions with other standard model particles are greatly
suppressed, ALPs do not thermalize with the other species
and their perturbations remain isocurvature [62]. At later
stages of the cosmological evolution, the dark matter ALPs
pick up a significant contribution to the energy density of
the Universe, and so they contribute to the temperature and
polarization fluctuations of the CMB as cold dark matter
isocurvature modes.

Planck has set strong bounds on isocurvature
perturbations [35],
A2 (k,
Piso = AL (38)

AG(k.) + A% (k)

at 95% C.L. Here, Aj(k,) and A%(k,) are the power
spectrum of the axion and curvature perturbations at the
pivot scale k,, respectively. Once the value of A% (k,) is set
[Planck gives A% (k,) = 2.1(9) x 107°], this translates into
a bound on the axion isocurvature fluctuations.

To use these limits to constrain our scenario, we have to
compute our prediction for

5=(G))
P
that is, we need to evolve the fluctuations in the energy
density until the time of emission of the CMB and compare
them with the homogeneous average value.
If the evolution of the field is linear, as it is in the case of
canonical ALP models with a purely quadratic potential,

the power spectrum is constant during the cosmological
evolution. As a consequence, one can evaluate it at any

. (39)

femB

%It is also necessary that the symmetry is not restored during
reheating [60]. We will assume this to be true.

point, such as right after inflation and before the onset of
the oscillations in the ALP field. However, in any model
that contains anharmonicities, the evolution at early times
will be nonlinear, which implies that Ai will evolve
nontrivially after inflation. Thus, to arrive at the correct
prediction for the isocurvature perturbations, we have to
track the evolution of the fluctuations until late times.

In addition to the limits from isocurvature fluctuations,
the inflationary fluctuations’ in the ALP field also forbid
tuning the initial misalignment angle with arbitrary pre-
cision. In fact, there is an unavoidable limit to this tuning,
and it is that our tuning precision cannot be better than the
fluctuations, with 6y = yH; /(2% f,), as was argued in [42].
This has two related consequences. The first is that the
initial misalignment angle cannot be infinitely close to zero.
The requirement that the current ALP energy density is not
bigger than the measured dark matter density Qch?> ~0.12
then sets a bound on the parameter space. This bound is
model independent (as long as all the potentials are
approximately quadratic for small #) and roughly requires

102 GeV'\ *
m < (76) ev. (40)
H

Secondly, if the field range is compact (as for the usual
canonical ALP), an argument similar to the one above tells
us that some regions of the parameter space will not yield
enough energy density to account for all the dark matter.
Indeed, it is not possible to tune the initial value of the field
at the top of the potential with infinite precision, due to the
presence of fluctuations. The requirement here is that
7 —0y <yH;/(2xf,). This particular limit will strongly
depend on the anharmonicity of the potential, so it is not
possible to give a more explicit expression. We discuss
some particular cases in the next subsection. However, this
last effect will not be relevant in our noncanonical model,
as there we have an unbounded field range (our potential
does not have a maximum).

A. Isocurvature perturbations
for anharmonic potentials

We now present a general analytical expression to
compute the isocurvature perturbations in general ALP
models where the potential might have big anharmonicities.
We do this using the anharmonicity function formalism that
we presented in the previous section. An equivalent result
was derived in [63] using the SN formalism. Here we
provide a more straightforward derivation and extend the
use of the formula to more general potentials.

To evaluate expression (39), we will use the fact that at
tcmp the field should already be oscillating harmonically,

7Quz:mtum fluctuations of the ALP field should also be
considered, but their effect is negligible when compared to the
inflationary fluctuations.
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as observations require it to behave as cold dark matter
already by the time of matter-radiation equality. As we are
already well within the adiabatic regime, the anharmonicity
function approach will work well to describe the evolution
of the energy density, which means that we can use
Eq. (36). As fluctuations are small, we can work to linear
order in 6, to find®

py\ 2
2 _ [
5-(())
¢ fcmB
_ dlogpy(tems)
dlog ¢
B 2 dlog6

— 4]/2 H%
1210

JUG))
.
90>2. (41)

1dlog f(0)
2 dlogé

Note that even if this quantity is evaluated at rcyp, it

directly depends only on the initial misalignment angle and

the statistics of its fluctuations at inflation. All the infor-

mation about the later evolution is encoded in the anhar-

monicity function.

We will now apply the formula (59) to both the case of
the canonical ALP with a cosine potential and to our
noncanonical model, and compare the results with the
harmonic approximation.

For the harmonic case, where f(6,) = 1, we have the
usual expression

Hj

2 2
=Y ' —=5-
220

Al (42)

The constraints that one finds, for different values of the
energy scale of inflation, are presented in Fig. 6. The
harmonic case in particular corresponds to the first column
of plots.

Of course, the harmonic case can only be an approxi-
mation valid for small 6, as ALP models should preserve
the shift symmetry 6+ 2z. Among the potentials
that satisfy this condition, the most commonly used is
V(6) = m?*(1 — cos@). The anharmonicity function that
appears in this case was studied in [49-52]. After compar-
ing with numerical simulations, we have decided to use a
slightly different version of it, proposed in [53], which
provides a better fit to the numerical data,

SHere we implicitly assume that the fluctuations are still
superhorizon when the adiabatic regime is reached. This is
indeed the case for all the large scale modes of cosmological
interest, like the ones probed by the CMB.

600 = e )]

With this, it is easy to arrive at the following expression for
the isocurvature perturbations,

_ 7 3 1 2
%_ﬁﬁﬁ%0+ﬂ%mKWW—J' “4)

Note that this reduces to the harmonic result for small 6.
However, for angles close to 7, the isocurvature perturba-
tions are greatly enhanced. As expected, this function
diverges at 6, = =z, but as we have noted before, this limit
is unattainable because of the fluctuations in the field. In
Fig. 6, we can see that the limits we can put on the
parameter space are a bit stronger than in the harmonic
case, in particular for low values of m and f,, which
correspond to large values of the initial misalignment angle.

Finally, we turn to the noncanonical case. The main
difference with the canonical ALP, aside from the shape of
the potential, is that here we are dealing with an unbounded
field range. As the potential is asymptotically flat, it is
always possible to enhance the production of ALPs by
choosing a larger initial misalignment angle, as we saw in
Sec. III. This means that this model can always evade the
limits related to underproduction of dark matter. Using the
anharmonicity function that we derived in the previous
section, we find that the isocurvature power spectrum
generated in this scenario is

2yt 1 2 (45)
R (1+—bN00> : 45
A T 2

where b = 0.56. Again, this reduces to the harmonic case
for small 6. The last column of plots in Fig. 6 illustrates the
limits that arise from the Planck data. Note that in the
harmonic and canonical model featuring a compact field
range a strong restriction on the parameter space is given by
the requirement to produce enough dark matter (the limits
arising from this condition are shaded in purple in Fig. 6).
As we have already argued, this limit is not present in our
noncanonical setup, which features an unbounded field
range. As a consequence, this model opens up a large
region of parameter space, corresponding to low masses
and decay constants, that was disfavored until now.

Finally let us remark that, as is well known, high scale
inflation strongly constrains ALP models due to the
generation of large isocurvature perturbations, which are
not seen in the CMB. The tensor to scalar ratio r is strongly
correlated with a high scale of inflation, so a detection of
primordial gravitational waves would put a strong con-
straint on all axion and ALP dark matter models, including
ours. Future experiments [64—66] are expected to increase
the sensitivity in measuring » and thus the energy scale of
inflation.
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FIG. 6. Isocurvature limits arising in the three different models studied: the harmonic potential (left), the canonical ALP (center) and

the noncanonical one (right). From top to bottom, we plot the limits in the (m, f,,) parameter space for different values of the energy
scale of inflation H,. Note that a higher H, puts stronger bounds on ALP models. In fact, H; = 10'?> GeV rules out the complete
parameter space, whereas for H; < 10° GeV, the limits are very weak.

V. COUPLING TO QCD: TEMPERATURE-
DEPENDENT MASS

So far, we have not assumed a coupling of the ALP to any
other field. In what follows, we will allow for a coupling to
gluons via a term 0GG. We will study two distinct cases.
First, we contemplate the possibility of having a noncanoni-
cal kinetic term in an otherwise QCD-axion model. Then, we
add an extra term to the Lagrangian which, as we will see,
allows us to construct a model of light ALPs that enjoys
relatively strong gluon couplings.

A. The QCD axion

In this section we will focus on the QCD axion as
introduced by Peccei and Quinn as a solution to the strong
CP problem in quantum chromodynamics (QCD) [4-6].

The Lagrangian for the canonically normalized axion
field is now

Ly= %B”qﬁaﬂqﬁ — Adep (1 - cos%) , (46)

a
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and as usual we can define the angle 6 = ¢/ f,, so that
0 € (==, ). For our modification with a noncanonically
normalized field, we have

L ) > pd,p — Noep (1 — cos %) . (47

o= 7 .\
2cos? (N %

and after we perform a field redefinition to have it
canonically normalized, we find the Lagrangian

1 2 N
L,= Eau(paﬂ(p — Adep {l —cos <Narctan (tanhzf(p) )} .

(48)

There is just one difference that makes the QCD axion case
particular, and it is that here the energy scale appearing in
the potential is fixed by QCD to be [43]

Agep = [z, M ~76 MeV. (49)

m, +my

It is easy to see that the mass of the axion, m,, is given by
famy = AéCD. It is important to note that the numerical
value quoted above is only valid at zero (or very low)
temperatures. Indeed, the axion potential is affected by
finite temperature effects, such that the mass of the axion
varies with temperature. At low temperatures below the
QCD critical temperature T ~ 160-170 MeV, the mass
remains roughly constant.” That said, much of the dynam-
ics that is of interest to us will happen in the early Universe,
at temperatures close to or above 7. There are different
ways to compute the temperature dependence of the axion
mass [42,43,49,52,67,68]. The function that controls the
temperature dependence of the axion mass is the topologi-
cal susceptibility y(7'), which is usually parametrized as a
power law:

T T \2a
w3(1) =21 where 4(1) 2 (2-) . (50)
fa Tcrit
Here we will use 2a = —7.1 and y, = 0.11, from recent

lattice computations [68] that are consistent with the
instanton values up to an overall normalization factor.
We see that the main effect is that the mass of the axion is
approximately constant until 7, and then it drops as a
power law, so that the axion is essentially massless at high
temperatures. The most important implication of the
temperature-dependent mass is that a smaller mass at early
times can delay the start of the oscillations of the field,
which in turn results in a higher energy density of axionic

The small temperature dependence can be computed using
chiral perturbation theory as in [43].

dark matter today. This happens both for the canonical and
noncanonical axion models.

B. Anharmonicity function and isocurvature
perturbations revisited: Temperature dependence

We have seen that coupling ALPs to QCD through ¢GG
results in a temperature-dependent mass for the ALP, both
in the canonical and noncanonical setup. This of course has
an impact on its cosmological evolution, which can be of
importance in computing observables such as the isocur-
vature perturbations that we discussed in Sec. IV. To
account for this effect, we will modify the anharmonicity
function formalism that we introduced in Sec. IIIC to
incorporate the temperature dependence. That is, we want
to compute

P
FT(HOVfa) = h{u’m ’ (5])

evaluated at a point in time late enough so that the
anharmonic and temperature-dependent axion field has
already entered the adiabatic regime.

For definiteness, we will use the following expression for
the axion mass:

m L)“ i T > T,
mg, lf T S Tcrit'

First of all, we note that this temperature dependence will
only have an effect if the field starts oscillating before the
QCD critical temperature 7. In the harmonic limit, this
means that if the mass is smaller than m}, defined by
3H(T ;) = m}, the field will have acquired its late-time
mass by the time it starts oscillating. Thus, the later
evolution of the field will be insensitive to the temperature
effects that happened earlier on. In terms of decay con-
stants, this sets a distinct scale:

* 8.7 x 10" GeV. (53)

If we take into account the anharmonicities of the
potential, it might happen that the start of the oscillations
is delayed until after 7';, even if f, < f%. The condition to
be in this regime is that the initial misalignment angle 0, is
larger than some value 6;(f,). This value is given for a
general anharmonicity function'® by

(]’%)/ — 7). (54)

"Note the difference between f(6;), which is the anharmo-
nicity function presented in Sec. III C and induced purely by the
shape of the potential, and F7(0y, f,), which also includes the
effects of the temperature-dependent mass.

023539-12



For the case of a canonical axion with a cosine potential
like in (46), we find

oitra =al1-ep (1= )" o)

a

whereas in the noncanonical case (48), we find

Wilfur V) 25 log (—) (56)

For any set of decay constants and initial misalignment
angles that satisfy f, < f; and 6, < 6, we compute Fr for
a generic anharmonic potential, finding

Fr(O0.f) = (}i)_) FE)E 67)

a

The details of the derivation of this result are given in
Appendix B. Here we see that the result depends critically
on the exponent of the temperature dependence of the axion
mass at high temperatures above the QCD critical temper-
ature. To sum up, we can write the full temperature-
dependent anharmonicity function as follows:

FT(QOsfa)
f(6) if fo > fa
_ J f(6y) if f,<f, and 6, > 0,

it fo < fa

and 6, < 0.

(5)7 - o=
(58)

With this, we can use the same approach as in Sec. IVA to
compute the isocurvature perturbations, this time using the
temperature-dependent anharmonicity function,

H? 2
b= 492 ! <1 + ) . (59)
0y

Az’ f [2,0(2)

We apply this formula for both the canonical QCD axion
and for our noncanonical model, and obtain the results
presented in Figs. 7 and 8, respectively. For the canonical
QCD axion, our results are an update from the ones
obtained in [63,69], as we are using the more recent data
from the Planck satellite and a better fitting anharmonicity
function.

1dlog Fr(0)
2 dlog6

C. ALPs coupled to QCD with f,m < A§cp

Let us now study the possibility of an ALP having a
coupling to the GG term while satisfying f,m < AéCD.
This is an interesting region of the parameter space, as
ALPs that satisfy these conditions may be found by looking
for an oscillating nucleon or atomic electric dipole moment.

QCD axion, Canonical

8 Symmetry broken| -1
Underproduction of DM after inflation

111 F-4
S S
()] 4 - (Y]
& 14 70
~ o
- 17 10 £
8 Allowed 3

20 -13

23 T T T -16

4 6 8 10 12 14
log H, (GeV)
FIG. 7. Isocurvature constraints on the axion scale f, as a

function of the inflation scale H; for the QCD axion with
potential (46). Both the anharmonicities of the potential and
the temperature dependence of the mass are taken into account
through the anharmonicity function defined in (58). Our results
differ slightly from the ones obtained in [63,69] due to the fact
that we are using the more recent data from the Planck satellite
and a different anharmonicity function.

QCD axion, Non-canonical

Symmetry broken -1
after inflation
114 -4
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FIG. 8. Isocurvature constraints on the axion scale f, as a
function of the inflation scale H; for the QCD axion with a
noncanonical kinetic term (47). Both the anharmonicities of the
potential and the temperature dependence of the mass are taken
into account through the anharmonicity function defined in (58).

There exist a number of proposed laboratory searches
focusing on this direction [27,31,32,70].

However, we have seen that coupling the ALP to QCD
via a term proportional to GG induces an irreducible
contribution to the mass, given by (49). Explicitly this
contributes

m2(T = 0) ~ <5.7 x 1075 eV <10“fﬂ)>2 (60)
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to the square of the axion mass as given in [43]. This
contribution will also have a temperature dependence as
described by (50).

A priori, this irreducible contribution to the axion mass
seems irreconcilable with the condition f,m <« AéCD [28].
The only known way of circumventing this caveat is to
precisely cancel this contribution with an additional, fine-
tuned term in the Lagrangian. Acknowledging the flaws of
this ad hoc approach, we follow it and study the phenom-
enology of such models when allowing for a noncanonical
kinetic term.

At the level of the Lagrangian, we add an extra term to
the potential so that it becomes

V($) = Agep (1 - cos%) - A} <1 - cos (n‘? + a))
(61)

In principle there can exist a phase difference between
both contributions. For our purposes, it will be necessary to
require that this phase difference vanish, so we will take
a = 0. This can be viewed as equivalent to asking for a
separate solution to the strong CP problem. In principle any
integer n is possible but for simplicity we will limit
ourselves to the n =1 case. In the small ¢ limit, this
potential induces a mass for the ALP,

m* = m2(T) — m3, (62)

where myf, = A% and recall that m,, is completely fixed by
faasin Eq. (60). It is then possible to choose m, so that we
get any zero-temperature mass for the ALP; i.e., we can set
m3 = m2(T = 0) —m?. We are interested in the m?> <
mZ(T = 0) regime. The full mass can then be expressed as

m*(T) = m%(T) — m2(0) + m>. (63)

Because at early times the QCD contribution is strongly
suppressed, in that regime we have m?(T) < 0. We will use
the following simplified expression for the temperature-
dependent mass of the ALP:

2
mz(T):{m2 forT<Tcm.
—m3(0) for T > Ty

Note that the negative mass does not indicate an unstable
potential but only that ¢ =0 is not the minimum at
that time.

(64)

1. Canonical case

As a first step, we implement the mass subtraction and
the resulting temperature dependence in an ALP model
with a canonically normalized scalar field with potential
given by

Vi) =) (1-c0s ). (69)

a

with m(T') defined in (64). The most relevant feature of this
scenario is that before the QCD phase transition, the
potential is minimized at @ = x rather than at 6 = 0.
Accordingly, at early times the field evolves towards its
minimum at z, around which it will oscillate with damped
amplitude. Then, after the QCD phase transition, the
potential rapidly acquires its late-time shape, with a
minimum at the origin. The field thus oscillates around
its CP-conserving value 6 = 0 at late times. The main role
of the first set of oscillations is to set the initial condition for
the second one to be close to z. We refer to Fig. 9 for a
cartoon explaining this evolution. It should be noted that
this discussion is only valid if f,m <« AéCD, that is, if we
lie to the left of the QCD axion band in Fig. 10. In the other
limit, i.e., f,m > AéCD, the contribution of the QCD mass
is negligible and we recover the usual constant mass ALP
scenario.

Let us now be a bit more quantitative. Initially, H is large
and the field is stuck at its initial value 6. Then, as long as
the early-time mass m,(0) overcomes the Hubble friction
before the QCD phase transition, the field will oscillate
around z. The condition for this to happen is roughly
fa =107 GeV, but this value can be modified by the
anharmonicities depending on the initial misalignment.
These oscillations continue until the temperature decreases
to T.j, at which time the amplitude is approximately
given by

x f12(6). (66)

V(6)
Late times

N |

Early times

FIG. 9. Cartoon explaining the evolution of the field. The red
and blue lines represent the potential before and after the QCD
phase transition, respectively. The green dots and arrows re-
present the evolution of the field. (The oscillations are not drawn
explicitly in order to simplify the figure.) The initial misalign-
ment angle 6, and the value of the field at the QCD phase
transition, @, are depicted.
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FIG. 10. Parameter space of the model defined by the potential
given in (65). We present the isocurvature constraints for different
values of H, ranging from 10° to 10'' GeV. A higher scale of
inflation restricts the model to lie in the respective colored areas.
For the purpose of visualization we have continuously connected
the solution in the two different regimes that we have considered,
i.e., to the left and to the right of the QCD axion band. All the
other limits presented in Fig. 1 are also applicable in this scenario,
as they only depend on the dynamics of the field after the QCD
phase transition.

Here, the anharmonicity function is given by (43) and 7' is
defined by 3H(T;) = m,(0). The value of 0 gives the
initial condition for the oscillations that happen after the
QCD phase transition, now around 6 = 0 and with fre-
quency given by the late-time mass m. Typically, 0. is
very close to z so the anharmonicities of the potential will
play a key role. Taking this into account, we can compute
the energy density of the oscillating scalar field as

keV [m f 2
~0.17—= F(T — (=2 — ) &% F(O. 67
p cm’ F(1) eV<1011 GeV> aref (Oert), - (67)

where 3H(T,) = m.

We can then determine in what region of parameter space
the right dark matter abundance can be generated with an
initial misalignment angle 6 of order O(1). It is possible to
either enhance or suppress the energy density given in (67)
by tuning the initial misalignment angle closer to zero or 7.
However, due to Eq. (59), there is an enhancement of the
isocurvature perturbations each time the field gets close to a
maximum of the potential, where the anharmonicity func-
tion becomes large. Because of this, the available tuning of
the initial misalignment angle is very limited in this
scenario due to the stringent constraints on isocurvature
fluctuations. Figure 10 shows how the allowed parameter
space shrinks for larger values of the Hubble scale of
inflation. Despite the strong isocurvature constraints, we
can see that this scenario populates some unexplored
regions of parameter space to the left of the QCD axion

line that could be probed by upcoming experiments looking
for ALPs.

2. Noncanonical case

We now want to implement the temperature-dependent
potential (65) in our noncanonical ALP scenario. In terms
of the cosmological evolution of the field, this is effectively
done by writing

V() = f2m(T) {1 —cos (%arctan <tanh§’—]f’;)>] (68)

This is the same potential as we had before, except that for
high temperatures 7 > T.; the mass squared will be
negative and will be a function only of f,, as given in
(64). This tells us that, depending on the value of the
parameters m and f,, we will have two very different
behaviors, which qualitatively can be understood as follows.

First, if the field does not start rolling until after the QCD
phase transition, then all the dynamics and the observables
will not be affected at all by the features of the potential at
high temperatures. This is because there is no evolution
while the field is frozen by Hubble friction. Only after it has
acquired its late-time mass m does it start rolling, and thus
the cosmological evolution is exactly as we computed in
Sec. III. However, the key difference is that now the ALP is
coupled to GG, so it may be tested by observables and
experiments that exploit this coupling.

The other option is, of course, that the field starts rolling
before the QCD phase transition. Then the dynamics can
depend strongly on the initial conditions and is rather
complicated. However, we will see that this scenario leads
to an overproduction of ALPs whose energy density
exceeds the observed CDM one. As we are only interested
in ALPS as dark matter candidates, the second scenario is
not interesting for us and we just need to focus on the
first one.

Let us now be more quantitative and compute what
region of the parameter space allows for ALP dark matter
with a noncanonical kinetic term and coupled to QCD. As
we have anticipated, this ALP will only be a good dark
matter candidate if its evolution is frozen until after the
QCD phase transition. Then, the present ALP energy
density will only depend on f,, the present mass m and
the initial misalignment angle . The latter is given by
Eq. (36), and satisfies

7.26 eV /10! GeV\ 2
2 AbNyy ~ _
vie °‘f<T1>\/m< 7. ) ()

where T is the temperature at which the oscillations start.

We now need to find what the region of the parameter
space is where the field starts oscillating only after the QCD
phase transition. The QCD phase transition happens at a
temperature of around 7'.;, ~ 160 MeV, which corresponds
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FIG. 11. Parameter space for ALPs with a noncanonical kinetic term of the form (11) coupled to QCD via a GG term, along with
constraints coming from its cosmological evolution and searches for an oscillating EDM. Each panel represents a different value of the
parameter N. This scenario can provide the right dark matter density in the yellow shaded region, while the areas excluded by
overproduction of dark matter or the condition (31) to avoid a second period of inflation are colored in white. The brown region is
excluded by reanalyzing data originally intended to search for a static neutron EDM in order to look for an oscillating one [30]. The dark
green region in the first figure is inconsistent with the production of the observed abundance of light elements during big bang
nucleosynthesis [28]. This limit is effective only for N < 4 and absent in the other figures. Similarly, the limit from [33] corresponding
to the ALP field being sourced at the Sun only applies for small values of N, while the Earth one stays valid in all cases. Finally, f, is
(softly) bounded from above by the requirement that it does not exceed the Planck scale, and from below by the supernova limits

estimated in [29].

to a Hubble parameter of H(T;) ~ 10~'! eV. By asking
that 3H (To) > |V (wo)|'/?, we get the condition

H(To) > 324 x 10 eV - [2N sin%]—'(Tl)l/(”’)

yp (m O\ 1/#) fa 1/b-1
Vo \oy 10" Gev '

This region is plotted in Fig. 11, together with the further
cosmological and astrophysical bounds that restrict the
parameter space.

Finally we still have to justify our claim that if the field
starts oscillating before the QCD phase transition we
always get an overproduction of ALPs. For a given

(70)

(m, f,), any initial misalignment angle bigger than the
one given by (69) will lead to an energy density in ALPs
greater than the observed dark matter one. But if the
condition (70) is not satisfied, then the field will start
rolling towards bigger y values, because m?(T) < 0 at high
temperatures. Thus, the effect of the rolling at high
temperatures is to drive the field away from the required
misalignment angle to give the correct dark matter abun-
dance. This statement is independent of what misalignment
angle we start with, and thus rules out ALPs in the region
colored in white in Fig. 11 as dark matter candidates."'

"Sych an overproduction could, e.g., be ameliorated in
scenarios with two stages of inflation [71,72].
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D. Big bang nucleosynthesis

Aside from a potential over (or under) production there is
an additional constraint that rules out large areas of
experimentally accessible parameter space. This arises
from cosmology, more precisely BBN [28]. A nonvanish-
ing @ angle at the time of BBN can spoil the production of
light elements such as “He. This is due to the fact that a
nonvanishing @ angle induces a difference between the
mass of the proton and the neutron [73]

2 2
mg — my

4
\/mﬁ + m3 + 2m,my cos

sQ0=m,—m . (71

where ¢, ~ 2.5 can be determined by looking at the mass
splitting Mg — My in the baryon octet [74]. A larger mass
splitting means that the freeze-out abundance of neutrons
with respect to protons would be lower. In addition to that,
the free neutron decay rate is enhanced, which means that
more neutrons decay between freeze-out and nucleosyn-
thesis. This depletion of neutrons'” eventually turns into an
underproduction of “He. Based on the discussion in [28,75],
these effects result in a shift that can be estimated as

8Y, Y)—-Y,(0)

oy _
Y, Y9
Y3\ (8(n/p)
=(1- J) ( fry 5F,,tnuc) ~0.660%. (72
( 2 (n/p)fr ( )

Using the values Y(p’ = 0.25 and 1, = 880 s [76], one can
now take the conservative limit [6Y,/Y ,| < 10% to see that
successful nucleosynthesis requires

Oppn < 0.39. (73)

In our noncanonical model, the first thing we notice is that
the @ angle is bounded,

2 Ny b4
6] = |Narctan (tanh 5 ) < N (74)
so the BBN bound is completely avoided if N > 4. For
smaller N we are in the region of small 6 and the behavior is
approximately that of a canonical ALP. Here we use the
bound given in [28]. The corresponding excluded region is
shaded in darker and labeled “BBN” in Fig. 11.

There are other effects that play a role, like the change in the
deuteron binding energy or the rise in the freeze-out temperature.
We have found that the contribution of these effects is smaller
than the one considered above, so we neglected them for this
analysis.

VI. CONCLUSIONS

The question raised in this paper can be summarized in
the following way: is it possible to have an axionlike
particle with a noncanonical kinetic term as a phenomeno-
logically viable and interesting dark matter candidate? Our
study points towards an affirmative answer. Using in
particular a noncanonical term with singularities similar
to those used in a-attractor models for inflation we find a
significantly enlarged parameter space for dark matter. In
particular, regions with larger couplings—where canonical
ALPs are underproduced—now become viable, offering
interesting possibilities for near future experiments.

For the production via the misalignment mechanism the
key feature of the noncanonical kinetic term is that today’s
ALP energy density is enhanced due to a delay in the start of
the oscillations. This arises because the effective potential is
flattened by the growing noncanonical kinetic term, which
also makes the field range of the physical field unbounded.
As a consequence, any combination of mass and decay
constant can generate enough ALP energy density to account
for all the dark matter that we observe in the Universe.

An important cosmological constraint arises from iso-
curvature fluctuations imprinted by inflation. To apply
these constraints to our scenario we give a simple derivation
of the size of isocurvature fluctuations in general models
with arbitrary potential and even a temperature dependence
of the potential. As a useful cross-check we have updated
the isocurvature constraints [63,69] using the newest
Planck data [35] and the most recent results for the
QCD topological susceptibility [68]. The result can be
found in Fig. 7. In our noncanonical setup the isocurvature
constraints are even slightly weaker as can be seen in Fig. 8.

An interesting nontrivial situation arises if the ALP is
coupled to the strong interactions, i.e., via a term ~$GG.
This is of particular interest since a number of experiments
are currently searching for ALP dark matter with this
coupling [30-32]. The coupling to gluons leads to two
nontrivial features: the generation of a temperature-
dependent, irreducible contribution to the ALP mass and
an effective ALP-field-value-dependent nucleon mass. The
former naively makes large parts of the low mass region
explored by current experiments inaccessible [28]. This can
be avoided by invoking a precise cancellation with an
additional term in the ALP potential (with or without
noncanonical terms). The latter leads to strong constraints
from big bang nucleosynthesis. These are significantly
weakened in our scenario with a noncanonical kinetic term.
This opens up significant parameter space that can be
explored in near future experiments such as Casper [31]
and HeXeniA [32], as well as EDM storage rings [77].
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APPENDIX A: EFFECT OF HIGHER-ORDER
POLES IN THE KINETIC FUNCTION

In this appendix we briefly study how our results change
if we allow our noncanonical kinetic term for the ALP field
to have a pole of arbitrary (even) order. We work with the
Lagrangian (4), this time with the kinetic function given by

1
K(¢):W,

a

peN. (A1)

Note that with this definition the order of the pole is 2p. In
the main body we have focused on the p =1 case. As
opposed to the p = 1 case, for a general value of p itis not
possible to find an exact analytic expression for the
transformation to the canonically normalized field ().
However, we can find an approximate expression, valid
close to the pole at ¢/ f, = n/(2N), by expanding K (¢) in
a Laurent series and keeping only the leading divergent
term. With that, we can then proceed as in Sec. III B and
obtain an estimation for the enhancement in the relic
density. The result is

panh {expgl\’vlo7 p=1
pharm (Nl//())%(lJr’iT/zl), p ?é | .
(A2)

Due to the now unbounded field range, a significant
enhancement is possible. Nevertheless, it may seem that
the enhancement effect is much weaker in the p > 1 cases,
which could seem counterintuitive. However, we must note
that the field redefinition y(¢) is different for different
values of p, which means that it is not so obvious to
compare the distinct cases just by looking at (A2). In order
to be able to compare, we can recast (A2) in terms of the
noncanonically normalized field ¢, which avoids the
problem of the p-dependent field redefinition. Doing so,
we can write

panh ( 1 ) 2p—1 ( )
X | ——= , A3
o\

which is valid for all p € N. Looking at (A3) we can
confirm that there exists an enhancement in the ALP relic
density for all values of p. What is more, looking at it from
the point of view of the noncanonically normalized field,

the effect is stronger the higher the order of the pole, as one
would naively expect.

APPENDIX B: TEMPERATURE-DEPENDENT
ANHARMONICITY FUNCTION

In this section we detail how to implement the effects of
the temperature dependence of the QCD axion mass into
the anharmonicity function [53,69]. The approach that we
follow allows us to analytically upgrade any anharmonicity
function that does not include temperature effects into a full
temperature-dependent anharmonicity function. The deri-
vation that we present is valid for any scalar field whose
potential can be factorized as

V(g) =m*(T) - Vo(4). (B1)
where V(¢) is a temperature-independent potential that
has a minimum around which the field can oscillate
(possibly anharmonically), and the temperature depend-
ence acts only as a scaling. This is the case for general
axion models, including those we study in this paper. If
there is no temperature dependence at all, then m(T) = m
and working as in Sec. III C we can express the energy
density of the field with an anharmonic potential as

P = f(6)p™™, (B2)
where pha™ is the solution to the harmonic case described
in Sec. Il A and f(6y) is the anharmonicity function that
depends on the initial value of the dimensionless field
0=0/f.

At the effective level, we can think that the only effect of
the anharmonicities is to change the time (or temperature)
at which the oscillations start. This is of course not what
actually happens, but with this approach we will be able to
make a good estimate of the energy density of the field at
late times. In this picture, we have that

f(g ) B panh - Tlsmrm 3 g*S(Tgarm)
0/ = “harm — Tanh Tanh
P S Gxs ( S )

, (B3)

which follows from the dependence of the WKB solution
(27) on the temperature at which oscillations start.”® With
this we can extend the equation for the condition of the start
of the oscillations in the harmonic case, 3H (T‘Sl‘”‘rm) =m, to
the anharmonic case, using an effective mass that encodes
the effects of the anharmonicity. It reads
SH(TE) = m(£(6)). (B4)
This expression will be useful later on.
We now assume that there is a temperature-dependent
mass that evolves as (52), as is the case for axion models.

PIn the following equations, we will neglect all instances of
quotients of effective degrees of freedom, as they only introduce a
small correction and make the derivation much more cumber-
some.
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As was argued in the main body of the paper, if 74" < T4,
the oscillations start after the QCD phase transition, when
the mass has already attained its low-temperature value, and
the temperature dependence has no effect on the later
evolution of the field. In the harmonic case, this happens if
the zero-temperature mass is smaller than m* given by
3H(T ) = m*, that is,

(BS)

T2
m* =3 1.66\/0, (Ten) - 2 6.6 x 1071 eV.
Pl

In terms of decay constants, this translates into a maximum
value fi ~8.7 x 10'© GeV above which the temperature
dependence does not play a role. In the anharmonic case, it
can happen that the anharmonicities delay the start of the
oscillations beyond T, even if f, < f5, if the initial
misalignment angle is large enough. We can use Eq. (B3) to
find an expression for this critical value 6. Writing it in
terms of f7, it reads

(5" -,

from where 6}, can be obtained once an explicit anharmo-
nicity function is chosen.

Finally, if both f, < f and 6, < 8, then T&h > Ty
and the temperature-dependent evolution of the mass will
have an impact on the oscillating behavior of the field. First
of all, we compute how the onset of the oscillations is
modified. For this purpose, we can just substitute the
constant mass m for the temperature-dependent one
m(T) in Eq. (B4). Using the expression for m(T) given
in (52), we have the condition

(B6)

si(rs) = m (1) P, @)

To simplify the notation, we have denoted 7'y the temper-
ature at which the oscillations start if we take into account
both the anharmonicities of V(¢) and the temperature

dependence of m(T). We can recast this equation in terms
of decay constants, finding

L (L.
Tcrit f a
To continue, we use the expression for the energy density

of an oscillating scalar field with a slowly varying mass,
which can be found for instance in [17] and reads'

1

o))

(B8)

p(1) = gmTm(rs) 705 25 () (eo)

At low temperatures below the QCD critical temperature,
the quotient between this expression and the corresponding
one for the harmonic case is

p(T) _m(Ts)Q*s(Tgarm) Tlslarm }
P m gas(Ts) (T) (B10)

But this is precisely what we need to define the temper-
ature-dependent anharmonicity function F(6,, f,). Again,
neglecting the quotient of effective degrees of freedom, we
find

( )

"(T)
S (Tharm> ( cm)3
Cl'ltfa _’;/2

- <Tcrit> <fa>
- (5 e,

It can be checked that this result agrees with the ones given
in [53,69], but it can be applied in more general contexts.

F(QOsfa) E

(B11)

“This expression is a generalization of the WKB approxima-
tion presented before.
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Abstract We determine the model-independent compo-
nent of the couplings of axions to electroweak gauge bosons,
induced by the minimal coupling to QCD inherent to solving
the strong CP problem. The case of the invisible QCD axionis
developed first, and the impact on W and Z axion couplings
is discussed. The analysis is extended next to the generic
framework of heavy true axions and low axion scales, cor-
responding to scenarios with enlarged confining sector. The
mass dependence of the coupling of heavy axions to photons,
W and Z bosons is determined. Furthermore, we perform a
two-coupling-at-a-time phenomenological study where the
gluonic coupling together with individual gauge boson cou-
plings are considered. In this way, the regions excluded by
experimental data for the axion-W W, axion-ZZ and axion-
Zy couplings are determined and analyzed together with the
usual photonic ones. The phenomenological results apply as
well to ALPs which have anomalous couplings to both QCD
and the electroweak bosons.
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1 Introduction

The term “axion” denotes any (pseudo)Nambu—Goldstone
boson (pNGB) of a global chiral U (1) symmetry which is
exact at the classical level but is explicitly broken only by
anomalous couplings to the field strength of QCD and per-
haps other confining groups.! Axions are the characteristic
byproduct of solutions to the strong CP problem based on
an anomalous U (1) axial symmetry, usually called Peccei-
Quinn (PQ) symmetry [1]. Whatever its mass, an axion neces-
sarily has anomalous gluonic couplings and it only deserves
that name if its presence solves the strong CP problem. When
the number of axions in a given theory outnumbers the total
number of distinct instanton-induced scales other than QCD,
one (or more) light axions remain.

In scenarios with an axion a coupled only to QCD, two
states of the spectrum have anomalous couplings, the axion
and the n’. Only one eigenstate can then acquire a mass of the
order A gcp: this is identified as the physical 1’, while the
axion would remain massless in the limit of vanishing quark
masses. The latter are relevant, though, and their impact on

! The SM 7’ is excluded from this definition since the associated U (1) 4
symmetry is also explicitely broken by the non-zero quark masses.

@ Springer



Axion couglings to electroweak gauge bosons 159

the mixing of pseudoscalars results in an axion mass given
by [2,3]

my, mg

2 72 2 £2
mofr~ms fr—mm—
ara T (mu +md)2’

(1.1)

where my, fr,m,, mg denote the pion mass and decay con-
stant, and the up and down quark masses, respectively. The
axion scale to which all axion couplings are inversely pro-
portional is denoted by f,. The expression in Eq. (1.1) is
characteristic of all usual “invisible” axion constructions,
characterised by QCD being the only confining gauge group.
Paradigmatic examples are the DFSZ and the KSVZ mod-
els [4-7] and their variations. These invisible axions are also
called QCD axions.

The main phenomenological constraints for QCD axions
are obtained from their couplings to photons, gluons and
fermions. For instance, the effective coupling to photons
gayy 1s defined as

1 ~
8L D {Zayy @ Fun F", (1.2)

1 E
8ayy = _Raem (ﬁ - 1-92(4)) ,

where F),, is he electromagnetic field strength, a,,, the corre-
sponding fine structure constant, and £ and N denote respec-
tively the electromagnetic and color anomaly coefficients.
The ratio E/N is model-dependent and has been recently
computed in Refs. [8,9] for different representations of exotic
fermions in standard “invisible axion” models. This ratio
contains all direct loop contributions of PQ and electrically
charged fermions, including the up and down and other SM
quarks if PQ charged. The second term in the parenthesis in
Eq. (1.3) is instead model-independent [3,10-13]. It stems
from the mixing of the axion with the ’ pseudoscalar -as both
couple to G,WG’“’ with G, being the QCD field strength-
and also with the pion through the n’-pion mixing due to the
up-down quarks mass difference. Obviously, such model-
independent mixings are relevant for axions lighter than the
QCD confining scale, while if the axion is much heavier this
effect should become negligible.

Light enough axions (that s, below O (100 MeV)) can par-
ticipate in astrophysical phenomena [ 14—16]. The constraints
that follow from their non-observation in photonic processes
lead to very high values for the decay constant, f, > 108
GeV. It follows then from Eq. (1.1) that m, < 1072 eV for
QCD axions.

Nevertheless, in specific QCD axion models the coupling
to photons may be suppressed [9,17] and moreover large
uncertainties may hover over the purely hadronic constraints
[18]. It is thus important to analyze the axion couplings to
other electroweak gauge bosons, as they may become the

(1.3)
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phenomenologically dominant couplings in certain regions
of the parameter space for those models. Couplings of axions
and also of axion-like particles (ALPs) to heavy gauge bosons
are increasingly explored [19-25] in view of present and
future collider data, and also in view of rare meson decay data.
Forinstance, in addition to LHC-related signals, recent works
[26,27] consider the one-loop impact of a W W couplings on
rare meson decays.

Here we first determine the model-independent compo-
nents of the mixing of QCD axions with electroweak gauge
bosons, which result from the mixing of the axion with
the pseudoscalar mesons of the SM. In other words, we
determine the equivalent of the 1.92 factor in the photonic
coupling in Eq. (1.3), for the couplings of the axion to
W and Z gauge bosons. A chiral Lagrangian formulation
will be used for this purpose, determining the leading-order
effects. The heavy electroweak gauge bosons will be intro-
duced in that Lagrangian as external —classical— sources. Our
results should impact the analyses for light axions of theo-
ries which solve the strong CP problem. They are novel and
relevant in particular whenever the axion is lighter than the
QCD confining scale and is on-shell in either low-energy or
high-energy experiments. They also impact the comparison
between the data taken at experiments at low and high-energy.
For instance, a null result in NA62 data for K — ma does
not imply the absence of a signal at high energy in an acceler-
ator such as that from off-shell axions at LEP or at a collider.
This is because model-independent contributions are present
at the low momenta dominant in rare decays (and cancella-
tions may then take place), while at high energies they are
absent.

As a second step, we will extend the analysis to heavy
axions which solve the strong CP problem. Axions much
heavier than A gcp and with low axion scales are possible
within dynamical solutions to the strong CP problem, at the
expense of enlarging the confining sector of the Standard
Model (SM) beyond QCD [28-39]. These theories introduce
a second and large instanton-induced scale A" > Apcp to
which the axion also exhibits anomalous couplings, result-
ing in the bulk of its large mass. Precisely because the axion
mass typically lies well above the MeV regime, these heavy
axions avoid the stringent astrophysical and laboratory con-
straints and present and future colliders may discover them.
The transition between the light and heavy axion regime will
be explored for the coupling of the axion to the photon and
to the electroweak gauge bosons.

Finally, the phenomenological part of the analysis will
be carried out on a “two-coupling-at-a-time” basis: it will
take into account the simultaneous presence of a given elec-
troweak coupling and the axion—gluon—gluon anomalous
coupling (essential to solve the strong CP problem). For
the analysis of data, for the first time the experimentally
excluded areas for the EW couplings gaww, gazz and g4y z
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will be identified and depicted separately, besides the custom-
ary ones for the g,,, coupling. Furthermore, the relations
among the exclusion regions stemming from electroweak
gauge invariance will be determined and exploited. Model
predictions will be illustrated over the experimental param-
eter space.

Aside from the main focus of the paper on true axions, our
analysis applies to and calls for a timely extension of the ALP
parameter space. Very interesting bounds on ALPs from LEP
and LHC [19-25,40,41] assume often just one electroweak
coupling for the axion, and no gluonic coupling. The path to
consider any two (or more) couplings at a time will change
the experimental perspective on ALPs.

What is the difference between a heavy axion and an ALP
with both anomalous electroweak and gluonic couplings?
The key distinction is that the former stems from a solution to
the strong CP problem while a “gluonic ALP” may not. Both
exhibit anomalous couplings to QCD and in both cases there
is an external source of mass besides that induced by QCD
instantons and mixing. However, for a true heavy axion that
extra source of mass does not induce a shift of the # parameter
outside the CP conserving minimum (and thus the solution
to the strong CP problem is preserved), while for a generic
gluonic ALP such a shift may be induced. Nevertheless, this
important distinction is not directly relevant for this work, as
the novel aspects and phenomenological analysis developed
below are valid for both true heavy axions which solve the
strong CP problem and for gluonic ALPs. To sum up, all
results below for heavy axions apply directly to gluonic ALPs
as well. In addition, the conclusions based purely on EW
gauge invariance have an even larger reach: they hold for all
type of axions and for generic ALPs (that is, ALPs with or
without gluonic couplings).

The structure of the paper can be easily inferred from the
Table of Contents.

2 The Lagrangian for the QCD axion

Without loss of generality, the axion couplings can be
encoded in a model-independent way in an effective
Lagrangian. At leading order in inverse powers of the scale
fpq at which the global PQ symmetry is broken, and at ener-
gies above the electroweak (EW) scale, it reads

.. N
Lot = Lsm + E(aua)(a"a) + 8%, 2.1

where a denotes the axion eigenstate at energies well above
the confinement scale and Lgy is the SM Lagrangian,

1
ESM B _ZGZVGaIw —

1
— 1 Bu B + D,® Dt

1
2 Wi W

+Y Dy - (QL Yp ®Dg + 01 Yy dUg
v

4L Yy DER + h.c.) . 2.2)

In this expression, W,,, and B,,,, are respectively the SU (2)
and U (1)y gauge field strengths, while ®, Oy, L1, Ug, Dg
and Eg respectively encode the Higgs doublet, the fermion
and lepton doublets, the vectors of right-handed up-type,
down-type quarks and right-handed charged leptons (neu-
trino masses will be disregarded), with v running over all
those type of fermions and ® = io2®*. The three 3 x 3
matrices in flavour space Y p, Yy and Y g encode the Yukawa
couplings for down quarks, up quarks and charged leptons,
respectively. For the effective axion couplings, we first focus
on the anomalous couplings of the axion and their impact on
the pseudoscalar mass matrix.

We will work in the basis in which the only PQ-breaking
operators in the Lagrangian, (S.,S,%BQ , are the anomalous cou-
plings of axions to gauge bosons. This choice is allowed
by the reparametrization invariance of the effective axion
Lagrangian (see “Appendix C”). The CP-conserving and
PQ-violating next-to-leading order (NLO) corrections due
to axion physics then read?

8287 = NoOg + LoOy, + Py O, 2.3)

with Og, Oy; and Op denoting the anomalous axion cou-
plings to gluons, SU(2), and U (1)y gauge bosons, respec-

tively,

O-=-——2G% G —, 2.4

¢ 8w M frQ @4
aw a

0. = — W yya ypam 9 2.5

W = g Wi W, 2.5)
op - a

O; =—— B,,B"—, (2.6)

B 8w " pr

where o, aw and ap denote respectively the fine structure
constants for the QCD, SU (2), and U (1) gauge interactions,
and Ny, Py and L¢ are dimensionless operator coefficients.
Customarily, the Lagrangian in Eq. (2.3) is rewritten as

Ly s Lo o~ 1y L, =
8.%, :ZgaggaGG—i—ZgaWWaWW—i—ZgaBBaBB,
2.7)

where the Lorentz indices of the field strengths are implicit
from now on and

A NOa

gO = _; gOWW = - ! aw Lo,
asg 27 fpQ ¢ 27 fpQ

2 The derivative operators also present in the most general basis [3,24,
42,43] are PQ invariant and thus not shown.
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ap Py. (2.8)

0o _ 1
8aBB = 27 frg

The model-dependent group theoretical factors can be gener-
ically written in terms of the fermionic PQ charges X; as

No= Y 2XT®RYY),
i=heavy

Lo= Y. 2X TRV,
i=heavy

Po= ) 22XV 29)
i=heavy

where A; is the difference between the right-handed and left-
handed PQ charges:>

X = Xpi — Xpi. (2.10)

In Eq. (2.9), T(RiSU<3)) and T(RiSUQ)) are respectively the
Dynkin indices of the fermionic representation R; under
QCD and SU(2)r, and Y; denotes the hypercharge. The
sum over “heavy” fermions and the subscript O indicate
that the contribution to the anomalous couplings from all
exotic heavy quarks, and/or heavy SM quarks (s, ¢, b, and ¢
quarks) if PQ charged, is encoded in the Ny, Lo and Py oper-
ator coefficients. That is, the possible contribution of the SM
first generation up (1) and down (d) quarks is not included in
those coefficients. Indeed, for models in which they have PQ
charges an additional PQ-invariant term must be considered,
replacing the u and d Yukawa couplings in Eq. (2.2) by:

SD?GPQ =—-01.YqPdg ol Xaalfe

— 011 Yy Duge Mdlfea 4 pe., 2.11)

which assumes as convention that the axion transforms under
the PQ symmetry as a —> a + fpq. The &}, 4 dependence
in Eq. (2.11) will be shown below to generate extra contri-
butions to the physical anomalous couplings. In this equa-
tion Q1 denotes the first family doublet, and flavour-mixing
effects as well as leptonic couplings are omitted from now
on for simplicity. In all equations above, color and SU (2)1
indices are implicit and the QCD 6 angle has been removed
from the Lagrangian via the PQ symmetry.

Among the most general set of purely derivative operators,
additional couplings could also be considered, e.g.

0ua / = _

P

SD(fa,dQeriv = _f%Q (QL Yu ClQ QOr + Ugr Yu C]U Ugr
+Dryuct DR), 2.12)

3 Obviously, only left-handed quarks may contribute to Lg: in any case,
it is always possible to work in a convention in which only left-handed
quarks are PQ charged.
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where c?, c%] and cf) are matrices of arbitrary coefficients
in flavour space. Nevertheless, the reparametrization invari-
ance of the Lagrangian [44] allows to work in a basis in
which these terms (which would seed pseudoscalar kinetic
mixing) are absent and their impact is transferred to other
axionic couplings.* From now on they will be disregarded
all through the analysis on pseudoscalar mixing. In summary,
the Lagrangian to be analyzed below when considering mix-
ing effects reads

8L, = 8LP7 4 5280, (2.13)

Below EW symmetry breaking and above confinement
After electroweak symmetry breaking but before QCD

confinement, the effective Lagrangian in Eq. (2.13) results

in

8.4, = —urmyup e Xud/frq

—dyrmgdgé' Xaa/fe 4 .

| N N
+ — 84, a GG + 28arv 4@ FF + 28aww @ ww

4

+ igSZZ&ZZ + %gSVZ&FZ, (2.14)

where
g = “nfeg N0 (2.15)
8y = g e £o- (2.16)
goww = —ﬁi}m Lo, (2.17)
8022 = —ﬁ% 2.18)
goyz = —ZH}PQ sae:‘ 2Ro. (2.19)

In these equations s, and ¢, denote the sine and cosine of
the Weinberg mixing angle and o, = awci =« Bsgj.

For models in which the the first generation of SM quarks
are not PQ charged, X, 4 = 0. When those quarks are instead
charged under PQ, their contribution to the anomalous gauge
couplings has to be included in the group theory factors,
which are replaced by

N=No+ Nuyda, E=Eo+ Eyqa,
L=Lo+ Ly, (2.20)
Z = ZO + Zu,da R = RO + Ru,da (22])

4 In“App. C” it will be explicitly shown that they do not have physical
impact on mixing. Note that possible flavour non-diagonal couplings
are not considered.
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as computed further below. In all cases, only two among the
four parameters £, L, Z and R are linearly independent,
because of gauge invariance, see Eq. (2.3),

E=L+P, Z=LcH+Pst, R=Lc% — Ps?

w*

(2.22)

A non-vanishing N is the trademark of axion models which
solve the strong CP problem, while the presence of the other
couplings is model-dependent. It is customary to define the
physical axion scale f, from the strength of the gluonic cou-

pling:

Ja = fPQ

N (2.23)

2.1 The Lagrangian below the QCD confinement scale

Three pseudoscalars mix once quarks are confined: the axion,
the SM singlet ng and the neutral pion 3. The 73-179 mixing
is due to the quark mass differences which break the global
flavour symmetry. At leading order in the chiral expansion
and in the two quark approximation, the mass Lagrangian for
the pions and 7o reads
Lo Bof—’%Tr():MUrM ):*)
2 @ ey
where By can be expressed in terms of the QCD quark con-
densate (gq) as Bofjf = —2(qq), and M, denotes the quark
mass matrix,

(2.24)

m, O
My = ( 0 md) . (2.25)
The matrix of pseudoscalar fields can be written as
2 (x) = explino/(fr ¥2) Uexpli M/ fr], (2.26)

where the 7 decay constant has been approximated by fr
and

n

fz’ﬁ) . 2.27)

m3
V2r~ —m3

In the presence of the axion, the anomalous QCD current
GG couples to both the axion and the 19 fields and mixes
them. The two mixing sources combined result ultimately in
an axion—pion mixing. For simplicity, we will first consider
the case with X, ; = 0in Eq. (2.11), and afterwards the case
Xu,d 7& 0.

2.1.1 SM light quarks not charged under PQ (Xy 4 = 0)

A popular example of this class of models are KSVZ ones, in
which only heavy exotic quarks are charged under PQ. For
any model in which the # and d SM quarks are singlets of
the PQ symmetry, their quark mass matrix in the basis here

considered is that in Eq. (2.25). In this case N = N9, as all
contributions to the anomalous gluonic coupling are already
included in N°. The potential for the three pseudoscalars is,
at first order in the pseudoscalar masses,

V =—Byf? [mu cos <% + %:) + my cos (% - %)}

1 2
+ K<2@+i> :

- 2.28
PR 2:28)

where the last term stems from the instanton potential with
K ~ A“QC p [45-47]. The resulting mass matrix for the three
neutral pseudoscalars is given by

M{27T3, no.a}
By (my, +mgq) By (my —mg) 0
= (Bo (my —mgq) 4K/ fz + Bo(my + ma) ZK/(fnfa))
0 2K /(fr fa) K/f7
(2.29)

The diagonalization leads to the well-known expressions for
the pseudoscalar mass terms:

m,z, >~ By (my +mg),

2 4K
my, ~ — + Bo (my, + mq),
I
2,2
m
mZ: fn kg

a faz

mymy
(my + md)z '

(2.30)

It follows from these expressions that K can be expressed in
terms of the low-energy physical parameters as

1
K~ —(mj —m3) f7.

2.31
1 (2.31)
The corresponding mixing matrix is given by
1 fmg—my) f
2 fa(ma-+my) 2fa
_ f‘(md_mu> 1 _ Iy (mg—my)
2 fa(mg+my) mi, (mg+my) |, (2.32)
_L m% (mg—my) 1
2fa mi, (mg-+my)

@ Springer



Axion couglings to electroweak gauge bosons 163

or, equivalently, the mass eigenstates are given by

a >~ a4+ Oz 3 + Oy Mo, (2.33)
70~ 73 + O q @ + Oryy Mo, (2.34)
77/ ~no+6Oyqa+ 977’71 3. (2.35)

Here, all the mixing angles are assumed small and

g Srma—mu o frmE g —my)
a 2fa my +mgq ’ an 2fa s m%/ (md +my) ’

(2.36)
Ora >~ —6Our, Gnra =~ —ean/, 9,,]/” ~ —97.”,]/. (237)

Only the leading terms for each mixing entry have been kept
in Egs. (2.32)—(2.37). The complete matrix to first order in
1/f, and in quark masses —that is, O(m,zt /m%)— can be found
in “Appendix A”’: the impact of the extra terms may be compa-
rable to that of next-to-leading operators in the chiral expan-
sion and will thus not be retained here.

The results in Egs. (2.33)—(2.37) illustrate that the physi-
cal low-energy axion eigenstate acquires 73 and 79 compo-
nents and thus inherits their couplings to all gauge bosons,
weighted down by their mixing with the axion. These results
apply to any physical process in which the axion is on-shell
and the axion mass is lighter than the confinement scale.

We are interested in identifying the model-independent
contributions in the coupling to the electroweak gauge bosons
for light axions and for the SM light pseudoscalars. We will

Bo (my+ma) Bo (my—mq)
M2 - Bo (my—mq) 4K 4 BoOmu+ma)
{r3.m0.a} I
2NgK
—Bog (mu Xy—mq Xd) %Jrl?of‘% (mu Xy+mq Xd)

2NoK
JrIpQ

2
NOK

For the present case with X, s =0, that is Ey = E and
No = N, it follows that

2 2
0 o qy My + q; My
= + 6 , 2.40
8avy = Bayy 27 f, ( my + mgy > 240)
resulting in the well-known expression
o E  2my,+4my
ayy =~ = — = =2, (2.41)
2nfa \N 3 my+my

which is valid to first order in chiral perturbation theory.
2.1.2 SM light quarks charged under PQ (Xy.a # 0)

The quark mass matrix in Eq. (2.24) is to be replaced by

[ my, 0 el Xud/feqQ 0
My = 0 my 0 ol Xaa/feq |

The potential in Eq. (2.28) is now generalized to
T3 No a
V =—-By 2[m cos(——l——— X, —)
fn ! frr fn ! fPQ

10 a

X —
Jx ¢ fPQ>]

1 no a1?
+-K [2—+ No—] ,
2 fn fPQ

resulting in a pseudoscalar squared mass matrix M,
which takes the form

(2.42)

(2.43)

2
{73, no.a}

—Bo f{)iQ (mu Xu—mq Xd)

I
+Boﬁ(m,, Xy +my Xd) (2.44)
2
5 +B()[T” (m,, Xu2+m,1 X})
) )

first recover in our basis the customary axion—photon cou-
plings, to set the framework.

Axion—photon coupling
The physical g4, is given by

8ayy = g((z)yy + bax 8ryy + 9077’ En'yys (2.38)

where the last two terms are the contributions induced by the
model-independent axion—pion and axion-’ QCD mixing.
Denoting by ¢, and g4 the electric charges of the up and
down quarks, respectively, the photonic couplings of the SM
light pseudoscalars are given by

3a 3a
sayy = = (40 = 4a). 8uvy =~ (au +4a).

(2.39)

@ Springer

The mixing angles in Eqgs. (2.36)—(2.37) still hold but for the
pion—axion mixing which is now given by’

_ fx
2 frQ

Ourn =
my +my

(2.45)

mg —m
(Xd—/\i4+(N0+Xd+Xu)u>-

The coefficient in front of the mass-dependent term in this
equation coincides with the strength of the physical gluonic
couplings,® given by

N = (No+ X; + Xy, (2.46)

5 This expression for the axion—pion mixing agrees with the result of
Ref. [18] for the case where the only PQ charged fermions are the up
and down quarks, i.e. No = 0.

6 As expected from the triangle diagram, all fermions (including the
up and down quarks) run in the loop and contribute to N = Ny +
Yu a2 X T(R) = No+ Xg + X,
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and in consequence

Jx (Xd_XHNw)‘
2Nf, my + mgy

(2.47)

Our >~ —
The expressions for the mass of the physical pion, " and

axion are the same than those in Eq. (2.30).

Axion—photon coupling

For the case in which the up and down quarks are charged
under PQ, &}, 4 # 0, N is given by Eq. (2.46) resulting in

0 o Eja 2myu+4my
= - -z . (248
Sayy = Sayy 27 f, ( N 3 my +my (2.48)
where
Euva = 6X,q2 + 6X1q3. (2.49)
In consequence
__L E_‘_Eu,d_%mu'i“"md
8arv =700t \N TN T 3 e 4y
_ Y (E_2matdmay (2.50)
2nfy, \N 3 my, +my

In summary, the most general mass matrix leads to the same
expression than for the case X, ; = 0 in Eq. (2.55) if taking
into account in E also the contribution of the up and down
quarks.

2.2 Axion couplings to EW gauge bosons

The description in terms of the effective chiral Lagrangian
is only appropriate for energies/momenta not higher than the
cutoff of the effective theory, 47 f, that is, the QCD scale as
set by the nucleon mass. In this context, the W and Z bosons
can be considered as external currents that couple to a QCD
axion whose energy/momentum is not higher than A o p, for
instance a light enough on-shell QCD axion. In other words,
the W and Z bosons enter the effective chiral Lagrangian
as classical sources, alike to the treatment of baryons in the
effective chiral Lagrangian.

We extend here the results of the previous section to the
interactions of axions with SM heavy gauge bosons. Equa-
tion (2.55) is thus generalized for any pair of electroweak
gauge bosons X, Y,

8axy = 80xy + Ourx &xxv + Ouy gyxy- 2.51)

Indeed, all axion couplings to EW bosons receive a model-
independent component due to the pion-r’-axion mixings, in
the regime in which the involved energy/momenta are smaller
or comparable to the confinement scale. A relevant point
when computing the couplings of the QCD axion to heavy

EW bosons is the fact that, after confinement, a new type of
SU (2) 1 -breaking effective interaction of the form
A3 5

aw,,B", (2.52)
is present in addition to those in Eqs. (2.4)—(2.6). It stems via
axion—pion coupling from the 7, Wy, B*" effective interac-
tion. The details of the computation can be found in “App. B”.
In terms of the physical photon, Z and W, the interaction
Lagrangian for the QCD axion is then given by

1 - v 1 >
5.smEe 180850 GG + Jgaww aWW + Sguzza 27

1 - 1 -
+ 38avr FF + 78arz 4@ FZ, (2.53)
where
1
8agg = _znf’as, (2.54)
a
1 E  2my, +4my
= T5 ¢ ~ i T ) 2.55
Sary 27 fy Gem (N 3 my +mg ) ( )
1 oaem (L 3
= T5 ¢ ~ 1) 2.56
8aww 2, 52 <N 4) ( )
_ 1 aem
8az7 = ana S?UC%]
« z List +9¢t B s2(s2 — 2y mg —my
N 12 2 my +mgy
(2.57)
_ I oem
farz = 27 fu SwCw
2R 92 —11s2 1 , 5 mg —my
-~ - — 5 —3s2)—r ).
) ( N 6 © Sw)mu +mg
(2.58)

Equation (2.55) is the known leading-order result [10,13]
for the photonic couplings of the QCD axion, which holds in
all generality for on-shell axions lighter than the QCD con-
finement scale. The contributions in Eqgs. (2.56)—(2.58) are
new and extend that result to the couplings of heavy gauge
bosons in the appropriate energy range. Indeed, the last term
in the parenthesis for each of these couplings encodes the
impact of the mixing of the axion with the pion and 7', see
Egs. (2.15)—(2.19) for comparison with the unmixed case.
These are model-independent contributions, valid for any
QCD axion, i.e., for any model in which the SM strong gauge
group is the only confining force and thus the only source of
an instanton potential for the axion. In other words, they
are valid for any axion whose mass and scale are related by
Eq. (2.30). Note that those corrections hold precisely because
the axion mass is smaller than the confining scale of QCD,
which is the regime in which the SM pseudoscalars lighter
than the QCD scale are the physical eigenstates of the spec-
trum and the mixing effects are meaningful.

@ Springer
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Numerically, at leading order in the chiral expansion it
follows that

Sayy = —ﬁam (% - 2.03) , 2.59)
Gaww = —2nlfa % (% - 0.75) , (2.60)
8azz = _ﬁsze:g (% - 0.52> , 2.61)
8ayz = — 27: fa SZEZ, (%R - 0.74) . (2.62)

The numerical value of the model-independent term in
Eq. (2.59) differs from the usual one [13] of 1.92 in Eq. (1.3),
as the latter includes higher order chiral corrections, a refine-
ment out of the scope of this paper and left for future work.

The model-independent results obtained here for the cou-
pling of light QCD axions to the SM electroweak bosons may
impact axion signals in rare decays in which they partici-
pate. For instance, in low-energy processes the axion could
be be photophobic at low energies [17] (or more generally,
EW-phobic), in models in which the terms in parenthesis
cancel approximately, unlike at higher energies at which
the model-independent component disappears and only the
model-dependence (encodedin E/N,M/N,Z/N and R/N)
is at play.

Gauge invariance

As it was already enforced in Eq. (2.22), the couplings
of the axion to the EW gauge bosons are not indepen-
dent as a consequence of gauge invariance. Indeed, all
four couplings stem from the two independent effective
operators in Egs. (2.5) and (2.6), plus that in Eq. (2.52)
for a light QCD axion (m, <« Agcp). In consequence,
three physical couplings can be independent among the set
{8ayy> 8aww, 8azz. &ayz}, and the following relation must
hold:

) 4 3
w w

8azzZ = — (Cw + 7) 8aWw + —8ayy
c Sw

w

4
S
+ (1 i 7&;) Sayz. (2.63)

w
Note that this result does not depend on the details of any
particular axion model; it is independent of the presence or
absence of gluonic couplings and it thus applies in all gen-
erality for a light pseudoscalar with only anomalous elec-
troweak couplings. That is, it is also valid for generic ALPs
which only have EW interactions. Furthermore, it suggests
that it may be inconsistent to assume only one EW coupling:
the minimum number of physical EW couplings for an axion
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or ALP is two. The relation in Eq. (2.63) sets an avenue to
oversconstrain the parameter space which is promising. It
allows to use the better constrained EW couplings to bound
the fourth one.

3 Beyond the QCD axion

We discuss in this section the case of a “heavy axion”: an
axion whose mass is not given by the QCD axion expression
in Eq. (1.1) but receives instead extra contributions. We have
in mind a true axion which solves the strong CP problem,
for which the source of this extra mass does not spoil the
alignment of the CP conserving minimum. This is the case
for instance of models in which the confining sector of the
SM is enlarged involving a new force with a confining scale
much larger than the QCD one [28-39]. This avenue is of
particular interest as it allows to consider heavy axions and
low axion scales (e.g. O(TeV)), and still solve the SM strong
CP problem. The axion mass can then expand a very large
range of values. It can become much larger than the EW
scale or, conversely, be in the GeV range or lower. For the
purpose of this work, the latter range is to be kept in mind as
a general guideline, so as to remain in the range of validity of
the effective Lagragian with confined hadrons. The procedure
will also serve as a template to show how the mixing effects
disappear from the axion-gauge couplings as the axion mass
is raised.

In practice, the analysis below applies identically to a true
heavy axion which solves the strong CP problem and to a
gluonic ALP, that is, any ALP which has both electroweak
and gluonic anomalous couplings, even if not related to a
solution to the strong CP problem. For the sake of generality,
consider the addition of an extra mass term to the effective
Lagrangian obtained after EW symmetry breaking but above
confinement in Eq. (2.14),

1
8Ly = 3 M?42. (3.1

For simplicity, from now on we focus on the case in which
the first generation of SM quarks carry no PQ charge, as it is
straightforward to enlarge the analysis beyond this hypothe-
sis, as shown in the previous section. After confinement, the
pseudoscalar mass matrix in Eq. (2.29) is then replaced by

M{zﬂyn(J-ﬂ}
By (m, + md) By (my, —my) 0
= (BO (my —mgq) 4K/ fx + Bo(m, +mg) ZK/(fﬂfa))
0 2K /(fr fo) K/ f3+M?
3.2)

In the limit f, > K4 (ie. fa > Aocp) the expressions
for the 7, n” and a mass eigenvalues become
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
m, (GeV)

Fig. 1 Mixing angles as a function of the (heavy) axion mass m,, for
a value of f, = 10TeV. The grey area indicates the range where the
validity of the chiral expansion breaks down. The figure also applies to
gluonic ALPs

mz 2 By (my + mq),
, 4K
my, ~ — + By (my, +myg),
Iz
2.2
m m, m
m2 ~ M* + Jaz __ muma (3.3)

[ (my +ma)*

The corresponding axion—pion and axion-n’ mixing angles
take a very simple form in the limit M > m,,

frr mg —my 1 1
Ouw =~ — 2 7 Oay
2famy+mg 1 M1 _ M
m2 m,27,
fo 1
~ _2f . R (3.4)
a ]l — FQ,

n

where again only the leading term on each entry of the mix-
ing matrix has been retained. In fact, it can be checked that
these equations hold even for small values of M, as long as M
is non-degenerate with the pion or n” mass. The comparison
with Eq. (2.36) ilustrates that the M-dependent corrections
may be important for axion masses near the pion mass or the
n’ mass. The divergences in Eq. (3.4) for an axion degenerate
in mass with the pion or the " are an artifact of the approxi-
mations which in practice correspond to large mixing values,
as expected in those ranges. The numerical results do not rely
on that approximation and are illustrated in Fig. 1: the spikes
correspond to an axion degenerate with either the pion or the

!

n.

3.1 Heavy axion couplings to EW gauge bosons

The couplings of the heavy axion to the electroweak gauge
bosons reflect the dependence of the mixing parameters on
the extra source of mass M, as follows:

1 aem<L 3 1
aww =—s— S |\~ " 1T w2 ) 3.5)
2nfa sH \N 41— (m”,)
1
8ayy = _Raem
E 1 5 mg—my 1
X N_l—(M)z 3 mu+md1_(ﬂ)2 >
myy My
3.6)
_ 1 oem
8azz = 2 fa 203
[z 1 <11s1 +9c,
x| = —
M \2
N 1- (m”/) 12
B s2(s2 —c2ymg —my, 1 )] G
2 mu—i-md]_(mﬂ)z ’
1 aem [2K 1 9c2 — 11s2
S o swen LN T 1 (L) 6
n
L, o Mg —my 1
- = 35 ) — ). 3.8
- sy e (,24)2)} (33)

The M-dependent corrections in these couplings can be rele-
vant for heavy axions which solve the strong CP problem as
well as for gluonic ALPs, as long as their mass parametrized
by Eq. (3.3) is sensibly larger than that for the QCD (i.e. invis-
ible) axion, M? > mjo f,? / faz. These expressions hold as long
as chiral perturbation theory is valid, thatis M < 1 GeV.

For values of M noticeably larger than the 1’ mass the
model prediction depicted is only indicative, as the effective
Lagrangian in terms of pions and 5’ is not really adequate and
the description should the be done in terms of the couplings
to quarks. At those energies (m, > m,) QCD is pertur-
bative and it would be pertinent to compute the two-loop
contribution of the gluonic coupling to the EW gauge boson
couplings. For the case of photons, a qualitative estimation
has been performed in Ref. [21] with the result:

3 dem o (m(%)

f
72 8agg Zq_%Bl(Tf)10g< Q),

88ayy = — —
’ "y

(3.9
leading to a photonic axion coupling given by

1
8ayy = — W“em
a

E 3a? fsz
><<— - =3 Zq%Bl(rf) log<—2 >> (3.10)
N 2n 7 my
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The loop function Bj(tr) will be defined later in Eq. 4.6.
The derivation of the equivalent formula for the coupling of
axions to heavy EW gauge boson couplings is left for future
work. Nevertheless, the analysis presented here conveys the
qualitative behaviour expected for the transition between the
low and high axion mass regimes.

Gauge invariance

For high axion masses (i.e. M > Agcp in Eq. (3.3)),
the mixing of the axion with the SM pseudoscalars becomes
negligible. For those scales, QCD enters the perturbative
regime and Eq. (3.9) illustrates how the model-independent
contributions to the EW couplings diminish. As the latter
become negligible, the axion coupling to EW gauge bosons
is parametrized by just the two effective interactions in
Egs. (2.5) and (2.6). In other words, the heavy axion EW
couplings span a parameter space with two degrees of free-
dom (instead of three for light axions with m, < Agcp,
see Sect. 2.2). Two independent constraints follow for heavy
axions:

c
SaWW = Sayy + ——8ay 7z, (3.11)
25w
2 52
w w
8azz = 8ayy + 5 8ayz, (3.12)

where we have chosen to express the couplings g,ww, 8.2z
in terms of the overall better constrained ones g,,, and
gay 7. These powerful relations will be exploited in the next
section to further constrain uncharted regions of the experi-
mental parameter space.

Alike to the discussion after Eq. (2.63), the relations in
Eqgs. (3.11) and (3.12) apply not only to heavy axions and
heavy gluonic ALPs, but also to generic ALPs which only
exhibit EW interactions and are much heavier than nucleons.
The corollary that at least two EW couplings —if any— must
exist for any axion or ALP holds as well.

4 Phenomenological analysis

The impact of the results obtained above on present and future
axion searches will be illustrated in this section. Both tree-
level and loop-level effects will be taken into account. Indeed
the latter are relevant when confronting data on photons, elec-
trons and nucleons, as the experimental constraints on these
channels are so strong that they often dominate the bounds
on EW axion couplings.

7 Obviously, the milder constrain in Eq. (2.63) also applies here.
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4.1 Loop-induced couplings

The tree-level coupling of the axion to photons can be sup-
pressed in some situations [9, 17] (photophobic ALPs are also
possible [25]). Additionally, many models have no tree-level
couplings to leptons or suppressed couplings to nucleons [8].
However, all possible effective couplings will mix at the loop
level. This affects the renormalization group (RG) evolution,
via which all couplings allowed by symmetry will be gener-
ated even when assuming only a subset of couplings at some
scale.

Before proceeding with the phenomenological analysis,
we discuss in this subsection the loop-induced effective inter-
actions arising from the direct coupling to electroweak gauge
bosons. Because the experimental and observational limits
are usually strongest for photons, electrons, and nucleons,
the loop-induced contributions to these channels can give
stronger constraints than those stemming from the tree-level
impact on other channels.

Denoting the effective axion—fermion Lagrangian by

d

f’ljz (Fyuvsf). [Z8))

8Ly et D chfeff
f

it has been shown [21] that the coefficient clf off TECEIVES one
loop-induced corrections from electroweak couplings,

2

C%ﬁ = % (%%g(zww + 4‘;% (v, +73,) gaBB) log %‘i
+ %%Qi‘gaw log’;%v_
= %%gaww lOgmL;(V2
+ %4710‘;12‘1}1% (Zcﬁv + (Y%L + Y%R) sﬁ,) 8azz log %
+%%:&” (%C%V — (Y%L + Y%R) Y%V) 8ayz log %
%Z,, 0 8ayy log %23 “2)

!

To obtain this result, the ultraviolet scale inside the loop dia-
grams has been identified with the axion scale fpg, which
is the cutoff of the effective theory. Note that the one-loop
induced contributions to the fermion couplings are indepen-
dent of the axion mass (other than a negligible dependence
through the axion-gauge couplings such as g, , , see below).
They are generically of order o/47 as expected, that is, over
two orders of magnitude smaller than the original effective
gauge coupling. Nevertheless, the experimental constraints
are so strong that they will often provide the leading bounds
on gauge-axion couplings.
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The most relevant fermionic limits are those on the cou-
pling to electrons and light quarks. While Eq. (4.2) is directly
applicable to leptons and heavy quarks, at low energies light
quarks form hadrons: the loop-induced coupling to nucle-
ons have highest impact. Following Refs. [8,13], the relation
between nucleon and light quark couplings can be written as

cp+cn = 0.50(5) (cf +cf — 1) =26,

1—z
1.2732) [ ¢ — ¢ — ,
o (et -t -152)

where z = m, /my = 0.48(3) and c{ and c‘ll are defined in
terms of the coefficients in Eq. (2.12) as

gl g e
2 2

In Eq. (4.3), § is a combination of the heavy SM quark coe-

ficients analogous to those in Eq. (4.4), 6 = 0.038(5)c] +

0.012(5)c{ + 0.009(2)0{’ +0.0035(4)c!.

The combination of Eqgs. (4.2) and (4.3) allows to derive
the coupling to nucleons induced by the coupling to elec-
troweak bosons.

The axion—photon coupling also receives one-loop correc-
tions in the presence of couplings of the axion to fermions
or gauge bosons. For energies or masses in the loops higher
than Aqcp, quarks are the appropiate propagating degrees
of freedom,® and the one-loop contributions for an on-shell
axion can be expressed as [21]

(4.3)

Cp—Cp

(4.4)

eff 0 f 2 Yem 20{
gayy =gayy+ZNCQf = TB](Tf)
f “
aem
+2 - gaww Ba(Tw), 4.5)

where the subscript f runs over leptons and heavy quarks.
Here, 7, = 4m%/m§ and

Bi(v) =1-1f*(1)

By(t) =1—(x - ) f*(0),

1

o) arcsin 7 T>1 “6)
T) = . . .
3 Hilog Bt w <l

Asymptotically, By — 1 in the limit m; > my and
B, — —mZ/(lZm?) when m, < m 7. This means that the
contribution of fermions heavier than the axion is strongly
suppressed. Similarly, By — 147%/4 —1log? m,/my when

8 For energies below the QCD scale, radiative corrections involving
light quarks have to be evaluated using chiral Lagrangian methods.
This was achieved in Ref. [21], the conclusion being that the results
remain qualitatively right once the quarks masses are substituted by an
appropriate hadronic scale, m, for u and d and m, for s. However, in the
presence of gluonic couplings this contribution is subdominant to the
one computed in the previous sections and will thus not be considered
here.

mq > my, whereas By — m2/(6m%,) in the mq < mw
limit.

It is worth noting that chaining the two previous one-loop
contributions gives an approximate estimation of the two-
loop contribution of a given heavy gauge boson coupling to
the axion—photon coupling. As an example, consider g,ww
in Eq. (4.2): it results in an effective fermion coupling c{ off
which, when subsequently inserted in the second term in
Eq. (4.5), results in an effective axion—photon coupling. This
can be compared with the third term which gives directly
a one-loop contribution of g ww t0 gayy: for mqy K my,
the second term in Eq. (4.5) may actually be numerically
larger than the third term, that is, the two-loop contribu-
tion via fermionic couplings may dominate over the one-loop
gauge one, as it was pointed out in Refs. [21,25]. Indeed, this
two-loop contribution may be phenomenologically the most
relevant one to constrain the axion couplings to heavy elec-
troweak gauge bosons. A caveat is that only a true two-loop
computation may settle the dominant pattern, but the analy-
sis discussed is expected to provide an order of magnitude
estimate.

4.2 Axion decay channels and lifetime

The plethora of couplings discussed, contributing either at
tree or loop level, produces a rich variety of production and
decay channels of the axion, depending on its mass and on the
relative strength of the couplings. A quantitative evaluation
of the lifetime and branching ratios is essential for assess-
ing what experiments or searches are more adequate to test
different regions of parameter space.

In order to determine the detection capabilities of a given
final state channel, an important element is whether the axion
can decay into it within the detector, or escapes and con-
tributes to an “invisible” channel. For purely illustrative pur-
poses, Fig. 2 compares the axion decay widths into different
final states for a particular choice of the model-dependent
parameters.” This figure serves to indicate the mass thresh-
old for the different channels and is also a good indicator
of the relative width of each decay channel. The determina-
tion of the areas experimentally excluded —to be developed
in Sect. 4.3— will not depend on the value of the effective
couplings assumed in this figure, though. '’

In the low mass region m, < 3my, only decays to pairs of
electrons, muons or photons are possible. The axion typically
becomes long lived enough so as to be stable at collider and

9 The value for 8ayy used in this figure corresponds approximately to
fa = 10 TeV and E = 1 in axion models. Rescaling for other values of
the couplings can be achieved by taking into account that I'; o< gi Xy

10 The widths used in determining the coloured regions in Fig. 4 induced
at tree-level derive directly from the effective g, xy value for each point
of the parameter space.
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Fig. 2 Illustration of the axion (or ALP) decay widths, as a function of
the axion mass for a benchmark value of g4y, = 107 GeV~! and the
rest of gauge boson couplings as in Eq. (4.8). The grey hatched region
signals the 1-3 GeV “no human’s land” for hadronic decays in between
the chiral and the perturbative regimes, where the dots indicate that no
reliable prediction is possible

flavour experiments. Note that this region is particularly sen-
sitive to a possible cancellation/suppression of the photonic
coupling g,y [this happens for instance in models of axions
in which the model-dependent parameter £ /N partially can-
cels the model-independent contribution, see Eqgs. (2.55) and
(3.6)]. This would suppress the decay width to photons and
thus enhance the branching fraction to fermions, especially
close to the respective mass thresholds.

The hadronic channel plays a central role as soon as it
opens. It then dominates the decay of the axion due to the
large gluonic coupling. The lightest possible hadronic final
state is three neutral pions. At around the GeV scale many
other final states become viable, but in this region chiral per-
turbation theory starts to break down and we refrain from
making any quantitative predictions.!! At high axion masses
above 3 GeV the inclusive decay to hadrons can be safely
estimated within perturbative QCD.!?

At much higher energies, tree-level decays to pairs of
EW gauge bosons become possible and, though subdomi-
nant with respect to the hadronic one, will play a relevant
role in collider searches.

4.3 Experimental constraints on the (heavy) axion
parameter space

We have reinterpreted a number of axion searches into our
framework. Far from an in-depth review, this study primar-
ily intends to point out the relative strength of the differ-

1 After this paper was completed, Ref. [48] appeared which discusses
the hadronic decays of axions in this region 1 GeV < m, < 3 GeV.

12 Note that heavy-flavour tagging can allow to distinguish final states
involving heavy quarks, but this separation will not be taken into account
here.
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Fig. 3 Coupling to gluons. The excluded areas rely on considering
exclusively the coupling gag, by itself. The SN1987a limit was com-
puted in Ref. [15], while the rare decays and LHC exclusions are
obtained using the results of Ref. [49] and Refs. [20,50], respectively.
Particular models are represented by the overlaid lines, the black one
corresponding to the QCD axion and the blue one to heavy axion mod-
els (here for a benchmark choice of f, = 10TeV). See Sect. 4.4 for
more details. We provide exclusion plots without superimposed lines
as auxiliary files

ent observables in probing different flavours and parameter
regions of axion and ALP models. Interestingly and contrary
to common lore, we find that some regions of parameter space
can be better tested through the axion couplings to heavy
gauge bosons rather than to photons.

The coloured areas in Fig. 3 show the regions experimen-
tally excluded if taking into account exclusively the axion—
gluon coupling gqe, (Which in axion models fixes the axion
scale f,). Although this work focuses on the case where also
EW gauge boson couplings are present, this parameter space
is also shown for reference.

The couplings of axions to EW gauge bosons (gay gaww »
gazz and gq)z) will be instead explored within a two-
operator framework: the axion—gluon coupling gq, and one
electroweak gauge coupling are to be simultaneously consid-
ered. In other words, for each EW axion coupling g,xy., the
regions experimentally excluded will be determined assum-
ing the Lagrangian'3

1 | O
8$a=1gaggaGG+ZgaXanY+5M a’. 4.7
This choice is mainly motivated by the focus on solving
the strong CP problem, or alternatively as an ALP analy-
sis which goes beyond the traditional consideration of only
one operator at a time. The regions experimentally excluded
for axion-EW gauge boson couplings are then depicted in
Fig. 4 as coloured areas. Note that we don’t discuss any cos-

13 The axion mass m, is a combination of M and the instanton contri-
bution related to the first term, as previously explained (see Eq. 3.3).
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Fig. 4 Coupling to EW gauge bosons. A two-operator framework is
used: each panel assumes the existence of the corresponding elec-
troweak coupling plus the axion—gluon coupling. The coloured regions
are experimentally excluded. In panels b, ¢ and d, the loop-induced

»

constraints labelled as “photons”, “electrons” and “nucleons” depend
mildly on f, (see text). The label “g.i.” illustrates the exclusion power

mological bounds. The reason for this is that models of heavy
axions, typically containing an extended confining sector, are
expected to significantly alter the standard cosmological pic-
ture that is usually assumed to obtain such exclusions. The
study of heavy axion cosmology thus requires a full self-
consistent study which is left for future work.

The resulting greenish regions in Fig. 4a match well-
known exclusion regions for g,y,, although the overlap
is not complete because the latter typically only take into
account the effective axion—photon coupling; the additional
presence in our analysis of the axion—gluon coupling gu4,
has a particularly relevant impact in the heavy axion region
(see below).

m, (eV)

(d) Coupling to a photon and a Z boson.

of EW gauge invariance. The superimposed lines correspond to KSVZ-
type QCD axion models (black line and grey band) and to one bench-
mark heavy axion model with f;, = 10 TeV (blue lines). The parameter
space for heavy axions corresponds to moving up and down that set of
blue lines, see Sect. 4.4. The results apply as well to gluonic ALPs (we
provide exclusion plots without superimposed lines as auxiliary files)

Figure 4b—d respectively for gww, gzz and g, 7 are novel.
The possibility of measuring four distinct EW observables
offers a multiple window approach and a superb cross-check
if a signal is detected, given the fact that for axion masses
much smaller (larger) than A gcp only three (two) couplings
are independent among the set {guy)y gaww, guzz» ayz)
see Eq. (2.63) (Egs. (3.11) and (3.12)).

For the majority of the regions excluded in Fig. 4,
the experiment directly constraints certain regions of the
parameter space {g,xy,my} and no further assumptions
are required; those constraints apply then also to ALPs
which have no gluonic couplings. However, for some collider
searches the interplay between the particular EW coupling
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gaxy under analysis and the coupling to gluons plays a rele-
vant role, and it is necessary to assume their relative strength.
This will be taken as given by

Basg _ &' (4.8)
8aXxy axy

This is well motivated by pseudo Nambu—Goldstone bosons
with anomalous couplings generated by the triangle diagram
with O(1) group theory factors. In any case, the results are
largely insensitive to this assumption, since in the best limits
stemming from LHC searches the production cross section
times branching ratio scales as

o(pp — a) x BR(a — XY)
2 2
Bage 8axy  Sasg>8axy Eaxy
82ags T+ Saxy 8

(4.9)

It is then enough to adopt the reasonable assumption that the
coupling to gluons is larger than that to EW gauge bosons
8agg 2 8axy. This assumption has been adopted exclusively
for LHC searches in the axion mass region where the hadronic
decay channels are open, i.e. m, > 3m.

In addition, the bounds obtained via loop contributions
have a logarithmic dependence on the cut-off scale f,. A
relation between f, and g,xy needs to be assumed in order
to translate the bounds on fermionic or photonic couplings
into bounds on EW gauge boson couplings. In these cases,
Eq. (4.8) will be used again, which for axion models trans-
lates into

axy

=0 (4.10)
27 8aXy

fa
where Eq. (2.54) has been used. In any case, as the cutoff
dependence in loops is logarithmic this assumption has a
minor impact on the exclusion plots.

To sum up, for each EW-axion coupling the experimen-
tally excluded regions in Fig. 4 are depicted on the parameter
space {g,xy, m,} without any assumption, except:

A For LHC searches and m, > 3my, Egs. (4.8) and (4.9)
were used, which for most cases is equivalent to assume
8agg > 8aXY-

B For the regions labelled as “photons”, “electrons” and
“nucleons” in Fig. 4b—d, the loop-induced bounds have
a very mild dependence on the assumption in Eq. (4.10).

After having presented the general strategy that we use
for the reinterpretation of constraints into our setup, we pro-
ceed to describe the origin of each of the exclusion regions
coloured in Fig. 4.

@ Springer

Coupling to photons

The combination of astrophysical and terrestrial probes
makes this search a particularly powerful tool to test the axion
paradigm, especially for low mass axions. Even in the case
of relatively large axion masses and/or situations where the
coupling to photons can be suppressed, photons still place
strong constraints both at tree-level and through loop-induced
effects.

The experimental limits on g,,, are compiled in Fig. 4a.
At the lowest axion masses considered here, m,; < 10 meV,
the most competitive bounds come from the CAST helio-
scope [51], and will improve in the future with the upgrade
to the IAXO experiment [52]. At slightly larger masses up
to my ~ 1keV, g4y is constrained by an energy-loss argu-
ment applied to Horizontal Branch (HB) stars [14]. A similar
argument applies to the supernova SN1987a and constrains
larger masses up to the 100 MeV range, both using extra
cooling arguments [53] and by the lack of observation of a
photon burst coming from decaying emitted axions [54]. In
the same mass range, larger couplings can be constrained
using beam dump experiments, with these exclusions led at
present by the NuCal [55] experiment together with the 137
[56] and 141 [57] experiments at SLAC. We adapt here the
constraints compiled in Ref. [58], noting that these bounds
rely solely on the photon coupling.

For yet higher axion masses, where colliders provide the
best limits, the gluon coupling plays a relevant role. As long
as no hadronic decay channel is open, the LEP constraints
based on Z — yy and Z — yyy searches obtained in
[19,20] for ALPs without gluonic couplings are also appli-
cable to heavy axions. However, for masses above 3m,
hadronic final states start to dominate and we refrain from
claiming any exclusion, as a new dedicated analysis would
be required to use these channels. This explains the white
gap just left of the grey hatched “no human’s land” region,
which should be at least partially covered when the fore-
mentioned analysis is performed. It is nevertheless possible
to exploit some collider searches, if a relation between the
gluonic and the EW couplings is assumed. Assumption A
is adopted here. Our reinterpretation of the analysis in Ref.
[59], in which the L3 collaboration looked for hadronic final
states accompanied by a hard photon, yields the limit labelled
“L3” in Fig. 4a, though it is ultimately superseded by LHC
exclusions. The region labelled “Flavour” is excluded by data
from Babar [60] and LHCDb [61], as computed in Ref. [41].
For high axion masses near the TeV scale, the limits from
LHC are much stronger than those from LEP, because of the
enhanced axion production via gluon-gluon fusion. We have
included the limits obtained in this context in Refs. [62,63]
using run 1 data. These limits are extremely strong and should
improve with the addition of run 2 data, especially at higher
energies.
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Finally, the bounds on g, described above have been
translated — using assumption B — into competitive bounds
for the other EW axion couplings, by means of their loop-
mediated impact.

Coupling to fermions

Flavour blind observables involving fermions can be used
to constrain gauge boson couplings via the impact of the
latter at loop level, see Eq. (4.2). In order to fix the mild
logarithmic dependence on the cutoff scale, assumption B
will be adopted.

The most relevant constraints on flavour-blind axion—
fermion interactions are of astrophysical origin and come
from either electrons or nucleons. Firstly, a coupling of the
axion to electrons allows for efficient extra cooling of some
stars, which allows to place a bound on the axion-electron
coupling g,e. via the observation of Red Giants (RG) [14].
Secondly, and in a manner similar to the discussion above
for photons, a too strong coupling of the axion to nucle-
ons would have shortened the duration of the neutrino burst
of the supernova SN1987a. We use the most recent eval-
uation of this bound calculated in Ref. [15]. These two
observations (RG and SN1987a) give the strongest limits
on the coupling of axions to gauge bosons for axion masses
respectively below 10keV and 10 MeV, as can be seen in
Fig. 4.

In addition, the one-loop induced fermion couplings also
play a role in many of the observables considered here. In
particular, they open potential axion decay channels into pairs
of fermions.

Rare decays

For axion masses in the MeV-GeV range, g,ww is best
tested by its one-loop impact on rare meson decay exper-
iments, where axions can be produced in flavour-changing
neutral current (FCNC) processes. This search was first pro-
posed in Ref. [26] (where ALPs either stable or decaying
to photons were considered). Recently, these bounds have
been recomputed in Ref. [25] in the context of photopho-
bic ALPs, considering as well the potential decays of the
axion to a pair of fermions due to the one-loop induced cou-
pling in Eq. (4.2). We reinterpret these searches, taking into
account in addition the effects of the gluonic axion coupling
under the assumptions A and B. The main consequence is
that, for axion masses m, > 3my, the sensitivity is drasti-
cally reduced because of the opening of hadronic axion decay
channels.

At low axion masses below 2m,,, the axion is long-lived
enough so that it can be considered stable for experimental
purposes. This means that in these regions the axion has to
be looked for in invisible searches. The most stringent limits
were placed by the E787 and E949 experiments testing the

KT — 7t X channel, with X invisible [49]. Following Ref.
[26], we reinterpret this search in terms of axions coupled
to W bosons, which yields the constraint shown in Fig. 4b.
These bounds will be improved in the near future by the
NAG62 experiment.

Axions can also be produced from rare meson decays in
proton beam dump experiments, where they can be looked
for in searches for long-lived particles. The current best limits
are set by the CHARM experiment [64], where the axion can
be produced in Kaon and B meson decays and subsequently
decays to a pair of electrons or muons. The framework devel-
oped in Ref. [65] has been recast to obtain the limit on g,ww
shown in Fig. 4b.'4

Direct couplings to heavy gauge bosons

LEP provides the best environment to directly test the g4 z
coupling for axion masses below mz, as shown in Fig. 4d.
The first constraint set assuming only the g4, 7 coupling was
placed in Ref. [24] exploiting the limit on the uncertainty of
the total Z width [67],'(Z — BSM) < 2MeV at95% C.L.,
which allows to set a conservative bound on the process Z —
ay. Stronger limits can be placed by more specific searches,
as studied in Ref. [25]. The best limit at axion masses low
enough for the axion to be long-lived stem from the Z —
y + inv. search. For higher axion masses, the large hadronic
branching fraction makes the Z — y + had. search the more
fruitful one to look for axions. Under assumption A for the
relative strength of the gluonic and EW couplings, we exploit
the results of the search performed by the L3 collaboration
as presented in Ref. [59] to obtain strong limits for m,, in the
range from 10 GeV up to the Z mass. Note that, even if the
search is the same than that used to constrain the photonic
axion coupling, the exclusion for g4,z has a larger reach
due to the fact that the process is mediated by an on-shell Z
boson, instead of a very virtual photon.

LHC allows to look for a plethora of processes sensitive to
axions. In particular, for heavy axions it provides the best
limits on the coupling to heavy EW gauge bosons. The draw-
back of restricting the analysis to processes that separately
involve only one of the EW gauge boson couplings plus the
gluon coupling is the reduced number of available searches.
Nevertheless, the advantage is that it provides robust and
model-independent constraints.

The authors of Ref. [24] studied the LHC phenomenology
of axions that are stable on collider lengths and thus would

14 After this work was completed, Ref. [66] appeared which revisits the
CHARM exclusion contour and provides projections of the expected
NAG62 and SHiP sensitivities.
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manifest themselves as missing energy. In particular, mono-
W and mono-Z final states where an axion is radiated as
missing energy/momentum can set constraints on the three
couplings gaww, gazz and gqy, 7, as shown in Fig. 4. For
large axion masses m, > mz, the authors of Ref. [25] sug-
gested that triboson final states place the strongest bounds on
ALPs coupling to massive gauge bosons, though the sensitiv-
ity of this search is hindered for axions because of the large
hadronic branching ratio that we take into account. Adapting
their constraints —with assumption A— leads to the exclusion
of regions in parameter space near the TeV range, as shown in
Fig. 4b, d for g,ww and g4, 7, respectively. Note that signif-
icant exclusions can also be placed through the loop-induced
coupling to photons. However, the most promising LHC
search is one that —to the best of our knowledge— has not been
performed yet. We advocate [68] the use of pp — a — V'V’
processes, which benefit from the large production cross sec-
tion through the gluonic coupling together with the clean
final states that the decay to EW gauge bosons produce.
We foresee that this search will have a sensitivity to the
couplings of axions to heavy EW gauge bosons similar
to the photonic case presented in Fig. 4a. Though poten-
tially very interesting, the detailed analysis that this study
requires is beyond the scope of this work and is left for the
future [68].

4.4 Impact on (heavy) axion models and gluonic ALPs

The black oblique line in Fig. 3 corresponds to the linear rela-
tion between 1/ f, and m, for the QCD axion, Eq. (1.1). The
horizontal blue branch is one example of how that relation
changes after Eq. (3.3) for an illustrative example of a true
heavy axion.

The black, grey and blue lines in Fig. 4 illustrate possible
{mg, fa} values for axions which have a gluonic coupling
8agg (and thus may solve the strong CP problem) in addition
to at least one coupling to heavy gauge bosons. Those model-
dependent lines are superimposed'> on the colored/white
regions excluded/allowed by experiments for each one of
the couplings in the set {g4y ), 8ayz» 8azZz-» gaww }, as deter-
mined above. The examples chosen corresponds to KSVZ-
type axions: either a standard QCD axion or a heavy axion
as in theories with an enlarged confining gauge sector.

In each panel, for a given value of the model-dependent
coupling:

— The expectation for the pure QCD axion is depicted by
grey and black lines. The bands in Fig. 4 delimited by grey
lines correspond to just one exotic KSVZ fermion repre-

15 For the reader interested in generic gluonic ALPs rather than heavy
axions, we provide the exclusion plots without any superimposed lines
as auxiliary files.
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Table 1 Maximum and minimum values of the model-dependent coef-
ficients for the benchmark KSVZ models with only one exotic fermion
representation depicted in Fig. 4

SU@B)e x SUQ2)L x U(l)y

(E/N)pax = 44/3 (3.3.—4/3)
(E/N)min = 5/3 (3,2, +1/6)
(L/N)max =4 (3,3, Y)

(L/N)min =2/3 (8,2,-1/2)
(Z/N)max = 2.9 (3,3, —4/3)
(Z/N)min = 0.4 (8.2.-1/2)
QR/N) o = 5.9 (3.3.-1/3)
QR/N) iy = 0.7 (8.2, —-1/2)

sentation. The values of the model-dependent parameters
delimiting these benchmark bands [17] are summarized
in Table 1. The black line is instead an illustrative case
with two fermion representations such that the coupling
to photons gy, cancels up to theoretical uncertainties
[17]. The upward bending of the lines obeys the expected
change of the prediction for axion masses larger than the
1’ mass, aregime in which the last term in the parentheses
in Egs. (2.55)—(2.58) is absent.

— The expectations for heavy axions are illustrated with
blue lines. The big dots which fall on the QCD axion
lines correspond to M = 0in Eqgs. (3.1)—(3.3). The heavy
axion trajectories start on those points and the prediction
moves on each blue line towards the right as M grows.
As the value of the axion mass gets near the pion and the
1’ masses, the prediction reflects the “resonances” found
in the pseudoscalar mixing angles and the physical cou-
plings to gauge bosons. For larger values of M the mix-
ing effects progressively vanish, as physically expected
and reflected in Egs. (3.5)—(3.8), and the predictions sta-
bilize again. The asymptotic value of the couplings is
then induced only by the model-dependent parameters
(E, L, Z, R), and it is often higher than for heavy axions
lighter than the pion, for which the partial cancellation
between the model-dependent and model-independent
mixing effects may operate.

The figures illustrate that the M-dependent corrections may
be relevant even for not very large M values. For instance,
two close values of the model-dependent photon couplings
E/N may give a very close g4y, prediction for M values
above the n’ mass, while that prediction can widely differ
for M values smaller than the QCD scale. This is clearly
reflected by the lines corresponding to the smaller values of
E/N in Fig. 4a.

The parameter space for heavy axion models spans in fact
most of the region to the right of the oblique band for the
QCD axion: parallel sets of horizontal lines above and below
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the blue ones depicted are possible and expected for other
values of the heavy axion parameters. For a given f,, vary-
ing M (that is, varying m,) is tantamount to move right or
left on a horizontal blue line, while varying f, displaces up
or down the set of horizontal blue lines. Finally, all these con-
siderations for heavy axion models apply as well to gluonic
ALPs, as argued earlier.
Gauge invariance

For heavy axions or any type of ALP with masses m, >
Aogcp, couplings to EW gauge bosons are directly tested
and gauge invariance imposes the two relations in Egs. (3.11)
and (3.12). Therefore, the combination of the experimental
constrains on two of the operators in the set {g4,y, gaww,
8azz» &ayz) translates in model independent bounds on the
other two couplings. For light masses m, < Agcp, only
Eq. (2.63) applies instead. These bounds based solely on
EW gauge invariance have been depicted by black curves
on the upper right corner of Fig. 4b—d. They susbtantially
reduce the latter parameter space, especially in the cases of
gaww and g,zz, whose current direct constraints are less
powerful. They are to be taken with caution, though, since in
each of the exclusion plots only one EW coupling was taken
into account, while the relations deduced from gauge invari-
ance involve several non-vanishing EW couplings. Further-
more, in a future multiparameter analysis where tree-level
axion—fermion couplings are included, those relations could
be corrected via one-loop effects.

4.5 Implications for heavy axion models

In existing models that solve the strong CP problem with
heavy axions, often either

2 4/ £2 2 2 22 /2
M~ ~A*/fz, ot M"~m fi/f: (4.11)
where A’ 3> Aopcp is a new strong confining scale, and
the primed fields denote exotic “pions” corresponding to the
exotic fermions charged under the extra confining force. Let
us assume the first option as an example. In this case,®

4 2 (2 2 2
A"~ (mafa _mnfn)' 4.12)
Assume that an experiment detects an axion—photon signal
and a certain value for the axion mass which correspond to a
point in the white region of Fig. 4a and located to the right of
the QCD band. For instance, let us consider a point located on
one of the flat sections of the blue lines depicted. The inter-
pretation in terms of a heavy axion depends on whether the
axion is heavier or lighter than the pion and 7', respectively:

16 The mymg /(m, +mg)? factor in the QCD contribution is not shown
for simplicity.

- mg > mﬁ, The model-independent effects due to the
mixings with SM pseudoscalars have become negligible,
and g4y is a direct measure of the product (1/f4)E/N.

— my <K my. Inthis case the measured g4, value is undis-
tinguishable from that for the QCD axion, with the £/N
and f, dependence given by Eq. (2.55). In other words,
it would indicate either a heavy axion or a QCD axion
with some degree of photophobia, as in that region they
become undistinguishable. This is so at least for the low-
est axion masses and/or without the help of other mea-
surements involving heavy EW gauge bosons.

In both cases, in the framework of a KSVZ model, an addi-
tional measurement of the axion coupling to heavy gauge
bosons would be enough to disentangle the values of f,
and M, that is, to determine the high scale A’. The model-
independent corrections determined in Eqs. (3.5)—(3.8) can
be essential when exploiting low-energy processes (e.g. rare
decays), specially when they lead to the cancellation of a
given coupling. Such cancellation in a channel in general will
not apply to the couplings of the axion to other gauge bosons.
Overall, the fact that only two or three axion-EW couplings
are independent, while four channels can be explored, will
allow to overconstrain the system.

5 Conclusions

Among the novel results of this work, we have first deter-
mined at leading order in the chiral expansion the model-
independent components of the coupling of the QCD axion
to heavy EW gauge bosons: g,,z, gazz and gaww. They
stem from the axion-n’-pion mixing induced by the anoma-
lous QCD couplings of these three pseudoscalars. Our results
extend to heavy EW gauge bosons the well known result for
the photonic coupling of the axion gy, . They must be taken
into account whenever an axion lighter than Agcp is on-
shell and/or the energy and momenta involved in a physical
process are of the order of the QCD confining scale or lower.
As a previous step, we re-derived pedagogically the leading
contributions to gy, for the case of the most general axion
couplings (“App. C”), and then proceeded to the determina-
tion of the couplings to the SM heavy gauge bosons.

This analysis of the EW couplings of the QCD axion
may have rich consequences when comparing the pres-
ence/absence of signals at two different energy regimes. For
instance, the axion could be photophobic at low energies
[17] or even EW-phobic (e.g. in rare meson decays) because
of cancellations between the model-independent and model-
dependent components, while an axion signal may appear at
accelerators or other experiments at higher energies at which
the model-independent component disappears.
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We have next extended those results to the case of heavy
axions which solve the strong CP problem. This has allowed
to explore how the mixing of the axion with the pion and
n" evolves with rising axion mass, and in consequence how
the model-independent contributions to all four EW axion
couplings vanish as the axion mass increases above the QCD
confinement scale. We have determined the modified expres-
sion for g, , relevant for heavy axions, which may have rich
consequences: an hypothetical measurement of that coupling
outside the QCD axion band could point to either a heavy
axion or a photophobic QCD axion. The analogous expres-
sions for g4y 7, 8azz and g,ww have been also worked out.

On the purely phenomenological analysis, we developed
a “two simultaneous coupling” approach in order to deter-
mine the regions experimentally excluded by present data
for gayy. 8ayz. 8azz and gqww versus the axion mass.
Each EW coupling has been considered simultaneously with
the anomalous gluonic coupling essential to solve the strong
CP problem. The allowed/excluded experimental areas have
been depicted for each of those couplings as a function of the
axion mass. This is the first such reinterpretation for g4, z,
gazz and gaww. Even for g4, , the results of previous stud-
ies often did not apply and must be reanalysed: for instance
the present bounds extracted from LEP and LHC data tend
to focus on ALPs which would not have gluonic couplings,
with very few exceptions [20,41,62,63]. Furthermore, we
have included an estimation of the one-loop induced bounds
for each EW axion coupling, which leads to supplementary
constraints.

The expectations from KSVZ-type of theories have been
then projected and illustrated over the obtained experimental
regions, both for the QCD axion and for heavy axions. The
compatibility of hypothetical a priori contradictory signals in
high and low energy experiments in terms of a given axion has
been pointed out. Furthermore, we discussed how to interpret
an eventual signal (or null result) outside the QCD axion
band in terms of the value of the new high confining scale
generically present in heavy axion theories.

A simple point with far reaching consequences results
from EW gauge invariance. In all generality, not all couplings
of axions to EW gauge bosons are independent among the
four physical ones in the set {g4yy gayz, &azz and gaww}.
In particular, the relations obtained imply that at least two
EW gauge couplings —if any— must be non-vanishing for any
axion or ALP. These facts have been used to project the exclu-
sion limits for the presently best constrained couplings onto
the parameter space for the less constrained ones. In partic-
ular, for axions/ALPs much heavier than A gcp, those rela-
tions have been projected on the parameter space for g,ww,
8azz and gqy 7z, reinforcing their constraints. A future mul-
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tiparameter analysis may correct them via loop corrections.
Nevertheless, the results obtained here clear up the uncharted
experimental regions and may be of use in setting a search
strategy. More in general, the existence of four physical axion
couplings to EW bosons at experimental reach constitutes a
phenomenal tool to over-constrain the axion parameter space
and to check the origin of an eventual axion signal.

Finally, all results obtained for heavy axions apply as well
to ALPs which have both EW and gluonic anomalous cou-
plings. The constraints stemming from EW gauge invariance
extend even to generic ALPs which do not couple to glu-
ons. In consequence, this work also extends automatically
the usual parameter space for ALPs that do not intend to
solve the strong CP problem, adding to the incipient efforts
to go towards a multi-parameter strategy.
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A The neutral pseudoscalar mass matrix

In the expansion in which all terms appearing at first order
in 1/f, and in quark masses are kept, Eq. (2.29) becomes
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1

B Anomalous couplings of the pseudoscalar mesons to the
EW gauge bosons

In addition to the axion couplings in Egs. (2.4)—(2.6), new
couplings involving gauge bosons are expected as soon as the
extra pseudoscalar mesons appear in the spectrum below the
confinement scale. In particular, for the ng and the pions, the
following interactions with EW gauge bosons (considered as
external currents) are possible below the QCD confinement
scale:

= no = 10
a apy 2y
WWW f—n B,,B f—n
~ 3 ~ Ty
B,,B* —, we BHY =, (B.1)
T W S

The lightness of pseudoscalar mesons in QCD appears as a
natural consequence of the spontaneous breaking of the chiral
symmetry U(2);, X U(2)g —> U(2)y. The pions and eta
mesons can be identified as the pseudo Nambu—Goldstone
bosons of the broken symmetry. However, the chiral symme-
try is only approximate. It is explicitly broken not only by
the quark masses, but also by the electroweak gauge inter-
actions. This fact famously explains the difference between
charged and neutral pion masses but also allows the com-
putation of the coupling of pseudoscalar mesons to the EW
bosons through the anomaly,

. (%%} b ~
8”]5 = gCZ,ﬁuPFbuUFL’.w, (B.2)
where FAY = %e”‘“’p Fyp, the fine structure constant of the

2
corresponding gauge interaction is denoted by «; = f—" and

T
the group theoretical factor Cgoup is given by

> T1r [T“{tb, t"}] )

LH—RH

abc  __
Cgruup -

(B.3)
Here, T“ is the generator associated to the conserved current
(i.e. to the global symmetry) and 7¢ are the generators of the
representation of the gauge group under which each fermion
transforms.

Applying these formulas, the anomalous couplings of the
neutral pseudoscalar mesons 7> and 7’ to the EW gauge
bosons can be computed. For the pion,

1 ~ 1 ~ 1 -
LD ZgﬂBB m3BB + ZgnBW mBW3 — Zgnzz 327

1 -1 -
+ Zgnyy w3 FF + ZgnyZ 3 FZ, (B.4)

with

_ o 1
8xBB = 7 f Ci )

2
o Sip

= — — — 1],
877 7/ (Ci )

_ o 1
S = o fe \ewsa )

a 1

Eryy = _;E7

R
bxyZ2 ="oq fx \ cwsw ’

Equivalently for the 7 meson,

1 - 1 ~ 1 -
LD 281Ww 10 WW + 28wBBI0 BB — 28wzz 0 zz

1 | -
+Zgn’w 1o FF-I—Zg,,/yZ noFZz, (B.5)
with
. o 31
W = \2s2 )
. a 31
W = o \2s2 )
w111
8nBB = 7 7 6 cﬁ) R
. o 11si+9cﬁ)
8n'zz = 7/ 655)% ,
_ a 10
8n'yy = 2w \3 )
o 9ct — 115t
'vZ =~ . B.6
8n'yz . frr( 35232 (B.6)

The mixing of the axion with the n” and the neutral pion
will result in additional contributions to the coefficients of the
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interactions in Egs. (2.5) and (2.6), via the first three operators
in Eq. B.1. The fourth one results in a neutral pion-W3 B cou-
pling, which in turn induces a SU (2) . -breaking coupling of
the physical axion to W3 B . In other words, below Aqcp the
operator space of axion electroweak couplings spans three
degrees of freedom, instead of the two above the QCD con-
finement scale, with

~ 1 ~
sggamse -0 L ey WW
a 87 f + 4gaWWa
1 | -
+ 78aBB BB + q8aBW @ BW, B.7
where
_ 1 aem (L 3
Saww = 2t 55) N 2)
1 P 5 17
upp = ———em (2 mut 1ima ) (B.8)
2rfy 2, \N  12(my + mg)

1 aem (1mg—my
Babw = 2 fa Swew \2my +myq
are obtained using the result for the mass mixing of the axion
with the pseudoscalar mesons given in Eq. (2.33).
Similarly for the heavy axion case,

1 aem<L 3 1 )
aWw = — 2 7_7ﬁ )
2nfa sz \N 41_(”7/)
_ I dem|[ P
8aBB = 2t Cﬁ; N
1 11 1mg—my, 1
T2\ 6 T2 ma (2 )]
—(mj,) ! - (r)
1 aem
8aBW = 27 fo Surm
1mg —my 1 1
><(E TR 3 (B.9)
e = (07 1= ()

C How general is the mass matrix in Eq. 2.29?

Let us start with the most general Lagrangian above the QCD
confinement scale that is relevant for the mass and mixings
of the axion:

1 d.a A -
8L ==0,00,4 + " L= (Aypysu) + ¢ L= (dy,ysd
a =5 0ud o lfPQ( YuV: ) lfPQ( Yu V. )

_ s - Cdn
— G myuge 2R — g mydg et 20 4 hc,

(C.1)

For simplicity, here we focus on the coupling to photons but
the discussion is of course applicable to the other EW gauge
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bosons. The relation of the c‘l"d couplings with the corre-
sponding ones le, c%/ and cf) in the SU(2) x U(1) gauge
invariant formulation in Eq. (2.12) are given by Eq. (4.4),
while ¢3 = Np in that equation. Without loss of general-
ity, PQ invariance can be imposed on all operators in the
Lagrangian but the anomalous couplings. As a consequence,
the couplings c;’d are related to the PQ charges of the up
and down quarks in in Eq. (2.12) in the following way,
Xua = cg’ d X, (where the charge of the axion can be set to
X, =1).

This Lagrangian has areparametrization invariance [44],!”
that corresponds to making the usual axion dependent quark
field rotations,

clf’d — cbf’d + ayq,

u,d u,d 2
o — o =24,

3 — c3+20,+2ay,

o
8ayy — 8ayy — m (12au ql% + 120y qﬁ) . (C2

In the body of the paper we are considering c'l"d = 0, when
computing the axion mass and mixings. This is general due
to the reparametrization invariance.

When QCD confines and the chiral symmetry is broken
by the quark condensate, the couplings in Eq. (C.1) translate
into effective operators involving mesons. Defining the 7 and
no-fields in terms of the currents:

(@yuysu —dyuysd) = frdums,

N = N —

o =5 @vuysu + dyuysd) = faduno. (€3)
The low energy chiral Lagrangian can be decomposed in
three terms:

Sa(fa = So(fa,kin + Sﬂ,mass + 50(41,an0m- (C-4)

— The derivative couplings c'f’d generate kinetic mixing
between the axion and the mesons,

1 1 1
8Lu xin = 5311& ta + 3 Ops3 My + 5 duno 3" no
fr

+(cf =) o 3,0 373

+ (et +¢f) fff) 3,4 8" no. (C.5)

— The Yukawa couplings cg‘d produce mass mixing. In the
chiral formulation the effects of these operators can be

17 Note that this reparametrization invariance differs from that in Ref.
[44].
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encoded in an axion-dependent mass matrix, . a R
a — 5 ~a,
— a2 —
my 0 ei L'lz‘&/pr 0 1 an O[n,
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Altogether, the relevant chiral Lagrangian reads,
c3=c3—2c" — 24, (C.13)

| 1 1
8.5, = 3 duadta + 3 03 03 + 3 .m0 3% no
As expected, these coefficients are invariant under the

Aol Y
+ 0 0,073 + oty 9,070 reparametrization invariance in Eq. (C.2). Therefore, the

P a . . .
n Bofﬁ |:mu cos < 3 i o ol ) squared mass matrix coming from Eq. (C.12) is completely
S fx frQ general,
Bo (my+mg) Bo (my—ma) ~Bo s (mu & -ma &)
4K 263K
M(2n3. )= Bo (my—ma) T T Bo(mu+ma) T }PQ +Bo fPQ (mu cy+my C?) . (C.14)
T ~u = f
*BOATQ (mu cy—mg Cg) fﬂ fPQ +Bo A)Q (mu cS+my Cz) Cz sz +Bo-3- / 2 (Wlu (02)2+md (c ) )
R This matrix can be diagonalized analytically in the limit
+my cos <E U o a ):| fpQ > Bo, my.a, f,,. We find that the physical axion corre-
NES i frQ sponds to the combination:
Lk (2 ay’ c9

—3 E+ ) (€9 a4~ a4 ur 75+ Oay M0, (C.15)

The coefficients o, o, parametrizing the Kinetic mixing are where all mixing angles are assumed small and
fx fx
ay = (cf — o +c . (C.10) _ —d _ _
== (c] )fPQ n=(cf +ef) fea D (63 +2¢5) ma — (&3 +285) my
am — ’
In order to obtain the mass matrix and ultimately the mass 2frQ My =+ mq
eigenvalues and mixings, the kinetic terms have to be diago-
nalized first. This can be done by the following transforma- '% The same Lagrangian can be obtained by making use of the
. . reparametrization invariance in Eq. (C.2) and choosing o, = ¢{ and
tions: J
aq = cj.
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Jr

. C.16
2 e 3 (C.16)

Gan/ ~ —

Note that this gives the physical axion in terms of the fields
whose kinetic terms are already diagonalized. In order to
express it in terms of the flavour meson fields (as defined in
Eq. (C.3)), the transformation in Eq. (C.11) needs to be taken
into account. The final mixings read,

fr (d dmd_mu>
Oprg 2 —= 5 —ch+(cz+c5+c¢5)— ),
o frQ 22 (e3+cf 2)mu+md

Sr
0~ e, (C.17)
“ 2 frq

expressed in terms of the couplings of the starting Lagrangian
inEq. (C.1).Itis worth noting that the physical mixing param-
eters do not depend on the coefficient ¢}’  of the derivative
operator, since itis PQ invariant and therefore it has no impact
on the masses and the mixings.

Now we are ready to study the effect of these two diago-
nalizations in the coupling of the axion to photons,

8ayy = ggw + Oux 8ryy + 9077’ En'yy- (C.18)

Taking into account that the coupling of the mesons to pho-
tons are given by

3a 3a
8nyy = _E(‘]f _‘13)’ n'yy = _E(qz% +‘13)’

(C.19)

where ¢, and g4 are the electromagnetic charges of the up
and down quarks, we find,

0 o
sorr =ty ¥ 5

u 2 2 2
— — 2 m qym
X( 6C2qu Gngd—6<C3+czu+cd) qd“lld>

my +mg

(C.20)

Recalling that the coefficients cg’d correspond to the PQ
charges, the combinations that appear in the above equation
can be identified as the electromagnetic and QCD anomaly
coefficients for the up and down quarks,

Eya= Z 2y, q‘i = —6cigl—6c14q3,
Y=u,d

N=c3+ch+c5. (C21)

Redefining the axion decay constant as usual f, = fpq/N,
we can express

) o Ey a 2my +4my
8ayy = gayy + an PY
a

— ) . (C.22)
N 3 my +my
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To sum up, from the most general mass matrix we have
obtained the same result of Eq. (2.55) taking into account
that in the £/N we have to sum over all fermions transform-
ing under the PQ symmetry, that means including the up and
down quarks E = Epeavy + Eu, a>

Ehe: E 2 4
Sayy = o heavy u,d _ 7mu +4my . (C.23)
2 f, N N 3 my +myg
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1 Introduction

Bosonic fields are interesting and well motivated candidates for the dark matter in the Uni-
verse. Both new heavy particles as well as fields in the intermediate and low mass ranges are
phenomenologically viable possibilities.

Heavy new degrees of freedom in the GeV and TeV mass range have traditionally been
very popular, as a relic density compatible with the observed dark matter abundance may
in a natural way be thermally produced through a freeze-out process [3-6]. Direct detection
experiments, indirect observations and limits coming from colliders (see [7, 8] and [9], respec-
tively, for recent reviews on these areas) are able to strongly constrain this paradigm. It is
therefore timely to study alternative scenarios that could generate dark matter in this mass
range and, perhaps even more importantly, to explore different mass regimes.

Prominent examples of light bosons as dark matter candidates are axions, axion-like
particles (ALPs) and hidden photons [10-16]. A significant number of direct detection ex-
periments are currently underway, while novel ideas and setups are being developed at an
astonishing rate (see [17] for a recent review). Until recently, most efforts were concentrated
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on relatively low masses where the coherence and de Broglie wavelengths of the bosonic fields
are macroscopic. However, new ideas for the detection of meV — keV mass particles via ab-
sorption in superconductors, semiconductors as well as other materials are being brought
forward [18, 19] (see also [20] and references therein). This nicely complements absorption
signals for masses = 10eV which can be searched for in large scale WIMP dark matter
detectors [21-24] or neutrinoless double beta decay experiments [25].

While the observational situation is not yet fully clear, the 3.5keV line provides an in-
teresting hint for a dark matter particle in the keV mass range [26, 27]. Possible explanations
include sterile neutrinos [26, 27] but interestingly also scalars [28] and axion-like particles [29].

The standard production mechanism for light bosons in the early Universe is the mis-
alignment mechanism [10-14]. For the paradigmatic example of pseudo-Goldstone bosons,
the combination of a weak coupling (i.e. high symmetry breaking scale) and masses 2 1eV
requires a significant amount of fine tuning to avoid producing an overabundance of dark mat-
ter [29].! At the same time, thermal production is in conflict with structure formation for
masses S keV and may also be problematic for larger masses if interactions with the Standard
Model particles are very weak. This motivates the search for new production mechanisms.?

For vector particles, it has recently been shown in [1] that a sufficient abundance of dark
matter can be produced from the quantum fluctuations of the vector field present during
inflation for masses > 107° eV. The main goal of the present paper is to show that scalar and
pseudoscalar particles non-minimally coupled to gravity are subject to a similar production
mechanism and can provide the correct dark matter abundance for masses in the range > eV.
The scenario is also viable for much larger masses depending on the inflationary scale, but for
very heavy fields other production mechanisms [33—43] might dominate over the one presented
in this work. The inflationary production of scalar dark matter with intermediate masses
has been studied by various authors [2, 44-46], focusing on the “Higgs portal” scenario. We
provide a more minimal setup where neither self-interactions nor direct couplings to Standard
Model fields are assumed. This already leads to a different cosmological evolution and a
modified range of masses and inflation scales that yield the correct dark matter abundance.
Moreover, we carefully follow the evolution of the power spectrum of fluctuations and consider
the particularities of the behaviour of the higher momentum modes. We find significant
qualitative and quantitative differences between our formalism and a treatment of the field
as quasi-homogeneous.

It is a well known fact that light fields present during inflation can be excited coher-
ently [47-49]. This phenomenon can be understood as arising from the fact that an observer
in de Sitter space will feel a thermal bath at the Hawking temperature Ty = H/2xw [50].
Small scale modes acquire quantum fluctuations which are stretched and grow in amplitude
as the Universe expands. Eventually, these fluctuations transition into a classical regime
when they leave the horizon.

If such field excitations survive the evolution until present time, they can contribute to
the energy budget of the Universe. In particular, if we are dealing with a sufficiently weakly
interacting particle that is cosmologically stable, it is possible that these particles make up
the dark matter that we observe today. For vectors this has been realized in [1]. Here, we
will show that such a mechanism is also viable for scalars.

'For a recent modification of the minimal pseudo-Goldstone boson setup, breaking the usual relation
between the naturally produced dark matter abundance and the coupling to other fields see [30].

2 An interesting mechanism for a potentially less tuned production of very light < peV bosons has recently
been discussed in [31, 32].
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The main issue with this scenario has to do with the generation of isocurvature pertur-
bations. In general, the quantum fluctuations induced in the inflaton field are uncorrelated
with the ones acquired by other light fields. In the cosmological standard model, the in-
flaton is responsible for the generation of the curvature (or adiabatic) perturbations whose
spectrum perfectly matches the one imprinted in the cosmic microwave background (CMB).
As the inflaton decays during reheating, these fluctuations are passed on to the different
fluids that populate the Universe. However, if dark matter is not produced from the decay
of the inflation but rather is already present during inflation, its fluctuations will not match
the ones that the rest of the fluids have: they are isocurvature rather than adiabatic. This
mismatch in the spectrum of fluctuations would leave an imprint in the CMB which has not
been observed by the Planck mission [51].

The consequence is that the amplitude of isocurvature fluctuations in the dark matter
field has to be very small compared to the adiabatic one. There is however a caveat: this
statement only holds for the very large scales that are observed by the Planck satellite. It is
perfectly allowed by observations that the dark matter field enjoys isocurvature fluctuations
as long as they are “hidden” at low scale modes. This is possible, for instance, if the power
spectrum of the dark matter field is peaked at some intermediate scale much below the ones
probed by CMB observables. Such a possibility was studied in [1] in the context of a massive
vector field. In this paper we see that this is also the case for a scalar field non-minimally
coupled to gravity. This is in line with the findings of [2, 46], who discussed a suppression of
the isocurvature perturbations of a scalar field which during inflation acquires a large mass
from couplings to other fields, such as the inflaton, and a non-minimal coupling, respectively.
In this work, we investigate the cosmological evolution in more detail and keep track of
the wavelength-dependent evolution of fluctuations during the different eras. In short, the
very long-range fluctuations accessible in CMB measurements are suppressed during inflation
because of the presence of a O(Hy) effective mass arising from the non-minimal coupling.
During radiation domination the Ricci scalar drops to R ~ 0, stopping the suppression of
the superhorizon modes and thus avoiding a further dilution of the energy density stored in
shorter wavelength modes. The result at late times is a peaked power spectrum with order
one fluctuations on very small scales.

Throughout this work, we only deal with gravitational interactions of a non-minimally
coupled scalar field, without assuming the existence of any further couplings to the inflaton
or to standard model fields. This is motivated by the fact that the only current evidence for
the existence of dark matter comes from the gravitational sector. Indeed, the misalignment
mechanism that is usually employed to produce low mass bosonic fields also does not rely
on any interactions with other particles. Further scenarios where dark matter is produced
gravitationally and where it only interacts through the metric have been considered in the
past. So far, studies have focused on the production at the end of inflation or during re-
heating [33-39], and were concerned primarily with very heavy scalar fields. The possibility
that dark matter was produced thermally through graviton-mediated processes has been con-
sidered in [39-43], again for heavy scalar fields with masses above ~ 1 TeV. Our approach
is essentially different, as we focus on the production purely due to the expansion during
inflation and deal with lighter masses.

We would like to stress that similar to the misalignment mechanism, the production
mechanism considered here is independent of additional (weak) interactions of the field with
Standard Model particles. The resulting dark matter can therefore be equipped with a
wide variety of very weak interactions with the Standard Model, e.g. two-photon couplings,
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derivative couplings to fermions and many others, opening a wide range of phenomenological
possibilities (see [14, 17, 52, 53] for some examples). Another natural example would be the
dimension 4 coupling to the Higgs field, usually known as the Higgs portal coupling, whose im-
plications for the inflationary or misalignment produced dark matter have been studied in [2].3

Moreover, we note that this mechanism is generic and not necessarily only relegated to
dark matter production.? Indeed, any scalar field with a non-minimal coupling to gravity
present during inflation is bound to acquire the spectrum of fluctuations predicted in this
work, even the ones that are not stable on cosmological time scales. This may have interesting
implications in cosmology when applied, for instance, to the Higgs boson. In what follows, we
focus on the generation of dark matter and leave the study of this possibility for future work.

The paper is structured as follows. In section 2 we present the essential phenomenologi-
cal results. We discuss the relevant features of the evolution of non-minimally coupled scalar
fields as well as their fluctuations (sketched in figure 1)). From this we compute the power
spectrum (cf. figure 2) and the relic abundance and see how isocurvature perturbations can
be suppressed at large scales resulting in the viable parameter space for the scalar fields to
be the dark matter of the Universe (shown in figure 3). In section 3, we give a more in depth
discussion of the generation of the fluctuations based on methods of quantum field theory in
curved spacetimes. Finally, section 4 is devoted to the conclusions and discussion about the
potential phenomenological implications of this scenario.

2 Generating dark matter from inflationary fluctuations

In this section we discuss the main features of the generation of dark matter from inflationary
fluctuations of non-minimally coupled scalar fields.

After introducing the model we first study the evolution of the homogeneous field. For a
suitable range of the non-minimal coupling the homogeneous field is completely suppressed,
ensuring independence of the results from the initial conditions.

We then turn to the evolution of the fluctuations that give rise to the dark matter. We
develop the power spectrum and the energy density it contains and discuss the features that
allow to avoid isocurvature constraints.

During this whole section we will treat the evolution of the field with classical equations
of motion. As the fluctuations arise from the quantum fluctuations of the field during inflation
that turn classical only later on, one may wonder if this is correct. The upshot is that as long
as the evolution is linear, the mode functions of the creation and destruction operators follow
the classical equations of motion. For appropriate quantities such as the power spectrum,
the evolution can then be directly extracted from these mode functions and hence from the
classical evolution. We provide more details on this in section 3.

2.1 Model setup

Our starting point is the action of a scalar field ¢ non-minimally coupled to gravity in the
following way

S = /d455 V=g (; (M? - ¢¢°) R — %3u¢3”¢ - %m2¢2 + Lpack (Uz')) : (2.1)

3Higgs portal dark matter from thermal production [54-56] is an entire field on its own.
4See [57] for a construction where baryogenesis is achieved via a non-minimally coupled scalar.
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Here, M corresponds to the Planck mass in the non-minimally coupled frame and Ly (07)
refers to the action of any other field(s) o; present in the Universe. At early times they may
dominate its energy density. For simplicity we take them into account by specifying a FRW
background with the metric ds? = —dt? + a?(t)dx? (¢ being the physical time) and setting
the Hubble scale to an appropriate value. The normalisation of the coupling constant & is
chosen such that £ = 1/6 corresponds to the case of a conformal coupling. For the purposes
of the present paper we will focus on £ > 0.

Due to the non-minimal coupling our action is strictly speaking in the Jordan frame, as
opposed to the Finstein frame, where all the couplings to gravity are canonically normalised.
In the Jordan frame, the Einstein equations and thus the backround evolution of the Universe
are modified by the non-minimal coupling to ¢. In appendix A we study this modification
by analysing the dynamics in both frames. We find that for the purposes of this paper, we
can safely study our system in the Jordan frame without taking into account backreaction
effects, knowing that they remain small. The reason is that we are dealing with a positive
coupling ¢ and field values that will always remain way below the Planck scale. The same
logic also allows us to safely identify the value of the Planck mass in both frames and fix
M =~ Mpi. With this we can now proceed to analysing the evolution of the field.

2.2 Classical evolution of the homogeneous field

Let us start with the evolution of the homogeneous field. Its equation of motion is
¢+ 3Hd+ (m*+ER) ¢ = 0. (2.2)

The effect of the non-minimal coupling is that of a background-dependent mass term. The
Ricci scalar in the FRW background is given by R = 3(1 — 3w)H?, where H is the Hubble
parameter and w = p/p is the equation of state of the fluid that dominates the expansion.
Its value varies depending on the era according to

e Inflation: R =12H?, (H ~ Hj = const).
e Radiation domination: R~ 0, (H ~ 1/(2t)).
e Matter domination: R =3H?, (H ~ 2/(3t)).

We expect that the positive contribution to the mass coming from the Ricci scalar will dom-
inate during inflation and force the field to evolve towards smaller values. During radiation
domination, however, the dependence on R vanishes and the field will be constant because of
the Hubble friction until we reach the time when 3H ~ m and damped oscillations start. By
the time of matter-radiation equality, the R-term will be negligible compared to the mass,
as Heq ~ 2- 1072 eV, and observations require m > 10728 eV.

The interesting regime is the inflationary one. If we assume that /126H; > m, the
solution to the equation of motion is

(1) = % (e—a%HIt n e‘afHIt) , (2.3)

where
at =3+ 4/9 —48¢. (2.4)
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For 0 < £ < 3/16, the solution decays exponentially and if &€ > 3/16, there will be oscillations
with an exponentially damped amplitude. In both cases, we can relate the amplitude of the
field at the end of inflation ¢y to its preinflationary value by

Re(a_
b~ o e TN, (2.5)
where N is the number of e-folds of inflation.

This shows that for & > 0 any possible initial homogeneous value for the field will be
quickly damped away by inflation (unless ¢ is very small), and the contribution to the energy
density of the Universe of the homogeneous mode is totally negligible. We are interested in
a situation where the dark matter arises from fluctuations and not from the misalignment
mechanism, which justifies why in the following we will only consider values £ > 0. We also
find that in most of the region where the fluctuations are sufficient to produce the full dark
matter density and isocurvature constraints are avoided, £ will be sufficiently large such that
Re(a—)N/2 > 1 and contributions from initially non-vanishing field values are small.

2.3 Evolution of fluctuations and dark matter density

The goal of this section is twofold. First, we obtain the present-day field power spectrum
by tracking the evolution of the primordial one through the different eras of expansion of
the Universe. Then, we compute the energy density in the field ¢ and compare it with the
observed dark matter abundance. With this, we find that in this scenario the non-minimally
coupled field can account for all of the dark matter in our Universe.

The central quantity to describe fluctuations is their power spectrum. To set our con-
ventions, throughout this work we will use the following definition for the power spectrum of
a homogeneously and isotropically distributed random field ¥:
272

(U (k, t) B(K, 1)) = (21)360) (k — K') =Py (k, t). (2.6)

Note that the power spectrum Pg can only depend on the magnitude of the momentum,
k = |k|. With this definition, the variance of a field is given by,

(B?) = / d(logk) Py(k,t). (2.7)

If ¥ is Gaussian-distributed, then it is completely determined by its variance (assuming it
has zero mean).

For modes that are already classical, the effect of the evolution on the power spectrum
of the field at any point in time is given by,”

2
Pk, t) = Po(k, to) (j(f’ti)))) , (2.8)

where ¢(k, ) is a solution of the classical equation of motion

2
<a§ +3HO; + % +m?+ §R> ok, t) =0, (2.9)

® At late times ¢(k,t) will be oscillating quickly. In most of our calculations we will not keep track of these
oscillations (e.g. by using a different symbol) but instead consider the envelope of the oscillations for which
we find simple power law behaviors. When calculating the energy density from the power spectrum this is
actually correct because it accounts for both potential and kinetic energy contributions according to the virial
theorem, as we will explain in section 3.2.
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with initial condition ¢(k,tp) at tg. But even in the quantum regime the power spectrum
is given in terms of the mode functions fix of the creation and annihilation operators that
evolve according to the classical equations of motion,

IR
a?(r) 2m?

Pylk,7) = (o) (2.10)
We will discuss this in more detail in section 3. Here it suffices to say that the most important
input from the quantum calculation is the proper choice of initial conditions for the evolution.
In addition, the quantum formalism also provides us with a way to treat the UV-divergences
that arise due to the small-scale fluctuations and obtain a finite expression for the energy
density of the field.

For now let us plow ahead and understand the relevant phenomenological features. In
what follows, we solve the classical equation of motion (2.9) analytically in the different
regimes of the history of the Universe, similar to the procedure used in [1]. The relevant
features of this evolution can be understood by looking at figure 1, which summarises the
evolution of the different Fourier modes through those regimes, represented by different
colours in that figure.

(0) Sub-horizon inflationary regime and horizon exit. This is the regime where
quantum fluctuations are amplified by the effect of the time-evolving gravitational
background until they transition into a regime when they can be treated classically.
This is a crucial process that provides the appropriate initial conditions and which we
will study in more detail in the next section 3. The bottom line is that after horizon
exit the field can be described in terms of classical Fourier modes, each of them evolving
independently according to (2.9). The initial condition at horizon exit that we obtain
in section 3 is that ¢g(k) is Gaussian-distributed with power spectrum

Pat = (B) Flay Fa) =2 (35) e

™

This is readily obtained from (3.24). We see that the primordial power spectrum right
at horizon exit is scale invariant, only differing from the one of a minimally coupled,
massless field by the O(1) factor F(a_).

(I) Super-horizon inflationary regime H ~ Hj > k/a, m. We can drop both the
k/a and the m terms from the equation of motion (2.9), which then reads

4 12
(07 + 3H10y + 12€HY) ¢~ 0 +— (82 + —0a + af) ¢ ~0. (2.12)
The solution is o o
p=Cra 2 +C_a” 7, (2.13)

with, as in (2.3), ax = 3+ /9 — 48¢. Tts real part ranges from Re(a—) =0 for £ =0
to Re(a~) = 3 for £ > 3/16. For £ > 0, the dominant term is the second one, so after
a short time the solution will approach ¢ o« a~*/2. In the overlapping region, this is
in agreement® with the quantum result (3.23). This result makes explicit that, after
horizon exit, the effect of the non-minimal coupling quickly becomes important and
suppresses the amplitude of the modes.

SNote that a_ used here is related to v used in section 3 by a_ ~ 3 — 2v.
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(II) Super-horizon radiation era relativistic regime H > k/a > m. This regime
is similar to the previous one except that during radiation domination, the Ricci scalar
vanishes and the Hubble parameter is not constant. We are then left with the equation
of motion

O +3HO) p~0 +— 82+36a ¢ ~0, 2.14
a

which has the solution
¢ =Cp+ Chat. (2.15)

The second term dies off and we find that in this regime ¢ ~ const and the field is
frozen.

(ITI) Super-horizon radiation era non-relativistic regime H > m > k/a. The
equation of motion is the same as the one in (II), so we conclude that the field is also
frozen, ¢ ~ const.

(IV) Sub-horizon radiation era relativistic regime k/a > H, m. The modes behave
in this region as pure radiation. The equation of motion in physical and conformal time

reads 12
(af + 3HO, + a2> p~0 «— (92+2aHO, +k*) ¢ ~0. (2.16)
Treating the Hubble friction term as a small perturbation, one can find the approximate
solution )
b= (Cle“” n CQe—“”) . (2.17)
a
The amplitude of the field decreases as ¢ oc a~!, while the energy density
~ k> o —4
p Eqﬁ xa %, (2.18)

as expected for a relativistic fluid.
(V) Non-relativistic massive regime m > H, k/a. The equation of motion is now
(0f +3HO, +m?) ¢ ~ 0. (2.19)

In this region, the mass has overcome the Hubble friction and the field performs the
well-known oscillations (cf., e.g., [13]) by which it acquires a pressureless matter-like
equation of state w ~ 0. We can find an analytical expression for the solution of the
equation of motion using the WKB approximation,

¢~ a7 (Cre™ 4 Coe™™) . (2.20)
The energy density in this regime redshifts as matter,
1
p~ §m2¢2 a3 (2.21)
All these solutions are summarised in figure 1. The results obtained here for the non-

minimally coupled scalar present similarities with the ones obtained in [1] for the vector,
but differ in several key aspects. Firstly, the behaviour of the modes within the horizon and
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Figure 1. Cosmological evolution of the amplitude of the Fourier modes as a function of their
comoving wavelength k~!. The various regions for which we have analytically solved the evolution
are shaded in different colours and labelled by roman numerals. The thick black line labelled “Horizon”
represents the comoving Hubble radius (aH)~!, which shrinks during inflation and grows during the
radiation and matter eras. The thin black line depicts the Compton wavelength of the vector (am)~1,
which dictates when a mode becomes non-relativistic. A mode of fixed comoving wavenumber k evolves
from left to right in a horizontal line, starting deep within the horizon during inflation as a quantum
fluctuation and eventually behaving as a massive matter-like scalar at present times. In between, the
field amplitude behaves as depicted. Modes around k,, defined as the one that becomes non-relativistic
at the same time that it leaves the horizon, are suppressed the least and dominate the energy density.

at horizon exit is in our scenario different to the standard massless case, due to the presence
of the non-minimal coupling to gravity. This requires us to study this quantum regime in
detail, which we do in section 3, together with a careful treatment of the divergencies that we
encounter in the energy density of the UV modes. Secondly, the suppression of the amplitude
of the large scale modes happens in our case during inflation, when the gravitation-induced
effective mass is large. This can be seen in (2.13) and is also calculated in section 3, where
we perform the full quantum computation all the way through inflation and through the
inflation-radiation era transition. In contrast, for the vector case this suppression happens
later in the evolution after the modes become non-relativistic, and is due to the particularities
of the equation of motion for vectors, as discussed in [1]. Regarding the total energy density,
we find that due to the evolution in the super-horizon regime we have effectively an extra sup-
pression compared to the vector case, resulting in a preference for somewhat higher masses.

In general, at the boundaries of each of these regimes (0)-(V), the parameters entering
the equation change gradually and smoothly so that it is a good approximation to just
“glue” together the solutions that we have obtained in each of the regions. However, there
is one transition that needs special attention: reheating. Between inflation and radiation
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domination, the Ricci scalar drops from R ~ 12H? to R ~ 0. The exact dynamics of
reheating will dictate how exactly this transition happens. In this work we assume that
reheating proceeds quickly enough that we can take it to be instantaneous and thus there is
a sudden drop in the Ricci scalar. Assuming that this transition is fast allows us to neglect
any potential change in the field amplitude during reheating. We look at this in detail in
section 3 and confirm that this approximation is justified within our assumptions.

More generally, gravitational particle production can occur during preheating and re-
heating. This has been studied extensively in [33-39]. In particular, the authors of [38]
study dark matter production through tachyonic resonance during reheating in the same
non-minimally coupled setup as ours. This effect depends on the precise model of infla-
tion assumed, but occurs quite generically after inflation if the inflaton coherently oscillates
around the minimum of its potential. In that case, the Ricci scalar R will oscillate about
zero and the £¢?R term will periodically give rise to a tachyonic mass for the dark matter
particle. As shown in detail in [58], this can result in significant particle creation. Following
the same strategy as [38] but for small £, the amount of dark matter generated in this way
in our setup during reheating is

Q h : m T, h 3 Hg 3/4 Oos
re < 3/8 re. 0sc ) osc 2.99
QDM ~ 5 ( 10 GeV) <1015 GeV) (Hreh> xp 0-73 Mp] ( )

<1 for €51, m S10GeV.

Here, Tien and H,o, denote the temperature and Hubble parameter at the end of reheating,
while Hgyse and ooec are the Hubble scale and the field value of the inflaton when it starts
oscillating around the minimum of its potential (for most models, oosc < Mp1). Eq. (2.22)
shows that this contribution to the energy density is always small if £ <1 or m < 10GeV,
both of which are satisfied in the parameter region of interest for this work, as can be seen
in figure 3. It is thus justified to neglect the contribution to the particle production from

preheating and reheating.

2.3.1 Field power spectrum

With this information we are able to compute the power spectrum of the field amplitude at
late times. By late times, we mean a time when all the relevant modes are non-relativistic, so
that they are behaving like matter. In order not to spoil the correct procedure of structure for-
mation, all modes contributing significantly to the energy density need to be non-relativistic
before matter-radiation equality. We have checked that this is indeed the case in this sce-
nario. The power spectra obtained in what follows are valid for all the modes that have
entered region (V) (cf brown region in figure 1) and are applicable from matter-radiation
equality onwards.

A simple inspection of figure 1 can give a good qualitative idea of the field power
spectrum. All modes start with the same amplitude given by (2.11) when they exit the
horizon during inflation. Then, they evolve differently depending on how much time they
spend in each of the regions (I) - (V). By visual inspection, it is easy to understand that k,
is the mode whose amplitude is the least suppressed (at least as long as a_ is not too large,
we will shortly quantify this). On the one hand, modes with large comoving wavelength
(above k! in figure 1) leave the horizon earlier during inflation and spend extra time being
suppressed in that era. On the other hand, modes with comoving wavelength shorter than
k! experience a stronger suppression while behaving like radiation in region (IV).

— 10 —
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Figure 2. Field power spectrum generated by inflationary fluctuations of a scalar field non-minimally
coupled to gravity (normalized to 1 at k). The solid blue line shows the behaviour of the power
spectrum for small non-minimal couplings ar— < 1 and has a peaked structure at the critical scale ki
(marked by the grey dashed line), which is a very small scale in cosmological terms. The solid orange
line corresponds to stronger couplings a— > 1 and is dominated by the power at very small scales
(UV modes).

This behaviour is confirmed by our calculations (see appendix B for the details), re-
sulting in the field power spectrum presented in figure 2. At scales larger than the critical
wavelength k!, the power spectrum is suppressed by (k/ky)®-, while at smaller scales its
amplitude scales as (k/ky)'~%=. Thus, we find that a— = 1 (i.e £ = 5/48) is the critical
value for which the power spectrum changes from being dominated by the k, mode to being
dominated by ultraviolet modes. We restrict our study to the regime where a— < 1 featur-
ing a peaked power spectrum. Though potentially interesting, the scenario with av— > 1 is
dominated by the UV modes and would require a careful treatment of the divergencies with
a full regularisation scheme.

These arguments agree with the result obtained from the quantum computation in sec-
tion 3. Indeed, for adequate values of the non-minimal coupling, the field power spectrum
in figure 5 already exhibits a peaked structure at some intermediate scale, while it is sup-
pressed at both very large and very small scales. Note that the power spectrum of figure 5
corresponds to much earlier times than those of figure 2. This explains why the slope in both
figures does not match: figure 5 still has to be evolved through the full radiation era.

The mode with critical comoving wavenumber k, reenters the horizon during the radi-
ation era precisely when it becomes non-relativistic, as can be seen in figure 1. Phenomeno-
logically, k; ! is a very small scale, much below the cosmological scales that play the key roles
in structure formation or can be observed with the CMB. It is defined by k. = a,m, where
a, is the scale factor at the time when the Hubble parameter equals one third of the mass of
the scalar field, 3H (a,) = m. The comoving scale associated with this critical wavenumber
can be given as a function of the mass as

1 eV
— ~4.1-10" km {/ —. 2.23
o - (2.23)
The last thing we need to completely determine the field power spectrum is to compute its
overall dimensionful normalisation (note that P, has mass dimension 2). To do this, we
obtain the power at the critical wavenumber k.. We refer the reader to appendix B for the

— 11 —
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details of the calculation. Here we just give the final result

a_ -3
'P¢(t,/€*) ~ 'P¢O(k‘*) ]‘II_T mfé(gfa*) He%q ((Z(t)> . (2.24)
eq

Here, Hj is the Hubble scale of inflation, while the subscript “eq” refers to quantities evaluated
at the time of matter-radiation equality. For the sake of clarity, in this expression we have
removed some O(1) factors. The full version of the result is given in (B.3). The primordial
power spectrum at horizon exit Py, is given in (2.11). As was stressed before, this expression
is only applicable at late times for modes that are already redshifting as matter.

2.3.2 Dark matter abundance

Once we have the power spectrum of the field, we move on to compute the dark matter
abundance. The full expression for the energy density of the field is given in next section’s
eq. (3.18). At late times when H is negligible and all relevant modes are non relativistic we
have,”

p(t) = / d(log k) %mg%(k,t). (2.25)

This result is independent of the regularisation scheme that has to be applied to cure the
Hubble scale-dependent divergences. The integral can be easily carried out analytically for
any value of a_. Here we will focus on the regime a— < 1, and we refer to appendix B for
the computation and the results for other choices of a—. We can now compare the energy
density in the non-minimally coupled scalar field with the observed dark matter abundance,
finding the result

Q, 30t Pa_) [F(T))*5 1
QDMi 2%7{-2 oz_(lfa_) []:(Tr)]%af Mlg’l

1 1y
Ho? HZY) ata=+D (2.96)

Here, F(T) is a function encoding the dependence on the number of degrees of freedom,
defined in [13] and eq. (B.4). It is typically of order 1. The total abundance depends, as
expected, on the Hubble scale of inflation, the scalar mass and the non-minimal coupling &
through the parameter a_ = 3 — /9 — 48€. If we want to explain the observed dark matter
abundance, we need to require {14 = Qlpy. This requirement, together with a choice of the
Hubble scale of inflation, gives a one to one correspondence between the mass of the scalar
particle and its non-minimal coupling to gravity, as can be seen in figure 3.

2.4 Density power spectrum and isocurvature fluctuations

In this subsection we will compute the power spectrum of the energy density fluctuations of
the non-minimally coupled field ¢. It is clear that these fluctuations are produced indepen-
dently of the inflaton ones, and we thus expect both to be uncorrelated. As the inflaton is
responsible for setting the curvature (or adiabatic) perturbations that affect the metric, the
ones generated in the non-minimally coupled scalar will be of purely entropic (or isocurvature)
nature.

This is not a problem while the non-minimally coupled field remains a subdominant
contribution to the energy density of the Universe. Things change when the field’s contribu-
tion to the energy budget becomes appreciable, which is of course the case in the scenario

"We note that the Ps(k,t) at this point denotes the envelope of the oscillating power spectrum as explained
in section 3.2.

— 12 —
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Figure 3. Parameter space of our scenario, composed of the mass of the scalar field and the strength
of its non-minimal coupling to gravity. Additionally, our predictions depend on the Hubble scale
of inflation Hy. The lines represent the combination of masses and couplings that give the correct
dark matter abundance, plotted for various values of Hy. The upper limits on the scale of inflation
make it impossible to generate enough dark matter to the left of the blue line. The region shaded
in red is excluded because our setup generates too much isocurvature power at the scales probed by
the Planck satellite (note that this limit assumes that all the dark matter originates from the scalar
field fluctuations and effectively only applies to the right of the blue line). The grey-shaded area is
disfavoured if we assume that the Zs symmetry ¢ — —¢ of the field is broken by quantum gravity
effects, inducing gravity-mediated decays of the dark matter particles, as discussed in section 4.

where ¢ makes up the dark matter. Then, isocurvature perturbations leave their imprint
in observables like the cosmic microwave background (CMB) and the structure formation
dynamics. The lack of observation of such an imprint in the CMB by the Planck mission sets
the strongest constraints on the amplitude of isocurvature perturbations [51]. The Planck
collaboration gives the name “cold dark matter isocurvature (CDI)” to the scenario where the
dark matter fluid has a contribution of isocurvature fluctuations. In this setting, the power
in isocurvature fluctuations is observed to be much smaller than the power in adiabatic ones.

This may seem like a nail in the coffin of our setup, as all the power in the non-minimally
coupled field energy density is generated as isocurvature. However, the key point is that the
bulk of the energy density in our scenario is stored in the fluctuations at the very small scales
around k; ! given in (2.23) to be k' ~ 1.3 x 1072 Mpcy/eV/m. This scale is orders of
magnitude below the typical scales that the CMB and other cosmological observables probe,
which typically lie in the k= ~ 10 — 1000 Mpc range. At those very large scales, the energy
density of ¢ acquires the adiabatic fluctuations of the metric, as argued in section 2.5. The
isocurvature power at the scales probed by Planck can in this way be suppressed below the
observed limits provided.

Let us then compute the power spectrum of the energy overdensities of the field ¢. We
define the density contrast field, that describes the deviations from the mean energy density,

— 13 —
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Figure 4. Power spectrum of the density contrast § of the non-minimally coupled scalar field ¢. The
general shape is valid for all values of the coupling a_ < 1. For this plot we have chosen m =1 eV,
a_ = 0.5 (solid blue line) and a_ = 0.25 (solid green line). As the field power spectrum, the density
contrast power spectrum is peaked at the scale k7! (highlighted by the grey dashed line), which is
orders of magnitude smaller than the ones probed by the CMB. The red crosses correspond to the
upper limits on isocurvature perturbations (CDI) set by the Planck satellite [51]. Note that for a large
enough «_, the amplitude of the isocurvature perturbations at the CMB scales is strongly suppressed.

by
p(x) = (p) (1+4(x)). (2.27)
Its Fourier transform can be computed as
1 d3q
5k:—/7¢q¢k—q. 2.28
(k) o | @y (a)o( ) (2.28)
The mean of the density contrast of course vanishes, and the two point function is given by
1 d3q 1 1
5*(k)5(k")) = 8710 (k — K’ / = Ps(9)Ps(|k — al). 2.29
(5 (1)3() K)o [ Gy g e @Pela. 229

The details of this and the following calculations can be found in appendix B (carrying out
steps similar to [1]). From this we can easily extract the power spectrum of §, which can be
expressed as a function of the power spectrum of the field as
Ps(k) = "“2/ dq dp ~ L Py()Ps(p) (2.30)
’ (#2)* Jk—ql<p<kq T @ ? wreer '

This integral can be carried out numerically resulting in the density contrast power spectrum
presented in figure 4. In the parameter region of interest a— < 1, the density power spectrum
has the same peaked structure as the field power spectrum of figure 2, and thus the energy
density is dominated by overdensities of size ~ k!, which corresponds to the cosmologically
small scale given in (2.23). At scales smaller than k; ! the power spectrum is suppressed
by (k/k.)@ 1), whereas for large scales the suppression goes with (k/k,)2* and is thus
stronger than for the field power spectrum.

We can now compute the amplitude of isocurvature perturbations at large scales and
compare them with the Planck observations to constrain our scenario. At scales larger than
the critical scale k3!, we have

Ps(k) ~ <>2a Ps (k) (2.31)

— 14 —
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k; Biso (ki) Pr(ks)
Fiow = 0.002 Mpc=t | 0.011 | 2.3-10"1
Emia = 0.05 Mpc™! | 0.38 | 1.3-107°
Knigh = 0.1 Mpe™ | 0.77 | 7.0-107°

Table 1. Planck 2018 limits on the cold dark matter isocurvature (CDI) scenario [51]. More precisely
we take the “axion II” scenario of that paper which is appropriate for our case.

where the power at the critical scale Ps(ky) also depends on «_ and can be computed
using (2.30). We have checked that for the values that interest us, Ps(k.) = O(1) is an order
one number.

The absence of observed isocurvature fluctuations in the CMB puts an upper limit on
their amplitude. Planck gives constraints on the CDI scenario at three different scales k; (see
table 1), as upper limits for the primordial isocurvature fraction defined as

_ Pk
Prlks) + Prks)’

Biso (ki) (2.32)
where Pz and Pr are the isocurvature and adiabatic power spectra, respectively. Using the
Planck normalisation for the curvature power spectrum, Pr = 2.1(9) - 10, approximately
valid for all the scales of interest k;, we can translate the bound on Sis, into a bound on Psz.
The values are given in table 1. We can see that the bounds get weaker at smaller scales.

Putting everything together, we can obtain the following bound on the non-minimal
coupling to gravity:

1 ﬁiSO(ki) PR(ki) k; g
“ gl <1 ~ BroolF) 7’5(76*)> ll‘)g (7.5 107 Mpe "V m>

which assumes that the scalar makes up all of the dark matter in the Universe. This rules out
the region of parameter space shaded in red in figure 3. As expected, a minimum value of the
non-minimal coupling £ is required to suppress the isocurvature perturbations at large scales.

-1
, (2.33)

2.5 Acquisition of adiabatic fluctuations

In order for the scenario to agree with cosmological observations, it is not enough that the
isocurvature perturbations are sufficiently small at large scales. It is also necessary that the
dark matter presents the observed adiabatic spectrum of fluctuations at those scales. Here
we will reason that this is indeed the case.

Because of the strongly peaked structure of the power spectrum, the energy density of
the scalar field is stored in clumps of typical comoving size k;!. As we have argued, this
is a scale orders of magnitude smaller than the ones relevant for the CMB and structure
formation. At those large scales the inhomogeneities of size k! are indistinguishable from a
true continuum, and the energy density of the field looks very homogeneous. The situation
is similar to other scenarios where dark matter has substructure at very small scales like, for
instance, primordial black holes [59] or axion miniclusters [60, 61].

At cosmological scales, the energy density of the field is primordially homogeneous
(except for the very suppressed component of isocurvature fluctuations). After inflation
ends, the fluctuations of the inflaton are imprinted in the metric in the form of curvature

— 15 —
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perturbations. At that time, the energy density of the scalar field is subdominant and will
thus follow the metric fluctuations sourced by the dominant species, which at those early times
are the relativistic decay products of the inflaton. This is the reason why the scalar field
acquires the adiabatic perturbations at large scales, even if it did not have them originally.
At the same time, the small isocurvature component at large scales does not experience such
a growth and becomes subdominant to the adiabatic mode. This effect is analogous to other
dark matter scenarios like axions [62, 63] and other coherently oscillating scalar fields [64, 65],
vectors [1, 13, 66], and further non-thermal mechanisms of dark matter production.

3 Generation of fluctuations in a curved background

So far we have argued mostly based on the classical equations of motion, which is essentially
correct for the description of the evolution of the field after its quantum fluctuations have been
amplified during inflation. Importantly, however, the initial conditions for this evolution are
set by the quantum nature of the particle production due to the time-dependent gravitational
background during the inflationary epoch. Moreover, the quantum description also leads to
UV divergencies that need to be treated. In this section we will discuss both of these aspects
to complement and justify some of the claims made in section 2.

3.1 Quantum behaviour during inflation

We use the tools of quantum field theory in classical curved spacetimes, following [47, 49] to
obtain the power spectrum of the field arising from inflationary quantum fluctuations. The
action for the non-minimally coupled scalar field is given in (2.1). We specify to a FRW
background but this time using conformal time 7, defined by d¢t = adr. The discussion is
simplified by using the field redefinition

f(r,x) = a(1)p(T,%x). (3.1)

Focusing only on the terms in (2.1) with dependence on the field ¢, the action becomes

s [drdixg (12~ 191P = w27, (32)

where the prime denotes a derivative with respect to conformal time and we have defined the

effective mass
1
p? = a’m? — (6 — f) a’R

9 a” (3.3)
=a°m —(1—65);

=a’m? — (1-6¢) (H +H?).

Here, H denotes the conformal Hubble parameter (we specify to inflation later in (3.12)),

a
= —. 3.4
H=" (3.4)

The equation of motion for the field is
=V f + 12 f = 0. (3.5)

— 16 —
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We now quantise the theory. In the canonical quantisation formalism, we promote both f
and its conjugate momentum 7 to operators and impose equal-time commutation relations

[F(r.%), #(r,x)| = i8® (x - x),
(%), frx)] =0, (3.6)
[ﬁ'(T, x), (T, X')] =0.
The conjugate momentum for our field is
oL,
m(x) = 5f(x) J'(x). (3.7)
We can then perform expansions of both operators in Fourier space,
) B _ _
Fr = [ 555 (a0 fulr)e™ -+ al (0.5 (r)e )
(2m)3 (3.8)

3
(7, %) = / (irk)g (&(k)fé(T)eik'x +af (k) f,;*(f)e*ik-x) :

Here, af, @ are creation and annihilation operators. Because of isotropy, the mode functions
fr only depend on k = |k|, and f being real further requires that fr = f_i. The creation
and annihilation operators are time-independent and satisfy commutation relations

k), (k)] = @r)*® (k- K),
=0, (3.9)
=0.

[a(k), (k)
ata0), af)]

This expansion and our convention for the creation and annihilation operators put a con-
straint on the mode functions in the form of a Wronskian normalisation,

Fe(M)fiE (1) = fR() firlr) = i. (3.10)

As fi and f} are linearly independent (this can be seen from the fact that the Wronskian
is nonzero), the mode functions satisfy the same equation of motion as the classical fields.
Namely,

7wl i =0, wi(T) = k2 + p?(7). (3.11)

This is the Mukhanov-Sasaki [67-69] equation for f. The time dependence of the curved
background induces a time-dependent frequency for the field. As a consequence, the vacuum
state can have a non-trivial evolution into an excited state, which can be interpreted as a
particle production phenomenon. Indeed, we will see that the field will acquire fluctuations
and its modes fi will be populated.

Let us now specify to the case of an inflationary background. For simplicity, we will
assume exact de Sitter expansion with a parametrisation such that the scale factor is given by

-1

a(r) = E7 (3.12)
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where we take the scale of inflation H; to be constant and conformal time runs from 7 — —oo
at the beginning of inflation to 7 — —7, at the end. Note that, as is customary, in our con-
ventions conformal time is negative during inflation, ensuring that the scale factor is positive,
as it should be.

The other ingredient we need to solve the quantum evolution of the field operator is
the initial condition for the mode functions, which amounts to choosing a suitable initial
vacuum state for our theory. For general time-dependent backgrounds this procedure can
be ambiguous, but for an inflationary background there is a preferred choice. The modes
start their evolution deep inside the horizon when 7 — —oo. In this limit, k/a > Hj, which
means that the effects of curvature become negligible. Thus, at very early times all the modes
start being approximately massless. In this high frequency limit quantisation in de Sitter
and Minkowski spaces should be equal. The most common choice of vacuum is to select the
positive frequency mode f; o e~ %7 as the minimal excitation state. This choice, together
with the Wronskian normalisation condition (3.10) sets our initial condition to be

1
V2k

In exact de Sitter space, the equation of motion (3.11) for the mode functions together with
the initial condition (3.13) has the following solution,

fe(t = —o0) = e kT (3.13)

2
(—kr) HV(=k7),  v* = ) o™ (3.14)

i T (2u 1 Vs
fr(r) =3+ —_ /= 1 77

V2k V2
This solution applies as long as v ¢ N and agrees with the result in [70]. For the range of
values on which we focus in this work, the mass is much smaller than the Hubble scale of
inflation, so that we can safely take 12 ~ % — 12¢.
We can now compute the quantum statistics of the field operator. As expected, the
expectation value of the field vanishes, (f) = 0. However, the variance of the field receives
non-zero quantum fluctuations

. 3
172 = / (;173)‘3|fk<7>|2. (3.15)

This variance is commonly expressed as a power spectrum for the field.
With the definition (2.6), we can compute the power spectrum of the original field ¢
during inflation, and we obtain

k3
Polk.7) = s (o)l

A2 ) (3.16)
- (I) (—kr)3 T ‘Hﬁ” (-m)‘ .
2 2

Before we can correctly interpret our results, we have to deal with one usual problem

that arises in quantum field theory in curved space-time: the power spectrum (3.16) is UV

divergent. Indeed, the variance of the field is dominated by the very small scales, where

the power spectrum grows as k2. However, we expect that modes that are deep inside the

horizon are very close to the vacuum state and thus should not dominate the fluctuations.

In order to solve this issue, we should look carefully at the energy density of the field and
find a suitable regularisation scheme.
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3.2 Energy density and regularisation of the power spectrum

As we have a non-minimal coupling to the metric, we have to be careful when deriving the
energy density of the field. We start by computing the full stress-energy tensor of ¢, which

is given by
—2 6(£yv=9)
V=g 09 (3.17)

1 1
= §¢2G,¢w + 8u¢au¢ - §8a¢8a ¢g,uu - §m2¢29uu-

Here, G, = Ry —1/2 R g,y is the Einstein tensor and dy = 0; is the derivative with respect

6 _
TS, =

to physical time. We define the energy density through py = T{)%, and thus

1 11 1
po =5 (010)" + 5 VoI + 5m*” + £Good” (3.18)
Let us rewrite this result in terms of the Fourier modes of the field f and using conformal

time, so that we can more easily apply our previous results.

3k 1 2 . .
#%—/@ﬂwﬂmwﬁ+&#+u@H%mfﬂmn+ﬁnﬂ.<M%
It is possible to substitute the mode function for the field during inflation (3.14) in this
expression. We focus on the short wavelength modes. If we place an arbitrary UV cutoff
scale A, after expanding the Hankel function for large arguments [71] we find

a'py = CoA* + CoH?A* + CyH log A+ O(A72), (3.20)

where C; are some numerical coefficients that only depend on v (and m). Each one of these
divergences in the energy density can be removed by adjusting the constant term, the Planck
mass and the coefficient of the R? term in the action, respectively [48]. We can extract a
meaningful result for the energy density and the variance of the field after removing the
UV divergences in this way.® To properly do this, one would need to define a consistent
renormalisation scheme including the perturbative expansion of gravity. This task is (of
course) beyond the scope of this work. Fortunately, for the purposes of this paper, a simpler
regularisation will suffice.

What is observable and relevant for the purposes of dark matter production is the energy
density of the field at late times. Deep into the radiation and matter eras, the effect of the
gravitational background (the expansion) is weaker, which is made explicit by the fact that
H — 0 in the far future. Thus, when computing the energy density at late times, we can
safely neglect the terms that depend on #, which are the ones that can be affected by the
regularisation scheme chosen to cure the #2A? and H*log A divergences.

Because of this, the one divergence that we really have to care about is the A? one. As
is well know, this one is related to the energy of the quantum vacuum and can be regularised
away by a redefinition of the cosmological constant in the action. A computation yields
Co = 1/(47n?), which corresponds to the usual k/2 vacuum energy of each mode in Fourier
space. The regularisation is then achieved by subtracting this quantity for every mode at

80f course, this is only a tree-level statement. Including loop corrections would lead to the well-known fact
that an infinite number of counterterms are needed. This is the usual result that perturbative quantisation
of gravity fails due to the loss of predictivity, and not in any way a particularity of our scenario.
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the level of the energy density in (3.19). However, we will approach this subtraction from a
slightly different perspective. We cure this divergence by removing the corresponding term
at the level of the power spectrum’ of the field with the shift

1 k2

With this, we can safely write the regularised energy density at late times as

o(t) = / (logh) 5 (ng;@(k, £+ (f; 4 m2> POk, t)> , (3.22)

where the regularised power spectra are obtained by performing the subtraction (3.21) and
then dropping all the terms proportional to powers of H. This procedure of regularising
the field power spectrum is effectively equivalent to the direct subtraction of the vacuum
energy, as the only observable consequence of the power spectrum of the field is precisely its
contribution to the energy density.

The regularised power spectrum at the end of inflation is shown in figure 5. The fact that
we have not removed the Hubble scale-dependent divergences explains why the power stays
constant at small scales. Figure 5 also shows how the power in those UV modes decreases as
H? after the end of inflation, as expected. This shows that we can obtain a power spectrum
and an energy density which are free of divergences at late times.

After being reassured that our quantum computation leads to well-defined observables
at late times, we can safely extract the required initial conditions for the classical evolution
computed in section 2. For modes well outside the horizon that satisfy —k7 < Hp, we can

Taylor expand the regularised version of (3.16) to obtain the approximate expression'’
(reg) (reg) EOVT
Y (k,t) ~ P (k 3.23
e 0~ P00 (o) (3.28)
where
2 92v—172
(reg) k) = ﬂ 27F(U) 24
P = (5e) = (3.24)

is the power spectrum at horizon exit. This is precisely the initial condition that we use for
the classical evolution of the field in section 2. Moreover, note that the result (3.23), valid in
the region labelled (I) in figure 1, matches the classical result obtained in (2.13) (we remind
the reader that a— = 3 — 2v).

From now on, we drop the superscript (reg) and it should be understood that we are
always dealing with regularised power spectra. Of course, it should also be understood that
all the quantities with which we deal in section 2 are regularised and free of divergencies.

A further comment is in order. As mentioned in section 2.3 we usually do not account for
the rapid oscillations of ¢ and in consequence Py (k), but instead only consider the envelope
(for which we use the same symbol). Moreover, in section 2 we use the simpler eq. (2.25)
instead of eq. (3.22) to calculate the energy density, where the former only includes the last

9Note that this transformation leaves Pa, 4 unchanged up to factors proportional to powers of H, which we
drop at late times.
10Note that regularisation has a negligible effect in the power spectrum for superhorizon modes, as required.
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term of the latter. At late times this follows from the virial theorem. Averaging the energy
density over (at least) one oscillation we have

() = (2 + K)8) = 502 4 K)o (325)

where ¢amp gives the amplitude that is specified by the enveloping function of Py4(k). Inserting
this into eq. (3.22) we obtain eq. (2.25).

3.3 End of inflation and radiation domination era

In exact de Sitter expansion, the solution (3.14) holds exactly. However, inflation is only an
approximate de Sitter era.

Firstly, we know that, at least during the epoch when the scales observable in the CMB
leave the horizon, the Hubble parameter varies slightly with time. We nevertheless ignore this
effect in our derivation, the reason being that we are particularly interested in modes around
ks that exit the horizon much later than the ones observable in the CMB. There is very
little observational guidance to how the Hubble parameter behaves at the epoch relevant for
those modes. Rather than extrapolating the value of the spectral index orders of magnitude
away from the region where it is measured, we opt for the simplest assumption of a constant
Hubble scale of inflation. In section 4 we will nevertheless discuss how this effect could be
incorporated into our results.

Secondly, inflation has to end at some point so that the Universe can be reheated.
As a first approximation, we will assume that this process happens very quickly when the
inflating Universe reaches a size a,. After that moment, we assume that the Universe enters
an era where the relativistic decay products of the inflation dominate the background energy
density. In our parametrisation, inflation ends at conformal time —7,, with 7. = 1/(a, Hp),
and the equation of state of the Universe suddenly changes from w = —1 to w = 1/3.

The solution (3.14) is thus only valid for 7 < —7.. For 7 > —7,., we have to solve
the mode equation (3.11) for a radiation dominated expansion. Then, the time-dependent
frequency simplifies to w,% = k2 + a®>m?, as the Ricci scalar is zero in the radiation era. If we
assume that the modes are relativistic at that time (this assumption is justified a posteriori),
then w,% ~ k? becomes time-independent and we can easily solve the mode equation to obtain
the outgoing vacuum mode function

u 1 i
’U(O t) (7_) _ ez(7'+7'r)wk’ T > —Tp. (326)

k = o
The incoming wave function can thus be expanded after reheating via a Bogolyugov trans-
formation as

fk(T) _ Oézv}(cout) (7_) + B}:v;(Out) (7_)

- (azeimn)wk n Bze—z‘mn)wk) R

N

We can extract the Bogolyugov coefficients by requiring continuity of the mode function and

(3.27)

its first derivative at 7 = —7,.. The result is
o V2 1/2
ot = elz(ZV“)TW\/kTT [(1 - z(V—I:/)> HO (k7)) + iHﬁQl(lm)} :
Tr

(3.28)

Tr

Bt = e%‘%@”“)%?r\/kn Kl + 1W> HD (kr,) — iHﬁlﬁl(kTr)} :
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Figure 5. Power spectrum of the field while the modes are still relativistic, as a function of the
wavenumber normalised to the Hubble radius at the end of inflation, k! = (aTHI)_l (note that this
normalisation is different to the one in figures 2 and 4). The solid lines depict the power spectrum right
at the end of inflation and at different moments during radiation domination. The dashed vertical
lines depict the comoving Hubble radius at the end of inflation and each later moment, respectively
from right to left. A value of v = 5/4 (equivalently a— = 1/2) is chosen here, corresponding to a
non-minimal coupling & ~ 0.06.

The fact that |ax|*—|Bk|* = 1 ensures that the normalisation condition (3.10) is still satisfied.
The mode function that we have derived is valid while radiation domination lasts and as long
as the modes are relativistic.

The power spectrum in the radiation era can then be expressed'! as

H\? a2 [ k \? ik (o
P¢(k,a):2<2—;> (a—> <arH1> {2|ﬂk|2+2Re <a;5ke2 MI(WH)H_ (3.29)

a

This power spectrum is depicted in figure 5 at different moments of the radiation dominated
era, starting right after inflation. Wavelengths larger than k' = (a,Hj) ' exit the horizon
at some point during inflation and are excited, while shorter wavelengths that stay inside the
horizon do not receive large fluctuations. The power decreases at very large scales because
of the suppression arising from the effective mass during inflation due to the non-minimal
coupling. This means that right after inflation, the power spectrum is peaked at the scale k- L
Later on, as modes reenter the horizon during radiation domination, they start to oscillate
and their amplitude is damped, while superhorizon modes are still frozen. The consequence
is that the peak in the power spectrum shifts towards larger scales. This will continue as long
as all the modes involved are relativistic, which means that the final position of the peak will
be at the scale which reenters the horizon at the same time as it becomes non-relativistic,
which happens when H (a.) = m. Note that the suppression for small-scale modes in figure 5
is steeper than in figure 2. This is due to the fact that figure 5 depicts the power spectrum at
early times a < a4, and thus the modes inside the Hubble radius are still relativistic. After

H1n this expression we have already removed the contribution of the vacuum energy, as discussed in sec-
tion 3.2.
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a,, these subhorizon small-scale modes start becoming non-relativistic and the final shape
figure 2 is attained (this becomes clearer by looking at the evolution outlined in figure 1).

It is possible to make analytical approximations of the power spectrum (3.29) for the
modes with k < k,, that is, modes that were well outside the Hubble radius at the end
of inflation. We can distinguish two regimes, depending on wether the modes have already
reentered the horizon during radiation domination or not. If they have, we can average out
the oscillating terms and find

pothr) ~ () Loponp2 Lo ()T () 3.30
k)= () 2 wo-v () () 6
which is valid if k£ > aH. In this expression, the damping of the power with the scale factor
is manifest in the last factor and matches the result (2.17) corresponding to region (IV) in
figure 1. In the opposite limit, k¥ < aH, the modes are still superhorizon and an expansion
of the oscillating functions for small arguments gives

Py(k,T) = <HI>2 1 2212 (1) (v — 1/2)? ( i >3_2V, (3.31)

2 e a-Hy

confirming that the amplitude of these long wavelength modes is constant as long as they
remain superhorizon (regions (II) and (III) in figure 1).

Let us recapitulate: in this section we have seen how a light scalar field which is non-
minimally coupled to gravity acquires quantum fluctuations that can grow large during in-
flation. We have been careful to study the UV divergences that arise and we have extracted
a regularised, physically meaningful power spectrum. Interestingly, the existence of the non-
minimal coupling suppresses the magnitude of superhorizon modes during inflation, meaning
that the amplitude of the power spectrum decreases on very large scales. We have seen that
when the modes reenter the horizon after inflation, they start to oscillate and their amplitude
is also damped. These effects result in a power spectrum which is peaked at some interme-
diate scale. This quantum analysis complements the classical study done in section 2, in
particular giving the right initial conditions for the classical evolution. It also justifies the
phenomenological results in section 2, showing that they are firmly grounded and independent
of the particular UV physics that is necessary to make sense of the full quantum theory.

4 Conclusions

4.1 Summary

In this work, we have shown that in one of the simplest extensions of general relativity, i.e.
general relativity plus a non-minimally coupled scalar field, the scalar field can acquire a relic
density sufficient to account for the totality of the dark matter observed in our Universe.
In our scenario, dark matter is produced during inflation by purely gravitational means
independently of any couplings to other fields that could be present. As shown in figure 3,
for small values of the non-minimal coupling constant £ < 0.1 together with masses above ~ 1
eV, high-scale inflation naturally yields the right relic abundance. For lower inflation scales
and similar non-minimal couplings significantly higher masses are viable, e.g. m ~ 10keV for
Hi ~3-10"% GeV.

This scenario does not rely on any initial conditions, and the only necessary requirement
is for the field to be present during the inflationary era. The reason for this is that the en-
ergy density is entirely produced from the quantum fluctuations of the scalar field, which are
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amplified during inflation due to the strong time dependence of the scale factor. Such fluctu-
ations are suppressed on the largest scales due to the presence of the non-minimal coupling.
In the regime that we consider, the non-minimal coupling essentially acts as an effective mass
term for the field of the order of the Hubble parameter during inflation. At a later stage of the
evolution during radiation domination, the fluctuations on small scales are also suppressed
due to the fact that the modes are still relativistic when they reenter the horizon and oscillate
with damped amplitude. The interplay of these two effects can be intuitively understood by
looking at figure 1. The resulting energy density power spectrum is depicted in figure 4. The
main feature is that it is peaked at some intermediate scale k; ! given by (2.23), which means
that the energy density is mainly stored in clumps of typical comoving size k; !. Compared to
a treatment of the field as quasi-homogeneous [2, 46] there are two implications. The first is
the presence of additional small scale substructure (similar to the vector case [1]). Secondly,
the suppression of the relativistic higher momentum modes during the radiation dominated
era leads to an overall reduction in the dark matter density for a given mass and inflation
scale. In consequence, sufficient dark matter production requires somewhat higher masses.

An important observation is that this scenario predicts that the density perturbations
of the dark matter are of isocurvature type, as they are uncorrelated with the perturbations
in the other fluids. However, these fluctuations are only large at intermediate scales close to
k! ~ 4 x 107 km, while their amplitude is suppressed at the very large scales relevant for
cosmological observables such as the CMB (cf. [1, 2, 46]). Indeed, this suppression can be
large enough for the power spectrum to fall below the stringent constraints set by the Planck
satellite, as computed in section 2.4 and summarised in figure 3.

While the quantum fluctuations lead to UV divergences, we have argued that they can
be absorbed into the parameters of the Lagrangian such as the cosmological constant. We
have provided a definition of the energy density that is compatible with this regularisation
and thus free of divergences. The amount of dark matter is finite.

4.2 Discussion

In this paper, we have focused on the basics of the mechanism and the generation of dark
matter, leaving the study of the interesting phenomenology associated with the scenario for
future work. However, we would like to briefly comment on some interesting points.

As was stated in section 3.3, in our derivation we have assumed a constant Hubble
parameter during inflation. It is nevertheless easy to see that our results remain qualitatively
unchanged if we allow for a small time variation of it. In particular, a slowly decreasing H,
as a constant spectral index ng < 1 hints, amounts to a constant tilt of the power spectrum,
increasing towards larger scales. This can be compensated with a slight shift towards larger
values of the non-minimal coupling &, after which all of our conclusions remain valid. Of
course, there is no reason to assume that the spectral index remains constant beyond the
scales probed by the Planck satellite. However, without observational guidance that could
provide a preference for any particular behaviour, this issue, though potentially very rich in
terms of physical consequences, lies beyond the scope of this work.

A natural question that arises has to do with the detectability and stability of the dark
matter in this scenario. It is in principle possible to consider direct couplings of the scalar
to other fields. This opens up many possibilities and would require an extensive study. Also
note that in principle the action (2.1) allows for a Zg symmetry ¢ — —¢ which would forbid
decay-inducing couplings. We may nevertheless assume that gravity does not preserve this
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Zo symmetry.'? In such a case ¢ could undergo gravity-mediated decay. The most relevant
decay channels for the mass range discussed in this paper are decays to photons or light
fermions. For the decay to two photons, mediated by the operator MiPlF w P, the rate can
be estimated as I' ~ m?3 /647 M3,. If we require that the lifetime of the dark matter is longer
than the age of the Universe, we get the limit m < 0.1 GeV. The decay to two fermions can
arise from the operator %Pl fHf, where after electroweak symmetry breaking the Higgs is
replaced by its vacuum expectation value v ~ 246 GeV. With this, we estimate the decay rate
as ' ~ Nov?m/16m M3, assuming that the scalar is much heavier than the fermions. This can
give a much larger decay rate than the one to two photons. In particular, any scalar heavier
than ~ 1 eV would be cosmologically unstable due to the decay to neutrinos. However, the
operator that we wrote down for the decay to two fermions is probably too simplistic. For
instance, it seems plausible that the operator comes with an appropriate Yukawa factor (for
all we know, the fermions always couple to the Higgs this way).'® This would mean that the
rate would go as mfc m instead of v?m, thus suppressing the decay to the lighter fermions.
In this case, it is easy to see that a potential decay to two photons becomes the dominant
one for any scalar mass. This stability estimate is shown in figure 3 but should only be taken
as an indication and not as a strong bound, given the arguments presented above.

In contrast to the lack of precise predictions regarding the non-gravitational interactions,
the mechanism has potentially interesting cosmological signatures. A first feature is the
potential presence of a small component of isocurvature fluctuations also at large scales.
This could be detectable!® in the vicinity of the boundary of the red region in figure 3.
The main feature is that the bulk of the energy density is contained in substructures whose
characteristic comoving size, as long as they follow the Hubble flow, is k!. However, as
these overdensities are very large (the value of the power spectrum at the peak is close to
O(1)), it is likely that they decouple from the expansion and form bound structures very
early. Indeed, the authors of [80] (see also [81]) showed that this decoupling can happen
around matter-radiation equality. The characteristic size of these bound structures is then

1 eV
gtoday ~ 7k* 1 ~ 104 km E (41)
€eq

These small-scale overdensities are similar to the ones described in [1] and also present some
resemblance with the azion miniclusters that are predicted to form (under some assumptions)
if a cosmological population of QCD axions exists in our Universe [60, 61]. Although they
are probably too small to affect the formation of large scale structures in any significant
way, they could have interesting signatures in gravitational lensing [82, 83], astrophysical
processes [84, 85] and in direct [86] and indirect detection experiments, in the case where
additional couplings to Standard Model fields exist. In particular, at larger masses, indirect
detection signatures, e.g. coming from an annihilation of dark matter particles, could be
enhanced due to the clumpiness.

1214 is conjectured that gravity breaks all continuous global symmetries [72-75], but discrete symmetries
can remain unbroken [76, 77].

13This is exactly the case if the decay is induced by a linear coupling of ¢ to the Ricci scalar, as was
considered in [78, 79].

Tn the most recent Planck analysis [51], the collaboration has studied a scenario (called “axion IT”) that
is applicable to our isocurvature spectrum. Intriguingly the data seems to have a very slight preference for
the presence of non-vanishing isocurvature fluctuations.
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A Einstein and Jordan frame dynamics

The action in the form presented in (2.1) is written in the Jordan frame where the Planck
mass depends on the value of the scalar field. This is in contrast to the Einstein frame,
where all the couplings to gravity are canonically normalised. Both frames are related by
a conformal transformation of the metric (cf., e.g., [87]). Starting from the Jordan frame
metric g, we can get to the Einstein frame one g by means of the transformation

1

=z (M? —¢¢%). (A1)

Guv — g;w = QQ(LU)Q#V, where 92(58)

Under such a transformation, we have that

g = g = Qigguu

Vgl = Vgl = 2" Vlgl (A2)

R — R=Q72R—6Q7%00.
Our action then becomes
S= [ a5l (2MRR+ 2 Py (6, 00)
= T\ |9 9 Pl 0l back (P, O3

_L(1 689
2\ 22~ MZO!

(A.3)

o 1
> g" au¢au¢ - 2947”2¢2> )

where L}, is the transformed version of the background Lagrangian accounting for all the
other fields, including the Standard Model ones. It may now also depend on ¢ due to the
form of the transformation (A.1).

This shows that in the Einstein frame, where the coupling to gravity is minimal, non-
canonical kinetic terms for the fields ¢ and o; arise. We can nevertheless canonically normalise
the field ¢ by performing a field redefinition to a new field ¢, given by

d 1 6£2¢2
a0\ @ e e

— (1 ~ 1 5 1 1
5= [Vl (GMBR+ gy (.09 — 30000 — sgrom®0) ). (A9

In terms of ¢, the action reads

In general we cannot neglect the backreaction of the non-minimal coupling on the metric.
However, if we are dealing with a not too large coupling constant £ and subplanckian field
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values ¢ < Mpi, then these effects are expected to be small. Indeed, in this regime we have
that M ~ Mp;, and we can approximate

2
92:1—5(]\;;> ,

1+g(1—6§)5 <AZ1>2+0 ((AZI)LL)] (46)

This shows that backreaction effects on the metric appear at higher orders in the ¢/Mp
expansion. To first order only the dynamics of the non-minimally coupled field ¢ will be
affected. One may wonder where the effect on the field ¢ is encoded. As will become clear
in the example below, this arises from the second term in (A.G). Expanding the action in
p, an additional mass term for the field appears that is proportional to the density. For
sufficiently high density/Hubble scale this term can be bigger than m?, significantly altering
the evolution of the field.

Let us now study a specific example for the background Lagrangian Ly,. We set our
metric to be a flat FLRW one,

p=2¢

ds? = —dt* + a*(t) (dz? + dy® + dz?) . (A.7)
With this particular choice of geometry, the Ricci scalar reads
R:6<H+2H2) = 3(1 - 3w) H?, (A.8)

where the dot denotes a time derivative, H = a/a is the Hubble parameter and the last
equality is valid if the Universe is dominated by a perfect fluid with equation of state w = P/p,
being P and p its pressure and energy density, respectively.

A.1 Background dominated by a cosmological constant

We assume that the background is dominated by some form of vacuum energy or cosmological
constant A, which we parametrise as usual by

Lpack = —AMB,. (A.9)

(a) Jordan frame: it is well known that a cosmological constant makes the Universe expand
exponentially fast,

A
a(t) = apelt,  with H? = 3= const. (A.10)
The curvature in this scenario is R = 12H?, and the equation of motion for ¢ reads
¢+3H¢ + (m® +126H?) ¢ = 0. (A.11)

We see that in this frame the non-minimal coupling introduces an effective mass term
for the scalar field, mgﬁ = m? + 4¢A. The solution to the equation of motion is

o(t) = Cye~ 3 HE 4 O e~ T HE, (A.12)
where
2
ai—3i\/9—48§—4(g) . (A.13)
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If C_ # 0, the second term in (A.12) dominates at late times. The condition to have a
growing mode is

m2

a_ <0 & §£< T (A.14)
If this is satisfied, the field value grows exponentially. The reason is that in this range
of negative couplings the effective mass mgﬁp becomes negative and we have a runaway
potential for the field ¢. In the main text we are interested in & > 0 so this does not

happen there.

(b) Pinstein frame: after the conformal transformation g, — G = QQgW and the field
redefinition ¢ — ¢ that have already been described, we get to the Einstein frame
action, where the coupling to gravity is minimal and the scalar field is canonically
normalised. Next we expand the action only keep leading terms in the ¢ /Mp) expansion,
as we are assuming that the field is subplanckian. The resulting action is

—[1 5 - 1 1
S = /d4x H [2M§1R — AM3, — FOupd"p — 5 (m? +4€A) @* + O (¢*) | . (A.15)

Identifying A = 3H? we recover the same equation of motion that we had in the Jordan
frame. Of course, if ¢ takes values close to the Planck scale our expansion in terms of
©?/M3, breaks down and an exact treatment is required.

This example shows that it is reasonable to ignore backreaction effects and work directly
in the Jordan frame without modifying the Einstein’s equations, as long as we are only
dealing with subplanckian field values. We have explicitly checked that this also holds for a
background energy dominated by an additional scalar field.

B Power spectra

B.1 Field power spectrum

In this appendix, we present the calculations of the power spectra in a bit more detail. The
most useful tool for this will be figure 1, where the solution of the equation of motion for the
modes in each regime is summarised. Tracking the evolution of the modes in horizontal lines
from left to right in that figure, we can obtain the late-times power spectrum as

—o_ -3
Qy a
Pao (k/H1> (k/m) | b

Polk,to) = { Py, (ijJQ <k“/°m>3 k=k.  (B.I)

Pao (k/m) (Hkl/:;ky (k%)g’ b b

with k, as defined in (2.23). To obtain this, we have assumed a standard cosmology with an
instantaneous transition from inflation to radiation domination. We can use the mode k, as
a reference and write the amplitude of the other modes with respect to it,

k (o7
P¢(k*at0) : <k> ) k S k*7
Py(k,to) = Ly o1 (B.2)
P¢(k*at0) : <k> ) k Z k*-
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This confirms that, as long as 0 < a_ < 1, the power spectrum is peaked at the scale k!, as
shown in figure 2. The next step is to evaluate the overall normalisation of the power spec-
trum, which we do by computing the amplitude of the mode k,. For that, we make use of the
definition k, = a,m, together with the fact that during the radiation era, H o< a~2. We find

_ Hi\ ® (a,\ " [aeq a7
P¢(k*7 tO) - P¢0 < m ) <a*> ( Ay > <QGQ>
Lara. la_ -
_ 320 F(a) [P pta) Cigaan g (") 3
_ o T I m eq :
271 72 [f(Tr)} 34

(B.3)

Qeq

Here, we have used the result of the primordial power spectrum (2.11) at the time when
the mode leaves the horizon. We have also assumed that the comoving entropy s = aS is
conserved since the beginning of the radiation era and until present time. This results in the
presence of the function [13]

3 -1
g(T)\ * 9xs(T)
T) = . -/ B.4
FT) < 3.36 ) < 3.91 ’ (B.4)
which depends on the number of relativistic degrees of freedom and is always of order O(1)
within the temperature range of interest, assuming Standard Model degrees of freedom.

B.2 Relic abundance

We now move to the computation of the dark matter abundance. We can substitute the
result eq. (B.3) into the expression for the energy density at late times (2.25) to find (using
d(log k) = dk/k),

min
*

1 1 o
p¢(t0):§m273¢(k*,t0) /ﬁ dma——1+/1 dzaz®="2]. (B.5)

Here we have explicitly kept the limits of integration. These are essentially set by the duration
of inflation. The largest scale corresponds to the size of the Universe, kyin ~ agHp, which
would be undistinguishable from a homogeneous contribution.!® The smallest scale is deter-
mined by the Hubble radius at the end of inflation, kyax ~ a,Hp, where we cut off the power
spectrum. In general, we have that kyi, < kx < kpax. In the main text we consider 0 < a— <
1 where the integral is convergent on both ends and we can safely put the lower integration
limit to 0 and the upper one to co. Let us nevertheless have a brief look at all possible cases.

It is more useful and illuminating to express the result in terms of the density parameter
Q¢ = pg/ perit, and compare it with the observed dark matter density. Depending on the value
of a_, we have different regimes:

o If a =0« £ =0, we recover the minimally coupled case, where the power spectrum is
flat at large scales. The energy density is dominated by the lower limit of the integral,
that is, the homogeneous mode:

Q¢ mQPd) (k’*a tO) kmin
~ 1-1 . B.6
Qopm  3HZ,ME, AN (B.6)

15See [31, 32] for a way to use this as the actual source of dark matter.
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e If0<a<1le0< <01, the power spectrum is peaked at the intermediate scale
k!, The result is in this case independent of both lower and upper cutoffs of the power
spectrum:

Qp  mPPy(ky, to) 1
Qcom 3H§QM§1 a (I1-—a_)

(B.7)

o If a =1« £~ 0.1, the power spectrum is flat for large momenta above ky, and the
energy density is logarithmically sensitive to the UV cutoff:

Q¢ m277¢(k*,t0) ( (k’max)>
~ 1+ 1o . B.8
Qopm  3HZ,MZ, S\ k. (B#)

o Ifa>1< ¢ 2 0.1, the power spectrum is dominated by large momenta, and most of
the energy is stored at the UV cutoff:

2 a_—1
Q¢ - m 'Pd,(k*,to) 1 <kmax> . (BQ)

Qcom — 3HZME (o —1) \ ks

In the main text we focus on the second of these four cases, corresponding to a power spectrum
peaked at intermediate scales. The observable results being independent of the details of the
beginning and the end of inflation is particularly appealing and allows us to make statements
that do not rely on the specific choice of inflationary model.

B.3 Energy density power spectrum

In the previous section we have computed the mean energy density in the field ¢, but we
are also interested in the statistics of its spatial distribution. The spatial fluctuations of the
energy density with respect to the mean value can be encoded in the density contrast 9,
defined by

p(x) = (p) (1 +4(x)). (B.10)

The density contrast is a random field, and as such we can compute its power spectrum. In
momentum space, we can write

3
5(k) = <¢12> / (37;;3¢<q>¢<k —q). (B.11)

As expected, we can check that its expectation value vanishes,
609) = b [ 29 (p(@po—a)
(¢%) J (2m)?
272 / d3q (B.12)
_ 2 [ LAy 50
) P 5(q) (k)
=0 if k0.

To get to the second line, we have used the definition of the power spectrum and the fact
that ¢(x) is real, and thus ¢*(k) = ¢(—k). The two point function does not vanish. We can
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compute it using Wick’s theorem in the following way

; 1 d3q d3q' / ’ /
009900 =3 | (s g (00— @)oo —a)

1 d3q d3ql
<¢2>2/

p,q-ky B

|
o
_|_
no
—
a
w
o]
w
'Q\
2, ,_i
-
<
T
«
=)
\
e
\
~
+
Q

la—k[°
& (d' +k—q
= Up) (q,g ) py(d)

(9353 (e o 270 AR [ d3q Py(g) Py(la—kl)
(2'/T> ) <k+k) k;3 <¢2>2 /(27T)3 q3 ‘q_k|3 .

From here, we can read off the power spectrum

3

k 1 1
Ps(k) = <¢T>2 /dqu059 q*3|q_7373¢(qn)¢(|q— kl)

k|

ay )
T dgdp — —Ps(a)Ps(p).
<¢2>2 lg—k|<p<q+k q2p2 ¢() ¢()

To get to the second line, we have performed a change of variables cosf — p = |k — q.

(B.14)
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1 Introduction

Light scalars or vectors very weakly coupled to the Standard Model are phenomenologi-
cally and experimentally interesting dark matter candidates [1-7] (cf. also [8] for a recent
review). Over recent years a sizeable experimental program has developed to search for their
signatures [9-20]! (see [29, 30, 33-35] for some overviews).

Their low mass and very small couplings make them automatically stable even on cosmo-
logical time scales, without the need to completely forbid their decay by an additional sym-
metry. Furthermore, they are naturally produced via the misalignment mechanism [1-3, 5-7]
and as such they generally contribute to at least a fraction of the observed dark matter den-
sity. The initial (homogeneous) field value in our observable Universe can simply correspond
to the initial misalignment of the field away from the vacuum, or it can arise “stochasti-
cally” [36—41] from the accumulated effect of fluctuations during a long phase of inflation.
Additional contributions may arise from production via inflationary fluctuations [42-47] as
well as from decays of precursor particles [48-53]. Modifications to the usual misalignment
mechanism have been for example explored in [54, 55].

So far, most studies of the misalignment mechanism for (pseudo-)scalars have concen-
trated on the case of minimal coupling to gravity [1-3]. For vectors, this case typically only

'"While not searching directly for dark matter, experiments like ALPS [21-23], CAST [24, 25] and
TAXO [26—-28] are searching for suitable light candidates (see also [29-32]).



224 Chapter 8

yields a small amount of dark matter in today’s Universe. In order to enhance the relic abun-
dance, an option is to introduce a curvature coupling which has to be set close to a specific
value that makes the evolution equivalent to that of a scalar [6, 56]. In this paper, we broaden
this perspective by considering more general couplings of (pseudo-)scalar and vector fields to
the Ricci scalar. Our main aim is to study their effects on the misalignment mechanism, but
we also consider the impact of the curvature couplings on the stochastic scenario [38, 39] and
the contribution of inflationary fluctuations [42, 47] to the dark matter density.

The starting point of our discussion is the usual Einstein-Hilbert action, which is ex-
tended to allow for direct couplings of the fields to the Ricci scalar R. In particular, for the
scalar case we consider the action

5= [aov=a (5 O - &) R~ 59,00~ je? ) (1)

where we allow for both positive and negative values of £. Similarly, the action for the vector
field is given by

1 | 1
S = /d4x V=g (2 (Mgl + gXHX”> R— X0 X" 2m§(XHX”> . (1.2)

Note that the non-minimal coupling in the vector model has the opposite sign with respect
to the scalar case. Also, this choice for the normalization of x ensures that the vector field
behaves like a minimally coupled scalar for x = 1, as we will see in section 3 (such was the
convention chosen in [6, 57-59]).

The role of non-minimal couplings to gravity in cosmology has been extensively studied
in the literature. The main focus was originally on the construction of inflationary mod-
els [60, 61], which attracted particular interest after it was realized that the Higgs boson can
play the role of the inflaton [62] if a large value of £ ~ 10% is assumed (for a recent review
see, e.g. [63]). The possibility of inflation being driven by a non-minimally coupled vector
field was also considered in [56]. More recently, increasing attention has been payed to the
possibility that the dark matter may also enjoy such couplings. The focus of the studies
has been on the generation of dark matter during inflation [42-47] or at preheating and
reheating [64-72]. Graviton-mediated thermal production has also been explored [70-76].

Aside from phenomenological reasons, there are theoretical motivations to study the
couplings delineated above. Generally, these operators need to be considered if general rela-
tivity is viewed as an effective field theory [77]. In addition, the quantization of any scalar field
theory in a gravitational background [78] inevitably produces terms like the ones in eq. (1.1).
Their presence turns out to be essential for the renormalizability of the energy-momentum
tensor in curved backgrounds [79]. We will consider O(1) (or smaller) dimensionless couplings,
which correspond to interactions of strength 1 /Mgl after the graviton fields are properly nor-
malized. This is the natural size that is a priori expected in a theory of quantum gravity. As
an example, such scalar couplings have been found to generically arise [80-85] in approaches
to the quantization of gravity like asymptotic safety [86] (see [87, 88] for recent reviews).

The situation of vectors is somewhat complicated by gauge invariance and the need
to involve a Stueckelberg (or Higgs) mechanism. Constructing the appropriate Stueckelberg
terms for the couplings to R leads to a naive violation of unitarity” already at relatively
low energies [48]. A more detailed investigation, e.g. along the lines of [89] would be very

2We are indebted to Fuminobu Takahashi for discussions on this issue.
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interesting but is beyond the scope of this work. Another difficulty for the vector theory is
that the sign of the kinetic term of the longitudinal mode becomes negative for a certain range
of momenta. This is reminiscent of a scalar particle with a negative kinetic term, i.e. a ghost.
As is well known, ghosts are generally dangerous because they destabilize the vacuum of the
theory [90, 91]. The situation is however more complex for the vector theory at hand. Firstly,
the sign of the kinetic term depends on the size of the momentum, and only becomes negative
for a finite range of momenta. Secondly, the sign change appears at all only in situations
with sufficiently large spacetime curvature. Thirdly and due to the aforementioned sign flip,
the kinetic term becomes singular for certain values of the momentum. These problems have
been discussed in [59, 92-94], but no final conclusion regarding the viability of the theory has
been reached. This certainly calls for a more exhaustive investigation, which is however not
the aim of the present work. Acknowledging this potential issue, we nevertheless consider the
vector scenario and treat the non-minimal coupling as a phenomenological O(1) parameter.

From the point of view of cosmology, the main effect of both scalar and vector non-
minimal couplings is that the dark matter fields acquire an additional positive (or negative)
mass term during inflation. As a consequence, the superhorizon evolution becomes fast
enough so as to strongly suppress (or enhance) the field value and the fluctuations during the
inflationary period, typically in an exponential manner. This has important consequences
for the initial field values required to produce today’s dark matter density, as even relatively
small values of the coupling parameters can lead to drastic shifts in the initial scale that
“naturally” produces the observed dark matter density. The fluctuations are affected in a
similar way, leading to changes in the isocurvature constraints as well as their contribution
to the density today. Both effects will be discussed in detail in this work.

Our paper is structured along the following lines. Section 2 discusses the effects of
non-minimal couplings on the misalignment, stochastic and fluctuation scenarios for (pseudo-
)scalars, whereas section 3 does the same for vectors. For each case, we discuss the amount of
dark matter produced as well as constraints from isocurvature fluctuations. Finally, a short
summary and conclusions are given in section 4.

Before continuing let us note that, for simplicity, in the following we will simply write
scalars instead of (pseudo-)scalars. That said, all of our results equally apply to pseudoscalar
particles.

2 Scalars

2.1 Homogeneous scalar field and relic density

The equations of motion (EOMs) for the homogeneous field can be readily derived from the
action given in eq. (1.1). Neglecting spatial derivatives, we arrive at

¢+ 3Ho+ (m}+ER) ¢ = 0. (2.1)

As already mentioned in the introduction, the presence of the non-minimal coupling to gravity
results in a space-time dependent effective mass for the field. Because of the particular cos-
mological evolution of the Ricci scalar, which is sketched in figure 1, non-negligible effects will
only occur during inflation. This means that the post-inflationary evolution of the scalar field
can be described by the standard equations used for the misalignment mechanism (cf. [6]).



226

Chapter 8
INFLATION RADIATION ERA k[‘%%RER A ERA
¢ 2 T T — T
Ry = 12H: | |
= Ricci scalar R
= Hubble parameter H?>
e Bare mass m'f,)
= = » Effective mass
H?

)
m>
(o)

——————_———
—— e ———— -

R(\ - l_)][f;

|

Qreheat AMReq A AMeq ay

Figure 1. Illustration of the cosmological evolution of the effective mass for the non-minimally
coupled scalar (the vector case is analogous). For the purpose of illustration we set £ = 1. The field
acquires a large effective mass during inflation, when the Ricci scalar is large. As soon as radiation
domination starts, R = 0 and the field acquires its late-time mass given by the explicit mass term
m35¢2 /2. By the time of matter-radiation equality, the Hubble parameter is so small that as long
as mg 2> 10728 eV, the non-minimal coupling has no significant effect on the effective mass and the
evolution any more.

The final relic abundance relative to the observed dark matter one can be expressed as®

o s rry (L _ 2,/% (2.2)
Qpm 7\ 1012 GeV eV’ ’

where F(T..) = (g4(T%)/3.36)%*/(gss5(T)/3.91) is an O(1) function encoding the change in
the number of relativistic degrees of freedom between today and the time ¢, when the scalar
oscillations start, at 3H (t.) ~ my. We have explicitly expressed the result in terms of the
field value at the end of inflation ¢, to highlight that it is in general different from the
initial field value ¢4, which can be identified with the field value at the start of inflation.
This nontrivial evolution is precisely due to the existence of the R-coupling. From now on we
assume that the scalar field is responsible for all of the observed dark matter, i.e. 24 = Qpym
is enforced if not explicitly stated otherwise.

During inflation,* when R = 12 HIQ7 the EOM eq. (2.1) is that of a damped oscillator with
a constant frequency and can easily be solved. Due to the non-minimal coupling £ # 0, some
care has to be put into selecting the appropriate initial conditions. In the minimally coupled
case, one can normally assume that d)s = 0 (the subscript s denotes the start of inflation).
However, this is not necessarily true in the presence of curvature couplings. Allowing for a
non-vanishing g{bs (and assuming that ¢ # 0), the general solution is given by

P(t) = ¢s (01 ez Hit 4 ) efé"*Hft) , (2.3)

30ur result differs slightly from the one in [6] due to the use of the updated value for Qpm from [95] and
a more careful matching of the initial conditions for the WKB approximation.

4We approximate inflation by a purely de Sitter expansion with H = H; = const. Our results do not change
qualitatively if we allow for a small non-vanishing H;. We will briefly discuss this possibility in section 4. We
also take reheating to be instantaneous.
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where ¢; and cg, which are given in eq. (B.2), satisfy ¢; + ca = 1 and encode the exact
dependence on the initial conditions. Additionally, we have defined

ot =39 —48¢. (2.4)

As we will see, all our results only depend on the product c; ¢s. As long as ngs ~ Hjps and
except for fine-tuned choices of initial conditions, the coefficient ¢; is of O(1). Because of this
and for the sake of simplicity, we will henceforth drop it from the equations. For practical
purposes, powers of ¢; can be easily reinstated by swapping ¢, for ¢; ¢ at any point in the
discussion. The exact form of the full solution is used for the calculation of the stochastic
scenario and can be found in appendix B.

For the parameter range of interest, i.e. £ < 3/16, ax are always real and positive, and
satisfy ay > a—. Hence, after a long enough time the first term in eq. (2.3) will dominate
over the second one and we can approximate the solution by

9(a) = 65 () = g7z N, (2.5)

as

where we use scale factors and number of e-folds instead of time. For small values of the
non-minimal coupling £, the value of a_ is also small but the product a—N(a) can be large,
resulting in a significant suppression (or enhancement, if £ < 0) of the homogeneous field
value. In particular, we can relate the value at the end of inflation to the initial condition by

e steiéaiNmt- (26)

The exponential factor can be enormous depending on the total number of e-folds of inflation
Niot, which is observationally only bounded from below. Indeed, some models of inflation
predict it to be extremely large [96, 97]. In addition to that and in contrast to the minimally
coupled case, the field has a non-vanishing time derivative at the end of inflation,

be = Lo Hyp. (2.7)

2
When ¢ <« 1, this is a small effect, as dlog ¢./dt ~ £, but it can have important consequences
for the post-inflationary evolution of the fluctuations, as we will see in section 3.

As long as there are no additional stabilizing terms in the potential,® a negative value of
£ induces a runaway potential that can drive ¢ into a trans-Planckian field value. Avoiding
such a potentially dangerous field excursion sets a limit on the size of the non-minimal
coupling. Under the most conservative assumptions of minimal number of inflationary e-
folds Niot = Nmin(H7) (see appendix A for an explicit expression for Npyin(H7)) and initial
conditions corresponding to de Sitter vacuum fluctuations ¢s = Hy/2m, the limit on £ only
depends on the Hubble scale of inflation H; and is shown in figure 2. This bound is not
contingent on the mass of the field or its potential role as dark matter. The bound gets
stronger for a longer period of inflation according to eq. (2.6).

SFor example this could be a self interaction term ~ A¢*. To avoid trans-Planckian values we would need
\ > EH? /Mgl. Note, however, that for A¢? > mi the energy density in a homogeneous field dilutes as ~ a~*
and the cosmology might be significantly affected (see, e.g., [98-100]). Moreover, stability of the mass under
quantum corrections also suggests that self-couplings are severely suppressed, e.g. by a shift symmetry.
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Figure 2. Limit on the size of a negative non-minimal coupling £ < 0 (for scalars, left vertical
axis) or k > 1 (for vectors, right vertical axis) as a function of the inflation scale Hy, obtained from
avoiding a trans-Planckian field excursion (in the absence of extra stabilizing terms in the potential).
We make the most conservative assumptions of minimal inflation and initial conditions corresponding
to de Sitter vacuum fluctuations, i.e. ¢, = Hy/27 and Q'ﬁs = 0. The inset zooms into the region of
high-scale inflation and small non-minimal couplings.

2.2 Scalar fluctuations and isocurvature perturbations

The evolution of quantum fluctuations produced during inflation is also modified by the
presence of the non-minimal coupling to gravity. This was studied in [47], to which we
refer for details while presenting here only the main results. The time-evolving gravita-
tional background makes the quantum vacuum transition into an excited state, which can
be described as a classical stochastic field on smaller and smaller comoving scales as they
leave the horizon during inflation. At that time, each independent Fourier mode becomes a
Gaussian-distributed random field with power spectrum (valid for k& # 0)

Po(k,ar) = <Z§)2 Fa-), (2.8)

Fla)=2 12 (3 _2"“> , (2.9)

™

where

and we denote ar = k/H;. At this point, the result only deviates from the usual scale
invariant power spectrum of a minimally coupled, massless field by the O(1) factor F(c_).
This is to be expected, as within the horizon where k > aH; the modes are relativistic
even with respect to the R-dependent mass. This changes drastically after horizon exit. The
modes become non-relativistic due to their large effective mass, and their classical EOM
quickly approaches that of the homogeneous field. This means that the field power spectrum
is not frozen on superhorizon scales, but rather evolves as

Po(k,a) = Py(k, ar) <akH[> o (2.10)

By the end of inflation, the power spectrum of an individual mode is suppressed (or enhanced)
by
Po(k, ac) = Py(k, a)e =Nk, (2.11)
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Here N (k) is the number of e-folds (counting from the end of inflation) at which the mode k
exits the horizon. A precise expression for it is given in eq. (A.1) in appendix A. The crucial
difference to eq. (2.6) is that the evolution of fluctuations only happens while the modes are
superhorizon during inflation. As opposed to Ny, N(k) can, under some assumptions, be
bounded from above using observations, at least for the modes of cosmological interest [101].

The field fluctuations translate into density perturbations which become relevant when
the dark matter scalar field composes a significant fraction of the energy density of the Uni-
verse. Within the misalignment approximation, the fluctuations are always small compared
to the homogeneous field value. As the energy density of the coherently oscillating field is
Ps ~ ¢?, where here ¢ denotes the amplitude of the oscillations rather than the instantaneous
field value, we can express the density contrast as

5, = 200 _ %% (2.12)

Po ¢

so that its power spectrum can be read off the field one,

<;>273¢(k,a). (2.13)

Being independent of the inflaton ones, these density fluctuations are generically of isocur-
vature type and thus subject to constraints arising from their non-observation in the Cosmic
Microwave Background (CMB). The evaluation of eq. (2.13) at the CMB scales is simple®
because the evolution of the scalar field is linear at those large scales, which means that Ps,
stays constant at all times after horizon exit. Taking advantage of this fact, we evaluate it at
the time when the relevant mode k leaves the horizon.” For the CMB modes, this happens
Nevp = N(kcus) e-folds before the end of inflation, and thus

Ps, (k) =

4 H\?
Ps,(kemp) = P Y <27r) F(a_)

4 Hr\?
= 7¢g eachle (27r> F(a_).

Note that Nomp = Nemp(Hi) is determined once the scale of inflation is fixed (see ap-
pendix A for an explicit formula). We have chosen to display the result both as a function
of ¢. and ¢ to highlight the difference between both expressions, due to the superhorizon
evolution of the modes caused by the non-minimal coupling.

The non-observation of an isocurvature mode in the CMB by the Planck satellite [95]
sets an upper limit® on the size of Pj ¢(k’CMB). Figure 3 shows the resulting constraints in the
(m, Hy) parameter space for some representative values of £. A large enough positive non-
minimal coupling relaxes the isocurvature bounds, allowing for the misalignment mechanism
to produce the observed dark matter density for scales of inflation as high as ~ 1013 GeV
irrespective of the mass of the scalar field. This is in stark contrast to the minimally coupled

(2.14)

SAs we are only interested in the amplitude of the oscillations of the background field and the fluctuations,
any potential phase difference between the two is irrelevant.

"As is commonly done, we use the late time behavior of the fluctuations to evaluate this expression. We
estimate that this approximation is valid up to a factor < 2.

8The isocurvature power spectrum eq. (2.14) has a nonzero spectral index and is uncorrelated with the
adiabatic one. Because of this, we use the limit from the “axion II” case in the Planck 2018 [95] CDI scenario.
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Figure 3. Constraints on the combinations of the inflationary Hubble scale H; and the mass mgy of
the scalar that allow to produce all of the dark matter via the misalignment mechanism. The top
axis shows the required field value at the end of inflation whereas the right axis shows the minimal
number of e-folds of inflation for a given Hubble scale, as given in eq. (A.2). The colored regions show
the exclusions due to isocurvature constraints for some exemplary values of the non-minimal coupling
&. The lines in the same colors indicate the field value, ¢s = My, (solid) and ¢s = 1016 GeV (dashed)
at the beginning of inflation under the assumption of minimal inflation. In the black hatched region
there exist no values of £ and ¢s < My, for which the misalignment mechanism generates all the dark
matter without producing a too large isocurvature component in the CMB.

case, where a low enough inflationary scale is required for the misalignment mechanism to be
phenomenologically viable. On the contrary and as expected, a negative £ strengthens the
isocurvature constraints.

2.3 Energy density in fluctuations

In the discussion above we have focused on the production of non-minimally coupled scalar
dark matter through the misalignment mechanism. However, as was discussed in [47], infla-
tionary fluctuations of a non-minimally coupled scalar field can also carry a significant energy
density. We now briefly review this alternative production mechanism in order to understand
the interplay between the misalignment and the fluctuation-based contribution to the dark
matter density.

Let us assume that the background homogeneous field value is smaller than the typical
fluctuation, in other words, we neglect the energy density generated by misalignment. This
is the case if the initial misalignment is too small, or if it gets diluted away by a long period
of inflation. To be more precise, any possible initial misalignment is rendered insufficient for
dark matter production (cf. egs. (2.2) and (2.6)) if inflation lasts longer than

1 1 m¢
N, — — log —= 2.1
tot < <30+2 OgeV)’ (2.15)

where we have taken the extreme initial condition ¢ ~ M. Looking at figure 3, we see that
for non-minimal couplings in the range of interest, £ ~ 0.01, a number of efolds in the 102-103
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range is sufficient to effectively dilute any initial homogeneous field value. In this situation
and following [47], the energy density stored in the inflationary-generated fluctuations of a
non-minimally coupled scalar field is

Q l(1<‘r047) _ . 1+la_ _1 =(4—
¢ o3 Flao) AT %Hqu R R ST
Qpv — 2aq2 o (I—o) [F(p)3e My

where T, is the reheating temperature, H., denotes the Hubble scale at the time of matter-
radiation equality and the rest of notation is as described in previous sections. Figure 4 shows
the regions of parameter space where this contribution is sizeable, for different values of &.
It is important to note that the power spectrum of density contrast fluctuations is peaked at

the comoving scale
V
k' ~1.3-10pe [, (2.17)
me

which means that the energy density is mainly stored in fluctuations of typical comoving size
k1. At larger scales, the power spectrum can be expressed as

200
Pgd)(k’) ~ <kl/‘i> P5¢ (ky), (2.18)

which is valid for 0 < a— < 1 and k < k.. The amplitude of fluctuations at that scale can
be computed as

Ps, (ki) ~ 0 (1 —a_)? - I(a_), (2.19)

where I(a_) is the integral defined as

11
Ia-) = / dydz — — P(y)P(z2), (2.20)
ly—1|<z<y+1 y=z
with
x4 z<1
P(x) = ' - 2.21
(@) {azal , xT>1. ( )

The integral is to be evaluated numerically in order to obtain the size of isocurvature fluc-
tuations at CMB scales using eq. (2.18), which can be confronted with the observational
constraints by the Planck satellite [95]. As can be seen in figure 4, a large enough value
of the non-minimal coupling £ = 0.03 suppresses the large-scales isocurvature fluctuations
below the observational limits. One comment is in order: looking at eq. (2.18), one realizes
that the isocurvature power spectrum does not directly depend on the scale of inflation. The
reason for this is that both the amplitude of field fluctuations and the variance are quadratic
in Hj, so the dependence cancels out in the density contrast power spectrum. The apparent
dependence on the scale of inflation of figure 4 is only due to the requirement that the relic
energy density matches the observed dark matter abundance.

Compared to the production via the misalignement mechanism, dark matter produc-
tion from fluctuations is typically viable at much larger masses and higher inflationary
Hubble scales.



232

Chapter 8

101
= 1013

102

ey

10"

Scale of inflation H; [GeV]

1010

109 +—— — — —
0% 10 102 10 102 10* 10° 10 10%
Mass m, [eV]

Figure 4. Regions of parameter space where the energy density stored in scalar field fluctuations
of inflationary origin makes a sizeable contribution to dark matter. For different choices of the non-
minimal coupling &, the solid and dotted lines correspond to 4 = Qpm, while in the partially
shaded regions to the right (and beyond) dark matter is overproduced. In addition, we show the
constraints arising from the non-observation of isocurvature fluctuations at the CMB scales by the
Planck satellite [95], the regions to the left of the solid black line (corresponding to the dotted lines)
are excluded. Note that this figure assumes no contribution to the relic density from the misalignment
mechanism.

2.4 Stochastic scenario

The “stochastic axion” scenario was presented in [38, 39] as a way to generate the dark
matter abundance from inflationary fluctuations with wavelengths larger than the current
size of the Universe. The accumulation of such fluctuations over a long period of inflation
can significantly contribute to the effective homogeneous field in our Hubble patch. This
effect can be described as a random walk process of the field value, which receives a “kick”
every Hubble time from the modes exiting the horizon during inflation. Working against
that is the relaxation of the field towards zero, which is driven by the mass of the scalar.
For the following discussion, we take a strict definition of the “stochastic scenario”, requiring
that equilibrium is reached to a good approximation. In principle, one could also consider
situations where equilibrium is not fully attained.

This scenario is also significantly impacted by the inclusion of a non-minimal coupling,
which acts as a comparatively large, effective mass during inflation. Our calculation follows
along the lines of [39] and generalizes it to be valid for scalars with masses comparable to
the scale of inflation. This is important as the effective mass mZg = m3 + (R ~ 126H7 is in
general not negligible compared to H12 This fact also requires us to track the evolution of
superhorizon modes during the last Ny, e-folds of inflation. The details of the calculation
are presented in appendix B, whereas here we focus on the main results.

Given a long enough inflationary period, the probability distribution of the field value
asymptotically approaches a Gaussian distribution with zero mean and variance given by
(see eq. (B.9) for the exact expression),

(68) = 70D (1) o, 222

o_ 27

which is valid for positive £&. From this, we deduce that the expected typical value of the field
at the end of inflation is of order ./<¢(25>. The above expression only sums over the modes

— 10 —
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which are superhorizon today, as those are the ones that contribute to the homogeneous field
value in the observable Universe. The first part of eq. (2.22) accounts for the generation
and accumulation of fluctuations, while the last factor describes the evolution of the field
during the last Ny, e-folds of inflation. This late time exponential relaxation towards zero
is relevant due to the fast evolution driven by the non-minimal coupling to gravity.

In the stochastic scenario, the field “loses” memory of the preinflationary initial condi-
tion and the observable misalignment angle in each Hubble patch is chosen randomly from
the distribution described by eq. (2.22). Critically, if the effective mass during inflation
is large, equilibrium can be reached much faster than in the minimally coupled scenario
studied in [38, 39]. As is shown in appendix B, an extra number of e-folds of inflation
AN = Niot — Nmin > 1/a— on top of the minimum is necessary for equilibrium to be at-
tained. In addition to this, to reach the purely stochastic regime the variance induced by
fluctuations has to become larger than the exponentially decaying field value originating from
the initial homogeneous ¢s. If we require the induced field value to be a factor of « larger,

we get
. 2
1 22+a— 3 a_ bs 1 b
AN > —1 — + —ap— 1. 2.23

a_ WF2<3—;7) (g —a_)? <H% * 2%+ H; * (2:23)

The two results in egs. (2.22) and (2.23) generalize the ones found in [38, 39], allowing for
arbitrary initial conditions and large effective masses.

The stochastic scenario is also prone to generating too much isocurvature fluctuations
at the CMB scales. From the point of view of subhorizon modes, the homogeneous field
value generated in the stochastic regime is indistinguishable from one originating from a
homogeneous initial condition. This implies that eq. (2.14) also holds in the stochastic case,
which allows us to express the isocurvature component as

Ps,(kemp) =~ da @~ (Nmin—Nowms), (2.24)

The exponential factor arises due to the slight difference between the largest observable scale
and the ones that are accessible at the CMB, which corresponds to about 7 e-folds (see ap-
pendix A). As long as «_ is small, this is a small correction and the result is dominated
by the factor in front. It is easy to understand where this factor comes from: compar-
ing eq. (2.22) with eq. (2.8), we see that the accumulated field variance of a large number of
superhorizon modes in enhanced by a factor of 1/a_ with respect to the amplitude of the fluc-
tuations of an individual mode. Given the Planck [95] constraint on isocurvature fluctuations
Pr(kcems) < 109, we conclude that the stochastic scenario can only be realized for very small
values of the non-minimal coupling of order ¢ < 107!°. This should apply to any model in
which the effective mass is non-negligible compared to H, independently of the origin of mg-.

3 Vectors

After having discussed the misalignment, stochastic and fluctuations scenario for a scalar
field, let us now turn to the vector case and see how these scenarios can be realized there.

3.1 Homogeneous vector field and relic density

Starting from the action eq. (1.2), we derive the EOMs for the homogeneous field [6, 56, 57]

1—
xo=0 and x;+3Hx;+ (m?x + 5 KR) xi =0, (3.1)

— 11 —
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which are given in terms of the physical field x, = X,,/a, so that the energy density can (for
an approximately homogeneous field) be written as [6, 56, 57]

3
1., 1 1 .
Px = E {2X1‘2 + im?)(x% + (11— k) <2H2xz2 + H)@)@)] . (3.2)
i=1

The advantage of this field redefinition is that the EOM for each of the spatial components
coincides with the scalar one, eq. (2.1), after the identification
(I-x)
6

«— & (3.3)

In particular, a non-minimally coupled vector with x = 1 behaves as a scalar with a minimal
coupling to gravity (£ = 0). Because of this correspondence, the discussion of the misalign-
ment mechanism made in section 2.1 carries over to the vector case, as do all the evolution
equations (cf. eq. (2.3) ff.). Let us then simply rewrite the main results using the notation
of this section. The relic density of vectors can be expressed as

Qx Xe 2 Imx
Oon 5 (L) (1012 GeV) eV’ (3-4)

where we denote y = |X|. As in the scalar case, the field value at the end of inflation x. is
different than the initial one ys due to the superhorizon evolution caused by the coupling to
R. Both are related by
1
Xe = Xs eiiﬁmeta (3.5)

with an analogous definition” to the scalar case,

B+ =3+ 1+ 8k. (3.6)

Note that we are using the conventions described in section 2.1 for the field value at the
beginning of inflation. Depending on whether & is larger or smaller than one, there can be a
substantial enhancement or suppression of the homogeneous field value during inflation. Asin
the scalar case, an absolute limit can be placed on x > 1, independently of the dark matter as-
sumption, by avoiding a trans-Planckian field excursion. Using the identification of eq. (3.3),
this limit is analogous to the one for scalars. Both are shown simultaneously in figure 2.

3.2 Vector fluctuations and isocurvature perturbations

Like a scalar field, a vector field present during inflation acquires a spectrum of isocurvature
perturbations. We now study the role of the non-minimal coupling in the generation and
evolution of such fluctuations.

3.2.1 Generation during inflation

For vectors, the situation is similar to the scalar case, albeit a bit more complex due to
the multicomponent nature of the field. The best way to deal with the perturbations is
to split them into transverse (L) and longitudinal (]|) modes and address each polarization
separately.

9The parameter 3_ defined here is related to v used in [57, 58] by B— = 3 — 2v, neglecting terms of
O(mx /Hy).
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Transverse fluctuations. The EOMs of the fluctuations in momentum space and for the
two transverse polarizations 6)(14- read

.t 1L 1—k k?

ox; +3HGSY; + <m§< +——R+ aQ) ox; =0, (3.7)
which is identical to the expression in the scalar case (cf. [47]) with (1 — k)/6 <> £&. We can
therefore directly translate the results of section 2.2: the power spectrum for non-vanishing
momentum modes outside the horizon (0 # k < aHj) is

Py, (k,a) = <gj>2 F(8-) (&) . : (3.8)

with F(-) as defined in eq. (2.9).

Longitudinal fluctuations. In this case, the discussion is simplified by making use of
conformal time 7 and of the field redefinition f = a? (5)(” = aé6X/. The full EOM for the
mode functions then reads

n_2 2K2f'+k2<1— 2 2 >f_0 (3.9)
K

T k22 — k272 k272 — 2%

where we have assumed that m%( < H12 so that the bare mass has been neglected. It can easily
be reinstated by substituting x — k — m% /(12H?) at any point in the derivation. Although
we are not able to solve eq. (3.9) analytically, we can study its most relevant limits.

o Subhorizon limit |kT| > 1. The mode equation simplifies in this limit to
"+ K f=0. (3.10)

We recognize the equation of motion of a harmonic oscillator in Minkowski space: as
expected, the mode functions in the deep subhorizon limit can be described as quantum
fluctuations of the vacuum. This allows us to set the initial condition for the evolution,

1
V2k

which is the usual Bunch-Davies vacuum. Note that the units of Fourier transformed
fields differ from the ones in position space by a factor of [mass]®/2.

f(r = —oc0) = e kT (3.11)

o Superhorizon limit |kT| < 1. The mode equation now becomes

da?f 2df 2
& 240 2k, (3.12)
dy? ydy y?

where y=|k7|. This can be solved analytically and we can express the general solution as

f=c y(71+\/l+8n)/2 + O y(71ﬂ/1+8n)/2. (3.13)

The second exponent is always smaller that the first one, so the second term dominates
at late enough times (for y < 1). Recovering the physical field and scale factors, we have

1
,B7
weiiis Hp (k2
ol = 02172 (a 1> : (3.14)
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Figure 5. Evolution of the early time, late time Figure 6. Numerical results (C} values), deter-
and numerical solution to the full mode equation mined from figures similar to figure 5, and corre-
in conformal time (cf. appendix C) for k = 1. sponding fit function | f(x)| shown together with
The value of C% is chosen such that for late times the relative deviation of the fit function (residu-
the numerical solution agrees with the late time als) from the numerical results underneath. The
solution. fit function for | f(k)| is given in eq. (3.15).

The chosen normalization is motivated by the more detailed calculation'® presented in
appendix C. Importantly, this superhorizon solution has the same time dependence as
the solution for the homogeneous field and the transverse polarization.

o Intermediate regime |kT| ~ 1. Here we have no choice but to solve the full mode
equation. As an analytic solution for it is hard to come by in this regime, we solve it
numerically to connect the sub- and superhorizon expressions and determine C). As
expected, we find a dependence of CY, on x and we use the numerical solution to deter-
mine a fitting function C% = |f(k)|. A particular example for the numerical evaluation
and the matching of the analytic asymptotic results in the case of k = 1 is shown in
the left panel of figure 5 (cf. appendix C for the relevant formulas). Extracting several
values of C} in the range x € [107%, 10], which extensively covers our region of interest,
we determine an accurate fit to the numerical results. It is given by

|£(k)| = 0.50267%% — 0.224 4 0.262x — 0.0411x2 + 0.00654%°, (3.15)

which is depicted together with the residuals in the right panel of figure 6.

Putting it all together, the expression for the power spectrum of the longitudinal fluctuations

can be written as ) 5
H k -
I ~ 93—B- 2 (I v 1
Pl =21 (52) (o3) (3.16)

which is valid for superhorizon modes with k& # 0. Comparing with the expression for the
transverse fluctuations eq. (3.8), we find the relation

P}'(‘ _ 2n|f(k)[? pL. (3.17)

2 (3,257 ) Xi

ONote that here we use the redefined field f = ad X! to keep the notation as slim as possible, whereas in
appendix C, where we present the full detailed calculation, we work with the field § X!, making it easier to
determine the most useful normalization.
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This generalizes the result found in [58, 59] for x = 1, for which the relation Pl ~ 277; is
recovered.

We conclude that the primordial power spectrum of the longitudinal fluctuations is
proportional to the one of the transverse fluctuations. In particular, for values of x close to
unity, the proportionality factor is of O(1). However, as we will now see, the post-inflationary
evolution of the two modes can significantly differ.

3.2.2 Evolution after inflation

We now discuss the evolution of the primordial fluctuation power spectrum generated during
inflation throughout the different epochs in the history of the Universe until today. As in the
previous section, we differentiate between transverse and longitudinal modes.

Transverse fluctuations. The EOMs for the two perpendicularly polarized modes are

2
Sxi +3Hoxi + (m§< 1 — R+ 52) Syit =0, (3.18)
which after the substitution Kk — 1 — 6§ are the same as for the scalar perturbations: the
transverse fluctuations thus evolve in the same way as the fluctuations of a scalar field. We
conclude that, for large scales like the CMB ones, the ratio between the transverse fluctuations
and the homogeneous field stays constant throughout the cosmological evolution. This implies
that the density contrast power spectrum can be evaluated at any point, such as right after
horizon exit. Doing so and adding up the two transverse polarizations, we find

2
P (ko) = v (5e) FU62) (319

g eB-Nems \ 21

As expected, we encounter the same suppression (for k < 1) or enhancement (for x > 1) in
the isocurvature perturbations as in the scalar case.

Longitudinal fluctuations. The full EOM in this case is more complicated, but it greatly
simplifies during the radiation domination epoch when R = 0, or whenever we can neglect
R, RK mg(, yielding

2k? Al 2k? 5 k2 9
1) — | H) —H — syl = 0. 2
X+<3+k2+a2m§() X—I—( 5 +a2+mx> x'=0 (3.20)

k2 + a?m5,

As long as reheating proceeds almost instantaneously, which we assume to be the case,
this simplified version of the EOM is adequate to study the full post-inflationary evolution.
Comparing eq. (3.20) with eq. (3.18), it becomes clear that the behaviour of longitudinal
perturbations can significantly differ from the one of transverse (and scalar) ones. Let us focus
on large scale modes that become non-relativistic before they reenter the horizon, as these are
the ones relevant for CMB observables. These modes evolve through three distinct regimes:

(i) H>k/a>mx. In the superhorizon and relativistic limit, eq. (3.20) further simplifies to

5}( I

+5HSY' 4+ 2H?5y =0, (3.21)

which is solved by
oxll ~ cha™' + cha™2. (3.22)
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The physical field thus redshifts as 1/a. The modes corresponding to the largest scales
might not enter this regime at all if they become non-relativistic before the end of
inflation, i.e. if they violate k/a, > mx. Therefore, the condition for the CMB modes
to skip this regime is

k / H
mx Z (;MB ~2- 1074 eV m, (323)
r .

where kcyp is a typical CMB scale, which we take to be the Plank pivot scale koyp =
0.05 Mpc™', and a, is the scale factor at reheating, given by a, = e~ Nmin(l1) under the
assumption of instantaneous reheating. We conclude that if m > 10~%eV, the CMB
modes do not enter regime (i) if inflation happens at the highest scale compatible with
the limit from the non observation of tensor modes [95], H; < 6.6-10'3 GeV. For lower
values of Hj, this condition shifts to lower and lower masses.

(ii) H > mx > k/a. Modes are superhorizon but already non-relativistic, which allows to
approximate eq. (3.20) by
S 13m0y =0, (3.24)
and to obtain the solution

oxl ~ ¢ + a1 (3.25)

In principle, it seems that the constant mode would dominate the solution.'' In the
absence of a non-minimal coupling, the authors of [42] argue that this is actually not
the case, because ] < ¢ and the constant mode can be dropped. The reason for this
is that in region (i) the solution becomes ox a~! to great accuracy, and continuity of the
solution and the first derivative imposes a large hierarchy between the two coefficients.
This is not necessarily the case when a non-minimal coupling is present, because during
inflation the superhorizon modes are not frozen and x. # 0 as eq. (2.7) indicates. As a
consequence, the “flattening” of the mode functions is either weakened or not applicable
at all depending on how long the CMB modes spend in region (i), if they enter it at all.

On the one hand, if region (i) is skipped, that is, if the CMB modes become non-
relativistic before the end of inflation, then there is no suppression. On the other hand,
if mxy < komp/ar and the CMB modes enter region (i), i.e. they are still relativis-
tic once radiation domination starts, then we expect some suppression of the power
spectrum at those scales. By carefully matching the field value and its first derivative

through the regimes (i) and (ii), we obtain that

2
X (kemp, agy) ~ ( ) ox! (keup, ar), (3.26)

kcwms/ar
where ;) denotes the scale factor at the end of region (ii).

(iii) mx > H, k/a. Modes become massive enough to overcome Hubble friction, and we
recover the usual pressureless-matter like EOM

ox' +3H6X' +m%oxI =0, (3.27)

which is identical to the scalar case, as was already discussed for the homogeneous field
and the transverse polarizations.
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Figure 7. Parameter space showing the ability of a non-minimally coupled vector field to generate
the observed dark matter abundance through the misalignment mechanism, as a function of its mass
and the Hubble scale of inflation. This figure should be interpreted in the same way as figure 3. The
kink in the isocurvature limits is due to the fact that longitudinal modes are only relevant for large
enough masses, see eq. (3.28).

We conclude that except for the potential suppression factor of eq. (3.26), the evolution
of longitudinal modes is analogous to that of the transverse ones, allowing us to write

ol f(r))2 | L if m 2 kev/ar

r2(25-) (m)“, itm < howp/ar.

P(!X(kCMB) ~ = Ps- (kcms) -

1
2
The total density contrast is the sum of the contributions from all the polarizations, so that

Ps, (komp) = Pi- (ko) + Py (kous)- (3.29)

In analogy to the scalar case, figure 7 shows the Planck [95] isocurvature constraints in the
(mx, Hy) parameter space for selected values of k. The conclusion is similar to the scalar case:
as long as Hy < 10" GeV, vector dark matter produced from the misalignament mechanism
is compatible with isocurvature constraints provided a non-minimal coupling x < 1 is present.

3.3 Energy density in fluctuations

Given the correspondence between transverse vector fluctuations and scalar ones, it is ex-
pected that the energy density stored in small scale fluctuations can also be important here.
In addition to that and as a particularity of the vector case, the authors of [42] (see [72] as
well) showed that longitudinal vector fluctuations can be copiously produced during inflation
also for kK = 0.

As already discussed, the behaviour of the transverse modes is exactly the same as that
of a scalar field after the identification (1 — k)/6 <> £. At the same time, when s ~ 1, the

Note that in terms of 6 X 1“ this would correspond to a growing mode. However, as the physical field is the
one that controls the density perturbations, there is no real growth of fluctuations in this regime.
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Figure 8. Regions of parameter space where the energy density stored in vector field fluctuations of
inflationary origin makes a sizeable contribution to dark matter. This figure should be interpreted in
the same way as figure 4, with the addition of the grey line, which corresponds to the contribution of
longitudinal fluctuations in the case of a minimal coupling x = 0, as was computed in [42] (the presence
of a small enough non-minimal coupling as in eq. (3.31) is permitted; in this case the isocurvature
constraints are also different and the full grey line is viable). We remind the reader that this figure
assumes no contribution to the relic density from the misalignment mechanism.

contribution from longitudinal modes at small scales around the peak at k! is suppressed
due to the particularities of the post inflationary evolution described in the previous section.
The easiest way to understand why the suppression at small scales is even stronger than at
CMB scales is by replacing kcymp by the much larger &, in eq. (3.28). All this means that
the discussion in section 3.2 carries over: the inflationary (transverse) fluctuations of a non-
minimally coupled vector field can carry enough energy density to reproduce the observed
dark matter abundance. As can be seen in figure 8, the region of parameter space where this
production is viable corresponds to relatively high-scale inflation, masses above roughly eV
and non-minimal couplings x moderately smaller than 1.

The contribution from longitudinal modes is however relevant for minimally coupled
fields, i.e. when k = 0, as was discussed in [42, 72]. The relic density that is generated in this

case is given by
Q H 2
. SR L 4 . (3.30)
Opm 3-1075eV \ 6.6 - 1013 GeV

This is in contrast to misalignment and transverse fluctuations, whose contribution is com-
pletely negligible in the minimally coupled case. Longitudinal modes are very strongly sup-
pressed at CMB scales due to the smoothing of the field that occurs during inflation when
k = 0. However, the presence of even a small non-minimal coupling can significantly weaken
this suppression. This is due to the fact that the modes describing the fluctuations have an
O(k) time derivative at the end of inflation, similarly to the homogeneous field value (cf.
eq. (2.7)). Taking this into account and carefully matching the solutions of the EOMs in the
different regimes, we find that the amplitude of the power spectrum at CMB scales can be
approximately computed as

2-dg 10—6 1(1-2r)
Pslkems) 2 (_kems ~17.103 2 (810" eV 7 (3.31)
Polks) mx - ar mx
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which is valid for sufficiently small but non-vanishing . Taking into account that the power
spectrum is of O(1) at the peak, i.e. Ps(ky) ~ 1, and applying the Planck constraint [95] on
isocurvature perturbations Ps(kcup) < 1.3 1079, we conclude that the non-minimal coupling
is bound to be very small if the vector is light. For instance, a mass of mx ~ 107% eV requires
x < 1076, If this condition is satisfied, a high inflationary scale allows for generation of sub-eV
vector dark matter in this case, as can be seen in figure 8.

3.4 Stochastic scenario

In analogy to the scalar case discussed in section 2.4, the stochastic scenario can also be
realized for a vector field with a non-minimal coupling to gravity. Once more, the calculation
is simplified by considering the contribution from transverse and longitudinal fluctuations
separately. As expected, transverse modes behave like scalar ones with the usual replacements
ay < By and € < (1 — k)/6. Following appendix B and once equilibrium is reached, the
variance of the transverse superhorizon fluctuations is given by

2
<X§2> s F(ﬂﬂ) (i) ¢—B~Nomin. (3.32)

where the factor of 2 accounts for the two transversal polarizations. For the longitudinal
fluctuations, we make use of the results of section 3.2 to write the mode functions as

15 H k)27
O (3.33)

(ZH]
which is valid after horizon exit during inflation. The variance of the Gaussian distribution
of the longitudinal field fluctuations can also be found by integrating over the superhori-
zon contributions.'? At the end of inflation, both transverse and longitudinal contributions
are of the same size. However, the post-inflationary evolution is different for each polariza-
tion. Because of the flattening of the wavefunctions described in section 3.2 (cf. also [42]),
longitudinal modes will be suppressed unless
k 6.6 - 1013 GeV
mx 2 21077 eV | (3.34)
(479 H]
where kj L'~ 10Gpc is the size of the observable Universe. The variance of superhorizon
longitudinal fluctuations is thus

F()2 1, if m 2 ko/ay,
<X5|2> = % <X5L2> ' m ' (ko%)4, if m < kZ/ar. (558

The total variance is obtained by adding up the contributions from both polarizations,
2 2
() = (™) + <x5' > (3.36)

so that the typical field value is given in the stochastic regime by /(xs?).

12Note that the integral eq. (B.7) is dominated by the upper limit, which means that the variance is
dominated by the smallest superhorizon modes.
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As in the scalar case, the stochastic regime is only reached if inflation lasts for an extra
AN e-folds in addition to Nyj,. On the one hand, AN > 1/5_ is required for the random
walk process to attain equilibrium. On the other hand, dominance (by a factor of 7) of the
variance of the stochastic distribution over any remnant of the initial field value x; sets the
additional constraint

@s
Hy

-1
7| f(K)[? 21HB-73 B (qﬁs

2

Hj

Because the stochastic scenario does not modify the last Ny, e-folds of inflation, isocurvature
constraints can be computed in the same way as for the misalignment mechanism. Using
egs. (3.29), (3.32) and (3.35), we find that the density contrast power spectrum at CMB
scales is given by

Ps(kcnm) ~ 4 B e~ (Nmin=Newn) (3.38)

where we have neglected a small effect coming from the different scale dependence (kg
vs kovp) of the longitudinal power spectrum: see the difference between eq. (3.35) and
eq. (3.28). This equation highlights the fact that the accumulated variance is enhanced by
a factor of 1/8_ with respect to that of each individual mode. The need for a strong sup-
pression of the CMB isocurvature makes it hard to realize a stochastic scenario for x # 1.
Indeed, the Planck [95] constraint translates into a limit 1 — x < 107! on the deviation of
the non-minimal coupling from the scalar-like value.

4 Conclusions and outlook

In the present paper we have considered light (pseudo-)scalar and vector fields with couplings
to the curvature/Ricci scalar as candidates for dark matter. The main impact of these cou-
plings occurs during inflation when they give a contribution to the mass of the fields. The
effective mass is then typically of the order of the Hubble scale, leading to a non-trivial evo-
lution of both the field and the fluctuations during inflation. This evolution during inflation
impacts all three possible non-thermal scenarios for the production of the dark matter den-
sity: misalignment [1-3, 5-7], stochastic [38-41] and fluctuation [42-47] production. After
inflation, the Ricci scalar vanishes during radiation domination and the evolution proceeds
in the standard way.

For (pseudo-)scalars, even relatively small positive vales of ¢ < O(0.1) open up size-
able areas in parameter space for the misalignement mechanism due to the suppression of
isocurvature fluctuations at the CMB scales. In the opposite direction, negative values of
¢ < —4 are excluded or require stabilization by an additional term in the potential because
the induced tachyonic mass produces trans-Planckian field excursions, even for the smallest
possible values of the inflationary Hubble scale (for high-scale inflation, this occurs for much
smaller couplings, £ < —0.1).

For high scale inflation and larger masses above ~ 1eV, the energy density stored
in small-scale fluctuations of the scalar field becomes sizeable up to the point where it can
account for the entire observed dark matter density. In this situation, dark matter is produced
from fluctuations of the field generated during inflation, long after the CMB modes exit the
horizon. The presence of a non-minimal coupling ¢ 2 0.03 suppresses fluctuations at large
scales, avoiding the Planck isocurvature constraints and leading to a peaked density contrast
power spectrum [47].
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Finally, assuming that inflation lasts for a sufficiently long time, the accumulation of
superhorizon fluctuations with wavelengths larger than the size of the visible Universe can
dominate the observable homogeneous field over any initial condition. In this stochastic
scenario, the homogeneous field value for the post-inflationary evolution in our Hubble patch
is chosen probabilistically from a Gaussian distribution whose variance is controlled by the
curvature coupling £. In order for the super Hubble variance to grow sufficiently large and
avoid isocurvature constraints, the minimal coupling is required to be very small, £ < 10719,
while the number of e-folds of inflation has to be larger than ~ 1/(8¢) ~ 10°.

A massive vector can also act as dark matter and is subject to production through
the same three mechanisms as a scalar. The cosmological evolution of the homogeneous
component of a vector field with curvature coupling x is found to mimic that of the scalar
field after the identification x <> 1—6&. Consequently, the misalignment mechanism proceeds
in the usual way, with the distinction that the minimally coupled scalar corresponds to a non-
minimally coupled vector with x = 1. It should however be noted that the massive vector
acquires a longitudinal polarization whose kinetic term is rendered negative for a finite range
of momenta due to the presence of the non-minimal coupling. A detailed study of how this
sign flip affects the stability of the vacuum, along the lines of [59, 92-94], is left for future work.

The discussion of vector fluctuations is most easily carried out by considering transverse
and longitudinal polarizations separately. As for the homogeneous field and due to their ap-
proximate conformal symmetry, transverse fluctuations behave like scalar fluctuations with
the identification of curvature couplings mentioned in the previous paragraph. This means
that in the misaligned regime, isocurvature constraints are weakened'? if x < 1. The phe-
nomenologically interesting region where misalignment production is viable even for high
scale inflation corresponds to 1 — & being O(0.1). The vector DM production from transverse
fluctuations and the stochastic scenario are also viable and proceed in a manner analogous
to the scalar case.

The longitudinal mode, however, presents a number of particularities with respect to
the transverse ones. In the misalignment mechanism and owing to the differences both in its
inflationary and post-inflationary evolution, the longitudinal mode is shown to be suppressed
if the vector is very light. However, when it is heavier than 10~ eV (or less depending on the
scale of inflation), the contribution of longitudinal modes to the isocurvature spectrum at
CMB scales is of the same size as that of the transverse ones and cannot be neglected. The
situation of the production from inflationary fluctuations is also interesting. While small-
scale longitudinal fluctuations are always suppressed when k ~ 1, in the case of a minimally
coupled vector their amplitude can be large enough to contain an energy density comparable
to that of the DM, provided inflation occurs at a high scale. We show that the viability of
this scenario strictly relies on the almost complete absence of a non-minimal coupling; for
instance, a x 2> 1079 spoils the mechanism if mx ~ 107 %eV.

Throughout this paper we have considered the inflationary epoch of our Universe to be
a perfect de Sitter expansion with constant H;. However, the observation of a slight scale
dependence in the fluctuation spectrum at CMB scales [95] indicates that Hj is a slowly
decreasing function of time. As long as this spectral tilt remains small,'* the results of this

13 A tachyonic mass for the vector is generated during inflation if x > 1. In analogy to the scalar case,
avoiding trans-Planckian field excursions sets strong constraints on the size of the curvature coupling.

14The spectral index of adiabatic modes has only been measured around the scales accessible in the CMB.
Without more observational guidance, it is reasonable to make the assumption that n, remains small during
most of inflation. A full discussion of the physical consequences of large variations in Hy is an interesting
topic, but one that lies beyond the scope of this work.
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work are not changed qualitatively. Quantitatively, the effect of the spectral tilt can be
compensated by a shift to slightly larger (for scalars) or smaller (for vectors) values of the
non-minimal coupling,.

Non minimal curvature couplings allow for the generation of light (pseudo-)scalar or
vector dark matter in a wide range of masses. The three different production mechanisms
complement each other in terms of their viability in different regions of parameter space.
This opens up exciting possibilities for experiments and potentially interesting interactions
between the physics of dark matter and inflation.
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A Inflation scale and minimal number of e-folds

Being crucial to our calculations, here we give a somewhat exhaustive discussion about how
long inflation needs to have lasted, based on observations, the standard cosmology and basic
assumptions about the model of inflation and reheating. We will closely follow ref. [101] for
this purpose.

Let us denote by N(k) the number of e-folds at which the comoving scale k left the
horizon, that is, when k = aH during inflation. Note that the requirement of an accelerated
expansion implies that a H is a monotonically increasing function of time. The largest scale to
which we have access observationally is the present horizon scale kg = agHy. The requirement
N (ko) < Niot gives a lower limit on the total number of e-folds of inflation, but it cannot
say anything about the actual value of Nio, which can (and usually is expected to) be much
larger. In order to make numerical statements, we will often make the assumption of minimal
inflation, which sets Nyt to its smallest observationally allowed value Ny, = N (ko).

The general expression for N (k) is [101]

k 1 Preh 1 Peq Hj,
N(k)=-1 =1 -1 1 In (219 Qph Al
( ) " (CLOHO) * 3 . <pend> * 4 . (preh o Heq + n( 0 )7 ( )

where pend, Preh, Peq are the energy density at the end of inflation, at reheating and at matter-
radiation equality, respectively; and Hj, is the Hubble parameter at the time when the scale
k exits the horizon during inflation. We can simplify this expression by making two main
assumptions:

e Hy ~ Henq ~ Hj: there is no energy drop during inflation. This amounts to assuming
exactly exponential expansion with a constant value of H.

® preh ~ Pend: reheating happens instantaneously when inflation ends.

Under these assumptions and using p = 3mI2)IH 2 (with the reduced Planck mass), Hoy =
210727 GeV, the matter density Qo ~ 0.3 and h ~ 0.7, we can obtain a simple expression
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for the minimum number of e-folds, Nyin, which reads

N ot 2 (B Y, a2
We normalize the result to the largest scale of inflation allowed by observations (using the 95%
cl limit from [95]). Note that Ny, becomes smaller for lower inflationary scales. Another
quantity that is relevant for us is N(kcmp), which is the number of e-folds at which the
perturbations accesible in the CMB exited the horizon. Using the Planck pivot scale kcyp =
k, = 0.05 Mpc~!, we obtain that these scales exited the horizon

Nunin — N(keus) = 7.26 (A.3)

e-folds after the current horizon scale. Finally, let us relax the two former assumptions and
give a more general expression for the number of e-folds,

1 H[ 1 Vk 1 Preh
Npmin = 61. “In( ——— ) + -1 0 —1 : A4
61.97+ 5 In <6.6~1013 GeV> i <pend> Tt (pend> (A4

Here, we use the slow-roll approximation to write Hy, = 87V},/ 3M§’1 and express the result in
terms of the energy scale of inflation instead of the Hubble scale. Note that a longer period
of preheating generally implies preh < pend and leads to a decrease in Ny, while a deviation
from pure de Sitter expansion means that Vi, > pend and results in a larger value for Nyip.

B Stochastic scenario

One aspect that is relevant to the stochastic scenario is the exact form of the field value
evolution during the inflationary period. For arbitrary initial conditions ¢s and (]55, it is
given by

Ot) = by (cre™ 3o tt 4 pemdo it (B.1)

NN SR U Ps
ay —a- \  Higs)’

3 1 o5
co = o —a <Q+H[¢S>’

and identical equations being valid in the vector case for x;(¢) only exchanging ay for Si.
Using that oy > a— (B4 > p-), we find for late times the expressions

2z
Hi(oy —a)

with

(B.2)

o(t) = (dﬁs + ;a+Hz¢s> emzo- it (B.3)

. o . 1
¢(t) R = <¢9 + O‘+Hl¢s> eiéalet- (B.4)
ay — o 2
Note that ¢ is defined such that at the end of inflation Hjt = Niot. Furthermore, we can see
from these expressions that in general
; 1
Ht) = ~ o Hro(0), (8.5)

so in terms of initial conditions the assumption q‘ﬁs ~ Hjgs is reasonable as long as oo % 0.
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Let us now turn into the stochastic regime, which involves the computation of the
variance of the field induced by the non-vanishing momentum modes that describe the fluc-
tuations. As noted in section 2.4, our calculation is done along the lines of [39]. There, the
quantity v appears, which is given by a— = 3 —2v in terms of the quantities used throughout
this paper, or more directly by v &~ 3/24/1 — 16/3¢, with 0 < £ < 3/16. As in [39], we can
also express the Hankel functions that describe the modes in terms of Bessel functions and
see that the contribution of J_,(-) is the dominant one, leading to

H? 3—a_ 1 \? /2aH;\*> %
2 1 2
ol =00 (555 () (5F0) 0

Here, the subscript “horizon” indicates the quantity at horizon exit. These fluctuations con-
tribute to our Universe’s homogeneous field value as long as inflation stretches to scales that
are still superhorizon today. The accumulated effect of all the sufficiently long wavelength

modes results in a Gaussian distribution for the homogeneous field value, with variance

a(thorizon)HI d3E
<¢§>horizon :/ 2 3 |6¢k|¢27':ahorizon
;(ti)HI ; (2m) (B.7)
—a — o Y B »
~ mBa_ F2< 2 > H {1 — e (M Nmm)} )

The field value right at horizon exit is randomly drawn from this Gaussian distribution. As-
suming that it is centered at the origin, the “typical” result corresponds to ¢norizon = 1/ <¢§>.
That said, this homogeneous field can vary significantly by the end of inflation due to the
potentially fast_ superhorizon evolution caused by the non-minimal coupling. We can use
eq. (B.3) with ¢norizon = 0 (this assumes that equilibrium has been reached in the sense that
is described below) to describe the subsequent evolution after horizon exit by
a4 _1 .
Qse ~N————¢ 20éiNmm(lshorizon- (BS)
oy — o

Taking into account this superhorizon evolution during the last Ny, efolds of inflation, the
typical homogeneous field value at the end of inflation in our Hubble patch is

el (L

o 27 ay —a_

The truly stochastic regime, when the distribution is well approximated by a Gaussian, is only
reached after a sufficient amount of inflation. This occurs when AN = Niot — Nppin > 1/
so that the integral eq. (B.7) is dominated by the superhorizon modes with the shortest
wavelengths. In this regime, the term in the square brackets in eq. (B.9) can be dropped.
By also using oy /(ay — a—) = 1 we get the result given in section 2.4.

The stochastic contribution to the homogeneous field competes with the exponentially
decaying contribution from the initial field value at the start of inflation ¢s. Determining
the extra number of e-folds (before modes dominating eq. (B.7) exit the horizon) that are
necessary for the variance in eq. (B.9) to be a factor of v bigger than the contribution from
initial condition, cf. eq. (B.3)) is straightforward. To do so we have to ensure that the
remnant of the initially homogeneous field value is a factor of v smaller than the variance.
The result is given in eq. (2.23).

The calculations for the stochastic scenario in the case of a vector field go along the
same lines as the ones presented above, with the contributions being split into transverse and
longitudinal modes.
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C Longitudinal fluctuations

The EOMs for the longitudinal modes of the physical field x in momentum space (cf. [57]) are

I, 2 R I
0 =6 3H 2H — 5
X +k2+a2(m§(—gR)< %(—5
) (C.1)
1—& k
2 A o Il
R )
+|mk + +a2+k2—|—a O ( _g> .

When specifying to inflation, it turns out to be advantageous to work with the original field
6XII = a6yl and to switch to conformal time using d¢t/dT = a and a = —1/(7Hj). This devi-
ates from the redefinition used in the main text, f = ad X!, but it allows to more easily obtain
more precise analytic approximations of the mode functions. With this, we find (cf. [57])

27k H? m3 — 2kH?
2 I X I 2
0:[87_721@2 R P L R 0 +k}(5X|. (C.2)

This equation can be simplified and analytically solved in the limits of interest to us.
In the subhorizon limit, when k/(aH7) = —k7 > 1, we can approximate eq. (C.2) by
2 m?
— 2 2
0= [aT—Ta + 2H2+k]5X| (C.3)

where we introduced the shifted mass m? = m% — 2xH?. As is done in [58], the additional

redefinition 53,(‘) = —|m|/(TkHy) 5X¢H> allows to further simplify the EOM to

2 2
_ g mx 26+ DHF o]
0= [(’L + 2 + k06X . (C4)
This equation allows the Bunch-Davies vacuum as initial condition (cf. [58])
ol 75— 1 —ik
0X —— —e ", C.5
o (C.5)
Eq. (C.4) with initial condition eq. (C.5) has the solution [57]
| TkHr I TkH; o3 (73) i
oxl = THELGRN TR O (k) — e o (— )} , (C.6)
7 ] VT

where J.;(-) are Bessel functions of the first kind and we introduce v= 1/2\/1+8(n+1) —4m% /H?.
This is the early time solution shown in figure 5.
In the superhorizon limit, i.e. when —7k < 1, eq. (C.2) can be recast as
2’7’]€2H 2 m?
Lo, + YT
T Hj

0= {83 + kﬂ ox, (C.7)

This equation can be explicitly solved in terms of confluent hypergeometric functions of the

first kind. By making use of relations m%( < 2/<;H[2 and —7k < 1, the solution can be
approximately expressed as

(5XH ~ 2727557 (kn_)fl#»%ﬁf [6’1 (kn_)fifﬂf 4 52 23757:| ~ 612 217%5* (k‘T)*1+%B*7 (08)
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where 6’1 and C~'2 are constants that depend on the initial conditions. The second approxi-
mation holds long after horizon exit. This the late time solution that is depicted in figure 5.

The full match of egs. (C.6) and (C.8) cannot be performed analytically, but it is easy
to see that the matching is only possible if the k-dependence of the coefficients is precisely
C~'172 ~1/ Vk. Using this knowledge, we can extract the momentum dependence and define
CY such that

1
lg_
| croi—3s- HL (k)2
oxl ~ 522 37 (aHI , (C.9)
in terms of scale factors rather than conformal time. This is precisely the result derived in
section 3.2.
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Chapter 9

Conclusions

This thesis initially set out to address a relatively specific topic: is the dark matter of the
Universe made up of axions or some other light scalar particle? Of course, this innocent-looking
question is much deeper than it sounds and a definite answer for it is likely to require a lifetime
rather than a single thesis. Even if no conclusive resolution has been reached in this work,
many things have been learned in the process that will hopefully contribute to the final “yes”
or “no”.

In the next few pages of Section we summarize the main ideas and results of each of the
previous chapters. The goal of this is to provide an overview of the research presented in this
thesis without dwelling too much on the details, as the reader is referred back to each chapter
for the comprehensive argumentations and calculations. After the summary, the results are
discussed and reflected upon in Section focussing on the global conclusions reached from
the different studies that compose this work and how they embed into the broader picture.
Finally, in Section we comment on future research directions that are motivated by the
results presented in this thesis.

9.1 Summary

This section is intended to be a self-contained presentation of the main findings of this thesis. It
is clearly structured in parts and chapters for easy reference back to the respective publications
reproduced in Chapters 2] to

Part I - Dark matter and particle asymmetries

The first part of the thesis deals with the cosmological origin of particle-antiparticle asymme-

tries, and presents novel scenarios of asymmetric dark matter and baryogenesis.

Chapter 2 - Very light asymmetric dark matter. Light scalar fields produced through
the misalignment mechanism are well known to be good dark matter candidates. These fields

253



254 Chapter 9

are usually assumed to be real, or complex enjoying an unbroken U(1) symmetry. In this
chapter, we investigate for the first time the possibility that higher-order terms in the potential
of a complex scalar dark matter field do not respect the U(1) symmetry. This triggers very
rich dynamics involving the angular degree of freedom of the field which play an important
role in its cosmological evolution.

In the early Universe, the dark matter field is expected to be displaced away from the origin
of its potential. In that way, the field explores the symmetry-breaking self-couplings. At this
stage, charge is spontaneously and continuously being created and destroyed through these
self-interactions. Later on, the cosmological evolution drives the field towards the minimum of
its potential. As long as the symmetry-breaking terms only contain powers of the field higher
than 2, the potential is still effectively quadratic and U(1)-preserving close to the minimum.
Thus, once the charge-generating and -destroying processes freeze out, the complex scalar field
is left with a net charge that is comovingly conserved at late times in its cosmological evolution,
in a fashion analogous to Affleck-Dine models of baryogenesis [43]. This net charge can be
viewed as an excess of particles over antiparticles in the dark matter fluid.

Our calculations show that the energy density stored in the asymmetric part (the excess of
particles over antiparticles) can initially be comparable to the one stored in the symmetric part
(corresponding to equal amounts of particles and antiparticles). This statement is however
very dependent on the initial conditions of the evolution of the field. In fact, the asymmetry
can be in excess of 95% for some choices of starting parameters. But even if the initial amount
of asymmetric dark matter is subdominant to the symmetric one, there are many effects that
can act to deplete the symmetric abundance. As an example, we consider a U(1)-symmetric
coupling of the dark matter field ¢ to some other species y, of the form |¢?|x?. This causes
a parametric instability by which the symmetric component of the dark matter resonantly
decays into y quanta, in a process that had previously been studied in the context of reheating
after inflation [157, (158, [159]. By means of analytic calculations and numerical simulations, we
find that the instability only shuts off when the symmetric component is of the same size as
the asymmetric one. We therefore conclude that, at late times, the asymmetric part generally
constitutes an O (1) fraction of the dark matter, and for some choices of initial conditions it
can significantly dominate over the symmetric part.

The existence of a particle-antiparticle asymmetry makes the phenomenology of this model
genuinely distinct to that of other scenarios in which dark matter is made up of a light scalar
field. The most important observation is that the asymmetric dark matter component cannot
be singly absorbed due to the conservation of particle number. This renders the standard
techniques used in direct detection experiments searching for sub-eV dark matter invalid. As
a consequence, alternative methods have to be devised in order to probe this dark matter
model. As a concrete example, we study constraints on a Higgs portal coupling |¢?||H|? of the
asymmetric dark matter field. Firstly, we reinterpret the collider bounds on invisible Higgs
decays |160| and find a relatively weak constraint on our model, but one that is robust in the
sense that it does not rely on the dark matter assumption. Then, we show how, instead of the
oscillatory time-variation of fundamental constants that are normally used to probe this portal,
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in the asymmetric scenario such variations only arise due to variations in the dark matter
density. The most promising terrestrial search strategies are found to be related to changes in
fermion masses, which occur as the Earth travels through small-scale dark matter substructure.
These variations can be probed using atomic clocks [161]. Cosmological observables offer even
better prospects, as our setup induces redshift variations of the Fermi constant. These can
significantly alter Big Bang nucleosynthesis yields [162, [163|, and produce deviations in the
redshift determination of astrophysical signals using observations in different frequency bands.

After understanding the basic features and requirements for the existence of a particle-
antiparticle asymmetry in the dark sector, we move on to explore the possibility that such
an asymmetry is connected with a very well established one: the baryon asymmetry of the
Universe.

Chapter 3 - A supersymmetric theory of baryogenesis and sterile sneutrino dark
matter from B mesons. The most important evidence that particle asymmetries play an
important role in nature is the observation of the baryon asymmetry of the Universe. In this
chapter, we consider the possibility that the origin of the baryon asymmetry is linked to the
production of dark matter, which itself is also (partly) asymmetric [65]. The feature that singles
out our scenario is the fact that, in it, baryogenesis proceeds very late in the history of the
Universe (at temperature of a few MeV), and directly involves B mesons in the process [164].
We present a complete embedding of the model into a supersymmetric framework, which
naturally provides all the necessary ingredients to realize this scenario. Furthermore, such an
embedding motivates the identification of the dark matter sector with a right-handed neutrino
multiplet.

Low-scale baryogenesis and dark matter production are achieved in this mechanism when
neutral B mesons, produced at MeV temperatures in the early Universe, oscillate and subse-
quently decay into a baryon and dark particles. The three Sakharov conditions outlined in
Section [1.2.2] are satisfied as follows.

The first condition, departure from equilibrium, occurs due to the late-time decay of a
long-lived scalar with a mass of O (10 — 100) GeV. This scalar could be a string modulus
or the inflaton in an inflationary model featuring a very low reheating temperature. If the
decay produces a large number of b quarks, these quickly hadronize to form B mesons with an
abundance that can largely exceed the equilibrium one at such low temperatures.

The second condition, C and CP non-conservation, occurs when the neutral B mesons
among those produced perform CP-violating particle-antiparticle oscillations, as have been
observed to occur in terrestrial experiments [165].

The third condition is baryon number violation, which in this setup is rather wvisible
baryon number violation that occurs when a B meson decays into a visible baryon and a dark
antibaryon. In this way, global baryon number is exactly conserved, but a net asymmetry
created in the ordinary matter that is compensated by an asymmetry with the same magnitude
and opposite sign in the dark matter.
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The process described above is shown to be able to reproduce the observed baryon asym-
metry of the Universe and to generate asymmetric dark matter.

A supersymmetric extension of the Standard Model featuring a continuous U(1)r sym-
metry [45] (which is identified with baryon number) and Dirac gauginos [46| provides all the
ingredients necessary to implement this baryogenesis mechanism. The mediator between the
ordinary and the dark matter is the bino, which as the fermionic superpartner of the B gauge
boson is a singlet state. The decay of the B meson is triggered by an R-parity violating
transition involving a term of the type U°D*D¢, which produces a virtual squark that decays
into a bino and a quark via a weak interaction. The bino has a mass in the 2 — 4 MeV range
and carries baryon number —1, so that its Dirac (as opposed to Majorana) nature is crucial
to avoid dangerous baryon number violating effects. The bino is assumed to be unstable and
decay into a sterile neutrino-sneutrino pair, of which the sneutrino has baryon number —1 and
is absolutely stable, constituting the dark matter.

Most of these dynamics occur at the GeV scale and therefore have numerous phenomenolog-
ical and experimental consequences, which are themselves opportunities to test the mechanism.
The most important one is the prediction that neutral B mesons undergo an exotic decay into
a baryon and dark particles, which is required to have a branching ratio larger than 10~3. This
exotic decay can in principle be looked for at experiments like Belle-II and LHCb. Furthermore,
the mechanism requires an enhancement of the C'P violation in B meson oscillations over its
predicted Standard Model model value. Such an enhancement is provided in the supersymmet-
ric setup by R-parity violating squark interactions. This manifests in an enhancement of the
semileptonic asymmetry in the B meson system, which may be in reach of future experimental
setups. In addition to that, the model features a large number of other astrophysical and
collider signatures, like dark matter capture in neutron stars, LHC searches for heavy colored
scalars and long-lived particles, which can be used to probe the scenario.

The existence of particle asymmetries highlights the importance of discrete symmetries,
and in particular of CP, in our theory of nature. When discussing this symmetry, one cannot
overlook one of the most pressing puzzles of the Standard Model: the strong CP problem,
which motivates the study of axions.

Part II - Dark matter and axions

Axions and axion-like particles are probably the best-known examples of light dark matter
candidates. In this part, we study some aspects of their phenomenology in cosmological
environments and terrestrial experiments.

Chapter 4 - On the wondrous stability of ALP dark matter. When in a coherent
state with a large occupation number, light bosonic particles are prone to suffer parametric
instabilities that result in an exponentially fast decay of the system. This is particularly
dangerous for cosmological axion populations, which are created in a homogeneous and highly
occupied state and could in this way decay into photons through their coupling gg,~¢F F [108,
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107]. In this chapter, we scrutinize for the first time the cosmological stability of axion-like
particle dark matter with regard to this parametric instability.

We start by studying the equations of motion for the ALP and electromagnetic fields in
Minkowski spacetime. In this background, an exponentially growing photon mode is shown to
appear. Its characteristic growth rate is given by 7 ~ g4, @ my, i.e. it is proportional to the
product of the ALP field value, its mass and its coupling to photons. This instability resonantly
produces photons with momenta that lie within a thin shell of width d&k ~ g4~y ¢ mg/2 around
the central value £k = my/2. The ALP occupation number consequently diminishes at the
same rate. For dark matter axion-like particles, this decay rate is smaller than the age of the
Universe only if ggvy 2 1018 GeV !, indicating a potential instability that can affect a large
region of parameter space.

The situation however changes when we take into account that our Universe is not static but
rather expands with a rate given by the Hubble parameter H. This implies that the wavelength
of the photons created through the instability is continuously being redshifted and is “pushed”
out of the narrow resonance band described above. If this redshifting occurs in a time-scale
that is small compared to the rate of exponential growth of the photon mode, the resonance
becomes ineffective and the ALP condensate is stabilized. The expansion of the Universe is
shown to alleviate the instability of the most common axion-like particle models, making them
good dark matter candidates. On the other hand, axion-like particles that enjoy a photon
coupling that is enhanced with respect to the usual Nambu-Goldstone boson expectation (as
in e.g. |167, 168} 1169, [170, 171} |172]) still exhibit a fast parametric instability.

We then investigate the consequences of the presence of a dense plasma in the early Universe,
which severely impacts the propagation properties of photons [91]. The most important effect
for our purposes is shown to be linked to the existence of a cutoff frequency below which the
medium does not allow photon modes to propagate. This frequency, known as the plasma
frequency wp, effectively blocks the decay of axion-like particles with a mass mg < 2wp, that
is, below twice the cutoff. After computing the plasma frequency of the primordial plasma
throughout the history of the Universe, we reach two important conclusions. The first one is
that the stability of axion-like particles with masses below the present-day plasma frequency
in the intergalactic medium, w 19 ~ 107" eV, is automatically guaranteed. The second one is
that the presence of the plasma delays the appearance of the instability for heavier axion-like
particles, ultimately making it slower compared to the expansion rate. The final conclusion is
that all ALP dark matter models, including those featuring an enhanced photon coupling, are
found to be cosmologically stable and therefore constitute viable dark matter candidates.

This chapter has established that axion-like particles with small masses and large decay
constants are long-enough lived to be the dark matter of the Universe. However, in the
simplest models, axion-like particles with those properties are produced only in vanishingly
small amounts by the misalignment mechanism. It is therefore interesting to study the kind of
modifications that are necessary for the misalignment mechanism to be more effective in the
production of these particles. One such possibility is studied next.
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Chapter 5 - Exploring ALPs beyond the canonical. The cosmological evolution of
axion-like particles as dark matter is very sensitive to the exact form of their potential. The
requirement to act as a pressureless fluid for gravitational processes requires the potential to be
quadratic in a sufficiently large region around the minimum. However, deviations can occur for
larger field values. For example, the discrete symmetry enjoyed by pseudo Nambu-Goldstone
bosons necessarily requires their potential to be periodic. Explicit calculations yield potentials
of the form V(¢) = A*(1 — cos(¢/f)), where f is the ALP decay constant. In this chapter, we
explore the phenomenological consequences of the existence of a non-canonical kinetic term
for the ALP field, focusing on a kinetic function of the form (1/cos(¢/f)) - 0,¢0* ¢, which also
respects the ¢ — ¢ + 27 periodicity. The ALP field redefinition that canonically normalizes
this kinetic term results in a flattening of the potential away from the origin, as in a-attractor
models of inflation |173] 174, [175]. This leads to very particular cosmological dynamics.

Most importantly, a flatter potential results in a larger dark matter yield for a given
choice of initial field value. This can be readily understood in terms of the misalignment
mechanism [112]. At early times, the Hubble expansion rate is large and produces an effective
friction that “freezes” the field at its original position in the potential. At this stage, the energy
density remains constant and the field acts like dark energy. Only when the Hubble parameter
becomes sufficiently small compared to the slope of the potential does the field start evolving
and behaving like dark matter. At that point, the ALP energy density starts diluting at a
rate inversely proportional to the growth of the spatial volume. Given that the non-canonical
kinetic term significantly flattens the potential of the axion-like particle, this dark energy-dark
matter transition is delayed. This means that the energy density has less time to dilute away
and is therefore larger in the late Universe. As a consequence, phenomenologically interesting
regions of the parameter space where dark matter is underproduced in other models become
viable when a non-canonical kinetic term is considered.

After providing an analytic estimate of the dark matter yield that is backed up with
numerical computations, we turn to study the generation of isocurvature perturbations in
this scenario. We derive a simple formula that parametrizes the amplitude of fluctuations in
terms of an anharmonicity function that encodes the departure from a purely quadratic poten-
tial. As expected, a potential which is shallower than quadratic produces larger isocurvature
fluctuations and therefore faces stronger constraints from CMB observations.

The case of the QCD axion with a non-canonical kinetic term is studied next. The main
difference compared to the axion-like particle case is that the QCD axion potential is time-
dependent, as it receives a contribution from the QCD topological susceptibility around the
QCD phase transition [176]. In order to incorporate this particularity, we extend our previous
formalism to allow for a temperature-dependent anharmonicity function. Making use of it,
we identify a strong constraint to this scenario coming from Big Bang nucleosynthesis. The
reason for this is that the synthesis of light elements is significantly modified in the presence
of a non-vanishing QCD 6 angle, as is induced by a QCD axion with a flattened potential.

So far we have focused on axions that can play an important role in our cosmological
model, and which are typically very light. However, the solution to the strong CP problem is



Conclusions 259

largely insensitive to the mass of the axion. It is therefore important to also test the axion
paradigm in the large mass region, a task for which terrestrial experiments are better suited
than cosmological probes.

Chapter 6 - Axion couplings to electroweak gauge bosons. Collider experiments are
very powerful tools to search for axions, particularly those with masses above the MeV scale.
In the past, collider searches have focused on a limited set of axion couplings, the most popular
one being its coupling to photons [177, 178,89, 179, |180|. In Chapter@ we significantly extend
the reach of collider experiments as probes for axions by considering their couplings to all
other gauge bosons, and by studying the interplays arising from the simultaneous coexistence
of multiple couplings.

The focus of this chapter is on the QCD axion, and as such the gluon coupling, aGG, is
always assumed to be present. This interaction generates an irreducible contribution to the
QCD axion mass, which is linked to the non-vanishing QCD topological susceptibility. Aside
from this, in our study we allow for additional mass terms that are assumed to arise in ways that
do not spoil the solution to the strong CP problem. These constructions are commonly known
as heavy azion models |106]. As a first step, the most general axion Lagrangian is constructed.
Importantly, we account for the non-perturbative QCD contributions to the electroweak gauge
boson couplings. These are derived by calculating the mixing angles with the pseudoscalar
hadrons, which are obtained using chiral perturbation theory methods. The result is presented
for QCD as well as heavy axions. This calculation, together with considerations regarding
gauge invariance, showcases the necessity of simultaneously considering more than one axion
coupling in phenomenological studies, in contrast to what had previously been considered.

The second half of the chapter is devoted to a phenomenological analysis of heavy axions,
including all electroweak interactions and taking into account both tree-level and one-loop
effects. Loop-induced couplings to photons, nucleons, and electrons are of particular phe-
nomenological importance given that the most sensitive axion searches rely on the existence
of these couplings. The possible decay channels of the axion are compared, finding that the
decay to photons tends to dominate in the lower mass region, while hadronic decays induced
by the QCD coupling dominate for axion masses above O (100) MeV. The experimental con-
straints on the heavy axion parameter space are then presented in a two-operator framework:
the axion-gluon coupling and one electroweak gauge coupling are simultaneously considered.
For that, the relative interaction strengths are assumed to be proportional to the strong and
electroweak fine-structure constants, respectively. At the LHC, the most promising channel to
look for heavy axions is found to be the production through strong interactions followed by
an electroweak decay. The reason for this is that the QCD production proceeds with a large
cross-section, while the electroweak decay results in a final state for which the backgrounds
are relatively small.
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Part III - Dark matter and inflation

The dynamics of light dark matter candidates in the early Universe is very sensitive to the
physics of inflation, as has been exemplified in the previous chapters for the case of axions
and isocurvature fluctuations. The final part of this thesis is devoted to a deeper study of the
relation between light dark matter and inflation. Importantly, it constitutes a general study as
it defocuses from the axion paradigm to consider more general bosonic particles. In particular,
we develop new scenarios of dark matter production in the inflationary epoch of the Universe.
For the first time, gravitational corrections beyond the minimal coupling are considered. These
become relevant in sufficiently curved backgrounds like the inflationary one.

Chapter 7 - Lightish but clumpy: scalar dark matter from inflationary fluctuations.
Light scalar fields present during inflation acquire quantum fluctuations that are stretched and
become classical statistical fluctuations as spacetime expands [139) (140} (141} |142]. This process
can be interpreted as particle production and as such can be an efficient production mechanism
for light scalar dark matter. The caveat of this possibility is that it tends to produce too large
isocurvature fluctuations, as the fluctuations of the dark matter are in general uncorrelated
with the ones of the inflaton. In this chapter, we argue that the existence of a non-minimal
coupling of the scalar field to gravity results in a suppression of the isocurvature perturbations
at large cosmological scales. This makes production from inflationary fluctuations a viable
origin for the dark matter of the Universe.

Non-minimal couplings of scalar fields to gravity are very well-motivated by arguments
of quantum field theory in classically curved backgrounds [181} 140, [182]. In particular, a
coupling of the form £¢?R, where £ is a dimensionless coupling constant and R is the Ricci
scalar, results in an effective spacetime dependent mass for the scalar field ¢. The Ricci scalar
vanishes at the background level during radiation domination but is proportional to the Hubble
scale of inflation H; during the inflationary epoch in the early Universe. As a consequence, a
scalar field enjoying such non-minimal coupling acquires a large effective mass during inflation,
but can be very light in the later stages of the cosmological history.

As opposed to light fields, which acquire a scale-invariant spectrum of fluctuations during
inflation, scalar fields with masses of O (Hy) or larger feature a blue-tilted spectrum. This
means that the fluctuations of the field at large spatial scales are suppressed with respect
to the ones at small scales. To quantify this effect, we follow the quantum dynamics of the
scalar field in the curved inflationary background in order to obtain expressions for the power
spectra of field and energy density perturbations. Assuming that the scalar field constitutes
the dark matter of the Universe, the power spectra are subsequently evolved through radiation
and matter domination until they reach the nonlinear regime of structure formation. The
result is a peaked spectrum in which the power is concentrated around a critical comoving
wavenumber that is denoted as ky, while it steeply decreases when moving towards smaller
and larger wavenumbers.

There are two main consequences associated with the dynamics delineated above. Firstly,
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the amplitude of the dark matter isocurvature density fluctuations at CMB scales is strongly
suppressed and can be made compatible with the stringent constraints set by the Planck
satellite [156|. Secondly, the peaked structure of the density power spectrum indicates that
the majority of the dark matter is stored in overdensities of typical comoving size kZ!. These
overdensities are expected to decouple from the Hubble flow at the time of matter-radiation
equality, sourcing rich dark matter substructure at small cosmological scales. The size of
this dark matter subhaloes can be linked to the size of the non-minimal coupling to gravity,
potentially motivating the study of dark matter substructure as a window to the behavior of
gravity in large spacetime curvature regimes.

The finding of such rich dynamics motivates the study of more general scenarios involving
light bosonic dark matter candidates and inflation, leading to our final topic of study.

Chapter 8 - Misalignment & Co.: (Pseudo-)scalar and vector dark matter with
curvature couplings. This chapter builds up and extends the study of the previous one
by considering light scalar and vector dark matter with a non-minimal coupling to gravity.
Furthermore, it presents additional production mechanisms which are affected by the existence
of such generalized gravitational interactions. As opposed to the scalar case, in which the
non-minimal couplings to gravity have been well studied [181, 140} |182], vector fields have
been far less explored. We concentrate on a coupling of the form xX,X*R, where k is a
dimensionless coupling constant and R is the Ricci scalar, and which has been considered
in [190} 191}, 192, [193]. As in the scalar case, this coupling induces an effective mass for both
transversal and longitudinal polarizations of the vector field.

For the case of scalars, we demonstrate how the Hubble-induced effective mass during
inflation results in a modification of the misalighment mechanism. As the field becomes
massive during inflation, it naturally slow-rolls towards the minimum of its potential. This
ultimately results in a reduction of the dark matter yield and a suppression of isocurvature
perturbations for a given initial (preinflationary) field value. In addition, we calculate the
contribution to the dark matter energy density arising from quantum fluctuations during
inflation, in the spirit of the previous chapter. This production mechanism is shown to be
dominant for large field masses, high inflationary scales, and long periods of inflation. Finally,
we discuss the “stochastic scenario” [194, [195], in which super-horizon scalar field fluctuations
accumulate during a long period of inflation. These super-horizon fluctuations behave like
an effective contribution to the homogeneous field value within each separate Hubble patch.
We find that this scenario suffers from a severe isocurvature problem unless the non-minimal
coupling to gravity is vanishingly small.

The case of a massive vector field is also studied, highlighting the difference between the
transversal and longitudinal polarizations. It is well known that the misalignment mechanism
is not viable for minimally coupled vector fields because their energy density is diluted as their
wavelengths are stretched during inflation [189, 112]. However, we show that the inclusion of a
non-minimal coupling of a suitable size can counteract this dilution and enable the misalignment
production of vector dark matter. Interestingly, while transversal fluctuations always give a
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contribution to the energy density, longitudinal fluctuations are suppressed unless the vector
field is sufficiently massive. Furthermore and in parallel to the scalar case, a component of
vector dark matter is also produced from inflationary fluctuations, independently of initial
conditions. These fluctuations are either predominantly of longitudinal type when the field
couples minimally to gravity [196], or of transversal type when a sizable non-minimal coupling
is present. Finally, we introduce the stochastic scenario for vectors, for which the energy
density is dominated by transverse modes unless the vector field is sufficiently massive.

9.2 Discussion and reflection

The research performed in the course of this thesis is to be framed within the big picture of
cosmology and particle physics. Indeed, looking at various open questions in both fields has
been our guiding principle in choosing what dark matter scenarios to study. After the main
results of this work have been presented, it is time to reflect on the global interpretation of
those findings. Each chapter contains an independent discussion detailing the more specific
individual conclusions. Because of that, here we rather focus on the aspects that are universal
to multiple (or all) of the chapters, and therefore constitute the concluding remarks of the
thesis as a whole. There are five main ideas that serve as guiding posts in portraying our
conclusions.

A sight of the landscape beyond the Standard Model

In the introduction, we set out to the endeavor of identifying particularly well-motivated dark
matter scenarios, in the sense that the theories that produce the dark matter candidate can,
at the same time, address open issues in the Standard Models of particle physics or cosmology.
This strategy has proven to be very fruitful, resulting in theories of dark matter that do not
only address those issues, but also present features that can potentially single them out at
the observational and experimental levels. As some examples, we have studied the case of
asymmetric dark matter and its potential connection to baryogenesis in Part [[ axions and
their experimental signatures in Part [[I, and dark matter of inflationary origin that clumps
together at sub-galactic scales in Part [[TI}

In the process, it has become clear that thinking about dark matter as a component of
theories beyond the Standard Model is not only useful to infer the properties of the dark
matter candidate, but can in addition shed light on the theories themselves. In this way, our
initial argumentation is turned upside down: the viability or eventual detection of dark matter
with some particular properties can give strong hints of what may lie ahead in our quest for a
more complete theory of nature. This way of thinking is not new by itself: various examples
can be found in the literature that exploit this approach. In this thesis, we have found novel
ways in which this argumentation can be implemented.

A first case of study is the supersymmetric model of Chapter [3| which provides a mechanism
for baryogenesis and asymmetric dark matter production. A particularly interesting feature is



Conclusions 263

that it allows for a very low scale of baryogenesis, essentially as low as possible given the need for
it to occur before nucleosynthesis proceeds at a temperature just below 1 MeV |197]. This makes
it possible to combine it with models of inflation that have low reheating scales, something
that is problematic for many other baryogenesis setups. Incidentally, low-scale baryogenesis
scenarios are a necessity of some axion dark matter models, which favor low inflationary scales
in order to avoid isocurvature constraints, as discussed in Chapter [5] The achievement of
successful baryogenesis in this setup motivates a singular connection with the dark matter
problem. Imposing baryon number to be globally conserved leads to the compensating baryon
asymmetry being necessarily stored in the dark sector, which consequently contains dark
GeV-scale antibaryons that can significantly contribute to the dark matter abundance of the
Universe. In a supersymmetric setup in which baryon number is identified with a continuous
U(1)g symmetry, this dark matter component can be identified with a sterile sneutrino, which
has the adequate global charge assignments. Similarly, the role of the mediator between the
visible and the dark sectors is played by a Dirac bino with a O ( GeV) mass, which also carries
baryon number. In this way, the requirements stemming from successful baryogenesis and
dark matter production motivate a very particular supersymmetric extension of the Standard
Model with a concrete superpartner spectrum. These arguments can help guide experimental
searches to look for non-standard supersymmetric scenarios, as discussed in Section

Thinking about the role of axions (and other light scalars) as dark matter can also give
an insight about the theory that contains them. One of the cornerstones of our work has
been the misalignment mechanism, which very generally predicts the existence of cosmolog-
ical populations of light scalars that can survive until today, as shown in Chapter [l The
subsequent present-day abundance of axions is only dependent on very fundamental param-
eters (masses and decay constants), the expansion history of the Universe, and (sometimes)
an initial condition. In this sense, for a given mass and decay constant, we can regard the
contribution of axions to the dark matter of the Universe as “irreducible”. This can either favor
some particular combination of parameters like O (100) peV QCD axions [198, 199, 200, 201],
disfavor other combinations on the basis that too much dark matter would be produced, or
motivate the existence of non-standard axion models that can generate a large enough density
in regions of parameter space that would otherwise underproduce dark matter, in the spirit of
Chapter bl Given this generality, even the non-observation of axion dark matter in a given
region of parameter space can yield very relevant information about the particle content of
theories beyond the Standard Model.

In a more phenomenologically motivated fashion, axions with small masses and large decay
constants are appealing dark matter candidates because they are accessible to many proposed
(and some projected) experiments, like ABRACADABRA [202], ADMX [203], BRASS |204],
CULTASK [205] HAYSTAC [206], KLASH |207], MadMax [208|, ORGAN [209]|, QUAX [210],
or RADES [211]. In that regard, the novel findings of Chapter {4 assuring the cosmological
stability of axion-like particles with those properties are crucial in assessing the viability
and prospects for those experiments. Going further and as exemplified by Chapter [5 a
positive detection by one of those experiments in a region where the misalignment mechanism
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underproduces dark matter would be solid evidence for the necessity of going beyond the
simplest models. An axion could also be found in a setup that does not rely on the dark
matter assumption, like a high-energy experiment, as pursued in Chapter [6] Such a potential
detection, if compatible with a solution to the strong CP problem but not with dark matter,
would constitute a paradigm shift for dark matter searches, perhaps moving the focus away
from the QCD axion region into other less explored areas of parameter space.

Finally, this thesis has brought to light the sensitivity of light bosonic dark matter to the
physics of inflation. Traditionally, the bounds on the amplitude of isocurvature perturbations
have been used to “constrain” the scale of inflation, assuming dark matter to be made of a light
scalar field that was present during inflation [212} 213| 214} 215| 216| 217]. This has also been
discussed in detail for particular dark matter models throughout this thesis. In Chapters [7]
and [8, we have gone beyond that in showing that there are other properties of inflation that
can play a key role in the production of light bosons during that epoch. For the same physics
model, different mechanisms (misalignment, production from fluctuations, and the stochastic
scenario) have different degrees of efficiency in generating dark matter depending not only
on the scale of inflation, but also on its duration and how much it departs from an exact
de Sitter expansion. Based on these observations, one could even imagine reconstructing the
time-evolution of the primordial spectral index through the observation of the present-day
power spectrum of (a subcomponent of) dark matter in the form of a light scalar field. What
is more, the additional dependence on the non-minimal coupling of the field to gravity can
also give information about the inflaton sector. The reason for this is that the Jordan-frame
non-minimal coupling leads to a coupling of the dark matter field to the inflaton in the Einstein
frame.

All in all, throughout this thesis we have learned that there is a very rich way of thinking
about dark matter and physics beyond the Standard Model that is two-way: the former has
the ability of telling us as much about the latter as the other way around.

Dark matter is more than just one number

Often when we think about dark matter, we tend to essentially identify it with one single
value: its abundance in the Universe, which can be given as a fraction of the critical density as
Q. 2~ 0.26 [12]. A model of (cold) dark matter is successful if it can reproduce this number, and
we usually think there is not much more to worry about. One then tends to focus on potentially
detectable interactions of the dark matter particle with the visible sector in order to test the
model. In doing that, we are often leaving aside a very powerful tool to distinguish between
and probe the different models: the properties of the large- and small-scale distribution of
dark matter. In this thesis, this has been a recurrent finding. Repeatedly, we have encountered
that the attributes of the dark matter particles and their production mechanisms result in
particular features regarding how dark matter is scattered throughout the Universe.

When comparing the clustering properties of dark matter in different scenarios, it is useful
to have a well-understood and simple benchmark model against which to contrast. The vanilla



Conclusions 265

cold dark matter paradigm, in which structure is formed hierarchically from the smallest to the
largest scales, is the usual choice for this. Its main properties are a purely adiabatic primordial
power spectrum with a slight red tilt and a cutoff occurring at a such small scale that it can
be ignored for all practical purposes. Because the distribution of dark matter is relatively well
understood and measured on large cosmological scales, it is reasonable to distinguish between
deviations of this paradigm that occur at large and small scalesﬂ While deviations at large
scales have to be tiny, this is not necessarily the case at small scales.

Focusing on large scales first, the distinction between adiabatic and isocurvature fluctuations
has proven to be a powerful tool. If dark matter is made up of some light bosonic field that
is produced in the very early Universe through the misalignment or some similar mechanism,
we have seen that its perturbations at large cosmological scales generally contain some degree
of isocurvature. Because observations of the CMB show that the dark matter density power
spectrum is adiabatic to a very high accuracy, this prediction has turned out to be extremely
useful in constraining the properties of the wide variety of models that has been explored in
this thesis. This was particularly relevant in Chapters [5] [7] and [§f What is more, the necessity
of suppressing the isocurvature power at CMB scales has been one of the main motivations to
develop the scenarios presented in Part [[T]]

That being said, the most important results of this work are related to the clustering
behavior of dark matter at scales much below the ones accessible to the CMB. The most
striking observation is related to the findings in Chapters [7] and [§] in which the isocurvature
power spectrum has a strong blue tilt and features a peak with a large amplitude at some
small scale. Two main consequences can be readily derived. The first one is that even if the
isocurvature fluctuations are strongly suppressed at CMB scales [156|, they can be sizable at
intermediate scales and have an impact in the formation of structures. The second one is the
presence of a distinguished scale at which the fluctuations are so large that they are expected
to decouple from the Hubble flow and form bound structures as early as at matter-radiation
equality. Although a more careful study of the formation and survival of these clumps within
a cosmological context is warranted, their presence would entail important consequences for
astrophysical and direct detection purposes.

Furthermore and as discussed in Chapter [2] self-interactions of light scalar fields can lead
to very interesting cosmological phenomenology. On the one hand, a scalar field with a large
(repulsive) quartic self-coupling redshifts as radiation and effectively behaves as hot or warm
dark matter at different stages of its evolution. This can cause noticeable effects in the CMB
power spectrum [110], but also in Lyman-« forest observations [111]. In addition to that, the
non-linearities in the potential can cause the fragmentation of the field in a resonant process
that produces explosive self-particle production. For attractive self-interaction, this has been
shown (see, for instance, [218, 219]) to cause significant deviations in the clustering properties
of the dark matter, and lead to the formation of bound objects.

'In other words, we distinguish between scales for which linear cosmological perturbation theory is valid
and those for which it breaks down due to non-linear effects in structure formation.
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Given that, so far, gravity is our only source of information regarding the dark matter
properties, it is imperative that we go beyond the single number describing its abundance and
explore deeper attributes of its cosmological dynamics. As this thesis shows, even in the most
extreme case in which the dark matter has only gravitational interactions, there is a lot that
we can learn about its particle nature by studying its clustering properties at large and small
cosmological scales. This exemplifies how the distribution of dark matter in the Universe can
be a mirror for its particle nature, and it is therefore one that we should carefully inspect.

The discrete importance of discrete symmetries

In this thesis we have studied a number of different topics like dark matter, baryogenesis,
axions and inflation, and established possible connections between some of them. At the heart
of many of these open questions in physics there is a common origin that has sometimes passed
by unnoticed but that should not be overlooked: the discrete symmetries of parity, charge
conjugation, time reversal, and combinations thereof. In particular, the degree at which these
symmetries are conserved or broken in different processes is of uttermost importance for their
outcome. Understanding the possible sources of C, P, and T violation in the Standard Model
and theories beyond it thus deserves careful attention.

An example in which this is particularly manifest is the baryogenesis model discussed
in Chapter 8] It is well known that C and CP violation are both necessary to produce a
baryon number asymmetry, as was discussed in Section Common lore says that the
Standard Model of particle physics does not provide enough CP violation to produce the
observed asymmetry. This fact is linked to the idea that baryogenesis has to proceed at
around the electroweak phase transition when baryon number-violating sphaleron process are
active. At those high temperatures, the only known source of CP violation in the Standard
Model - complex Yukawa couplings - is suppressed and thus not enough to generate a sufficient
asymmetry. In our scenario, thanks to the more relaxed requirement of only needing an
effective baryon number violation in the visible sector, baryogenesis proceeds at much lower
temperatures when the effects of CP violation from the CKM matrix are unsuppressed. That
said, we find that even in this case, the Standard Model prediction for the quantities measuring
the relevant CP violation - the semileptonic asymmetries in B meson decays - fall a bit short
of the values needed to reproduce the observed baryon asymmetry. This is mostly because
some of the contributions, though large enough in modulus, come with the sign that acts to
erase the baryon asymmetry. However, given that experimental constraints on the semileptonic
asymmetries are a factor of ~ 10 looser than the Standard Model predictions [165], there is
significant room for new physics to drive the CP violation in the direction that is necessary
in our setup. This makes it especially important to precisely understand how CP violation
behaves in the Standard Model and beyond, both from the theoretical and the experimental
perspective.

It is not only baryogenesis that depends on the existence of C and CP violation - the
dynamical generation of any net global charge requires these discrete symmetries to be broken
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as well. An example of this was presented in Chapter [2] in which the global charge translates
into a particle-antiparticle imbalance in the dark sector. There, the required C and CP violation
is generated by the non-vanishing vacuum expectation value of a complex scalar field. This kind
of CP violation only occurs for a short period of time in the early Universe and is qualitatively
different from one that is hard-wired into the Lagrangian. Although its origin can be traced
back to some explicitly CP-breaking terms in the potential, it is effectively amplified by the
motion of the scalar field, and this allows to generate a large charge asymmetry even from
a small CP non-conserving seed. This transient sort of CP violation has two main practical
drawbacks: it is extremely challenging to be tested experimentally given that it was only active
in the early Universe, and it features a strong dependence on the initial conditions of the
evolution of the field, which somewhat dilutes the predictivity of the scenario.

Finally, it goes without saying that the CP symmetry is at the very root of axion physics.
On one hand, there is experimental evidence for the absence of CP conservation in the Yukawa
couplings. On the other hand, there are indications that CP needs to be further violated in
order to give rise to baryogenesis. In light of these facts, it is extremely surprising that the only
other physical CP-violating parameter of the Standard Model, the QCD 6 angle, is observed
to be vanishingly small. The QCD axion is a very elegant solution to this quandary, but not a
completely satisfactory one in the sense that it does not seem to follow a global criterium with
respect to the fundamental nature of discrete spacetime symmetries. An argumentation in the
lines of the Vafa-Witten theorem [84] assures that minimization of the energy naturally favors
the CP-conserving vacuum. Although this is partially satisfactory, the necessary introduction of
a Peccei-Quinn symmetry may feel somewhat ad hoc. After all, why should nature be provided
with the precise tools to switch off CP violation in the strong interactions, but not in other
sectors? The search for axions, in astrophysical setups as well as in terrestrial experiments, as
undertaken in Chapter [6] is of crucial importance to shed some light on this quandary.

The task of understanding the role of discrete symmetries in nature is one that sits at the
core of many of the questions that we aim to solve in particle physics and cosmology. This
is not only a question of theoretical interest, but also one of very direct phenomenological
consequences. As we have recurrently encountered in this thesis, the conservation (or absence
thereof) of charge conjugation, parity, and time reversal can dictate to a surprisingly large
degree what the Universe looks like and what it is made of. Unveiling the transformation
properties of the dark matter of the Universe under these symmetries, a goal which this work
has contributed to achieve, may constitute a crucial step forward in this direction.

Particle physics and cosmology are symbiotic

Over the past few decades, it has become more evident that particle physics and cosmology are
closely intertwined. On the one hand, the former (together with gravity) serves as a language
in which to formulate the latter. On the other hand, the latter offers a unique environment in
which the theories of the former can be tested. Some of the most interesting findings in this
thesis have in fact been obtained by leveraging the interaction between the two fields.
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Axions are a paradigmatic example of this interplay, as has been highlighted in many
occasions (see Chapters 4] to @ throughout this work. As a matter of fact, the QCD axion
is an inherently cosmological answer to an a priori purely particle physics question, that of
the strong CP problem. The connection is strengthened by the possibility that QCD axions
may serve a double purpose and also constitute the dark matter of the Universe. In fact, this
possibility is one of our only “hopes” to eventually find experimental proof for the existence
of the QCD axion: to find dark matter axions. Otherwise, this task could be rendered to be
virtually impossible, as its extremely weak interactions make the QCD axion very challenging
to be both produced and detected in an experimental setup. The dark matter option allows to
partially circumvent this difficulty by providing an abundant population of axions with which
to experiment.

Chapter [3] constitutes a new instance of how fruitful the combination of cosmological
and particle physics considerations can be in developing viable new physics models. Indeed,
one of the novelties of the approach presented is the realization of a potential connection
between the generation of the baryon asymmetry of the Universe and measurements of CP-
violating observables in the B meson system. In this model, the key cosmological observation
to reproduce, the baryon-to-photon ratio, is given by a product of two quantities. The first
one is the branching ratio of neutral B mesons into a visible baryon-number violating final
state, and the second one are the semileptonic CP asymmetries in flavor-specific B decays.
Both are weighted by a temperature-dependent factor that takes into account decoherence
effects in the early-Universe plasma. Once the dependencies on the cosmological history have
been accounted for, the model yields a very specific prediction for observables accessible in
B-factory experiments, which can then directly probe very relevant dynamics of the early
Universe. Furthermore, the difficulty of introducing baryon number violation at low energies in
the Standard Model, together with the observation of the existence of dark matter, motivates
the idea that a compensating baryon asymmetry is stored in the dark sector. Then, the fact
that the scalar superpartners of sterile neutrinos naturally carry negative baryon number in
the supersymmetric extension of the Standard Model that we consider, ultimately leads to
their identification as dark matter candidates.

Another major result of this thesis is the potential connection between the dynamics of
dark matter and the behavior of gravity in environments of increasingly large curvature. The
understanding of the relationship between gravity and the quantum theory that describes the
interactions of particles is one of the milestones of theoretical physics. This is a question that
particle physics is very unlikely to be able to address without the input from cosmology, which is
one of the very few environments that can produce the extreme conditions in which hypotheses
regarding this relationship may be tested. In Chapters [7] and [§] we have demonstrated that
the fine sensitivity of the production mechanisms of light scalar dark matter to even slight
modifications of gravity has the potential to provide valuable insights on this matter. In
this regard, we have shown that observations of the distribution of dark matter in small and
intermediate scales can be directly linked to the size of non-minimal interactions of scalar and
vector fields with gravity. Such interactions, which are widely expected to be present, become
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relevant only in sufficiently curved backgrounds.

Though learning about the reciprocal reliance that particle physics and cosmology display
is certainly not a new finding, this lesson is one that has been of singular importance for this
thesis. As we strive to test particle physics in more and more extreme regimes, and to probe
the history and the contents of the Universe with ever increasing precision, it is only natural
that this symbiosis becomes stronger.

Where is the next scale of physics?

The discovery of the Higgs boson at the LHC a few years ago contributed to robustly establish
the electroweak scale as the origin of many of the dimensionful parameters in particle physics.
With this and neglecting for a moment (pertinent) arguments related to the necessity of
perplexingly small parameters, the Standard Model could most likely be consistently extended
all the way to the Planck scale, at which point some sort of theory of quantum gravity should
take over. Why should we then worry about the existence of any other intermediate scale? The
culprit is to a great extent cosmology. Cosmology is surprisingly insensitive to the electroweak
scale: the bulk of the mass of the baryonic matter is set by the QCD scale, baryogenesis
at the electroweak phase transition does not seem easy to achieve in the Standard Model
given the requirement for a first order phase transition, and there exists no known or obvious
connection between the electroweak scale and dark matter, dark energy or the physics of
inflation. These observations can be interpreted as strong hints in favor of the existence of
dimensionful parameters unrelated to the so far well-established scales.

In this thesis, we have considered three different paradigms with respect to this next anchor
point of physics after the electroweak scale.

The first one is to assume that there is a new scale “just around the corner”, meaning barely
out of reach for the current energy-frontier experiments spearheaded by the LHC. This was in
fact a very popular take before the LHC began operation, motivated by naturalness arguments
regarding the electroweak scale, but is now confronted with the fact that the LHC has failed to
find any hints for new physics at the TeV scale. As a consequence, low-scale supersymmetry
has fallen out of favor, or at least its minimal implementation has. In fact, well-motivated
supersymmetric scenarios with a low supersymmetry-breaking scale, like the one studied in
Chapter [3| remain viable, although in some cases only marginally so. If supersymmetry is
just around the corner, as supersoft [46| and supersafe [220] as it may be, it tends to produce
deviations which are sufficiently large to be phenomenologically relevant. And it may well be
the case that these effects have already been observed, if both dark matter and baryogenesis
are linked to this scale, as proposed in Chapter [3] Ongoing and future experiments will have
the final word regarding this model, so we will not have to wait for long to find out. Another
scale that may be in reach of present or future accelerator facilities is the Peccei-Quinn scale.
As shown in Chapter [6] these experiments can be powerful tools to look for axions, as long as
their decay constant is not too far from the TeV scale.

The second option is that there is indeed some - or multiple - intermediate scales, as
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is generally required in many models of leptogenesis and, more importantly for this thesis,
axions. Field theory axions appear as pseudo Nambu-Goldstone bosons of spontaneously
broken global symmetries, and as such require the existence of a new scale generated by
the vacuum expectation value of a complex ﬁeldE| that sets the axion decay constant. For
the paradigmatic example of the QCD axion that makes up dark matter via the vanilla
misalignment mechanism, this scale is expected to be around 10'2 GeV. Such high scales are
out of reach for any conceivable terrestrial high-energy experiment, but leveraging theoretical
insights and cosmological and astrophysical data as in Chapters [f] and [f is a possible way
forward to find evidence for those prospective new physics.

Finally, the third possible option is the absence of any new fundamental scale all the way
to the Planck scale. This certainly seems like a challenging option with regards to reproducing
the Universe as it is observed. That said, in Chapters [7] and [§] we have presented a mechanism
by which the dark matter in the Universe can be generated by purely gravitational means, and
that therefore contributes to motivate this possibility. One may argue that the mass of the
dark matter particles in the models considered is not in principle linked to the Planck scale,
but as exemplified in the introduction when discussing axions (Section , non-perturbative
effects can generate small masses for (pseudo)scalar fields without necessarily linking them to
any new fundamental scale. The question of whether baryogenesis, dark energy and inflation
can be accommodated without introducing any extra scale is perhaps a more intricate one
which has not been addressed in this thesis.

So far, we have glanced over hierarchy or naturalness considerations. These are based on
the observation that the different scales in physics tend to mix with each other. Without
some sort of stabilizing mechanism or fine-tuning of parameters, the largest fundamental scale
tends to “raise” the other ones to its level. This is exemplified by the discussion in Section [2.5]
regarding the phenomenology of the Higgs portal in that scenario. We find that even a very
small mixing with the Higgs field, which is allowed by all the symmetries of the Lagrangian,
tends to lift the dark matter mass towards the electroweak scale.

In general, any time that an intermediate scale between the electroweak scale and the
Planck scale is introduced, we are prompted to confront questions regarding the naturalness
of the electroweak scale. In fact, the existence of the Planck scale is often regarded as the
paradigmatic hierarchy problem, although admittedly no final judgment can be pronounced
without a complete theory of nature at the Planck scale. Field theory axion models also
generally induce a hierarchy problem that is often overlooked. The truth is that outside of
the already mentioned low-scale supersymmetry, not many more satisfactory solutions exist
for these hierarchy problems. In this situation, an attitude that is becoming more and more
common is to leave naturalness considerations out of the spotlight, and either accept fine-tuning
as a matter of life or hope that some yet-to-be-discovered mechanism solves this issue. This is

2The possibility exists to generate axions “dynamically” as pseudoscalar mesons of extra confining gauge
groups, in which case the new scale can be generated via dimensional transmutation, analogously to the QCD
scale. Furthermore, open string axions do not introduce any scale beyond the string one, but their decay
constants are restricted to lie close to this scale, which typically sits around the Planck scale.
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certainly not the most desirable attitude, but it becomes a necessity in the absence of other
options. Given that in this thesis we have adopted this pragmatic point of view in a handful
of occasions, this brief discussion should serve as an acknowledgment of this decision and what
it entails.

9.3 Outlook and future directions

As we have seen so far, understanding the nature of dark matter is one of the most prominent
milestones that lay ahead in our search for a complete theory of nature, albeit it is not the
only one: the Standard Models of particle physics and cosmology present a number of other
shortcomings that to this day wait to be addressed. The ultimate goal of this thesis has been to
explore new avenues that connect light scalar dark matter and other open questions in particle
physics and cosmology. The results obtained constitute first steps towards the accomplishment
of this goal, and therefore motivate further investigation of the models presented in this work
and their potential observable signatures. Beyond that, the success of this perspective is
an incentive to develop new scenarios that allow for such an interrelation. In these final
paragraphs, we suggest some natural directions that can be pursued taking advantage of the
advances achieved in this thesis.

In Chapter [3] we have argued that dark matter and the matter-antimatter asymmetry
of the universe may originate from particle-antiparticle oscillations and subsequent decay of
B mesons in the early Universe. The predictions of this mechanism depend on parameters
related to the B meson system which are experimentally accessible at colliders. The next
step is therefore to design appropriate search strategies to challenge this paradigm. Indeed,
experiments like Belle-IT [232] and LHCD [233] are expected to be able to fully test this model
in the time span of a few years. If a hint is found, upcoming long-lived particle detectors
like Faser [234] or Codex-B [235| would be able to conclusively shed light on the scenario,
potentially unveiling the common origin of dark and baryonic matter.

Axions and axion-like particles also offer a wide variety of exciting possibilities to explore.
As we have seen in Chapter [6] in addition to their astrophysical phenomenology, axions and
axion-like particles can be looked for at high energy experiments. We have concluded that
it is advantageous to exploit the complementarity between searches probing different axion
couplings to extract all the information that the experimental data encode. Enlarging the
scope of Chapter [ in which a two-coupling-at-a-time strategy was followed, the aim is to
perform a global analysis of axion data. This approach has the potential of changing the
landscape of axion searches at high energy experiments, similarly to the fields of Higgs |236),
237, 238| and neutrino physics [239} 240, 241].

In Chapters[7]and [8] it has been shown that a generalized gravitational interaction of scalar
and vector fields has a dramatic impact on their production in the early Universe, which is
particularly relevant if these particles are to constitute dark matter. There are some aspects
that need to be better understood regarding this mechanism, in the theoretical side as well as
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on the observational one.

The theoretical grounds that motivate the existence of non-minimal couplings to gravity are
understood to a significant extent for general scalars [140|, but not so much for other particles.
Pseudo Nambu-Goldstone bosons are endowed with a shift symmetry that severely restricts
the form of the couplings that they can enjoy, but gravitational effects are expected not to
respect this symmetry requirement [221, 222|. It would be interesting to study the extent to
which non-minimal couplings of pseudoscalar particles to gravity can arise in situations like
the one presented in [223|, or even in scenarios of quantum gravity like string theory. When
applied to the QCD axion, these interactions may have important consequences, in a similar
fashion to 224, [225], for the proposed axionic solution to the strong CP problem. For the case
of vectors, it has been suggested that direct couplings to the curvature can lead to a ghost-like
instability [190], but there are contradicting views on this matter [191, 192, 193] and the debate
is far from settled. This certainly warrants an exhaustive investigation, including a study of
the generation of non-minimal couplings in scenarios such as Stiickelberg-like constructions, in
order to explore the behavior of such potential instability in a more complete context.

Perhaps most importantly, gravitational production of dark matter (including mechanisms
like the ones discussed in e.g. 196} 226]) leads to predictions related to the statistical properties
of the distribution of matter in the Universe. These models generate a component of dark
matter isocurvature with a blue spectral index and a degree of non-gaussianity, which can be
tested with upcoming observations of the CMB like CMB-S4 [227], but potentially also with
large scale structure probes, a possibility that is worth investigating. A blue-tilted spectrum
of dark matter density fluctuations can enhance intermediate- and small-scale structure. It
may then entail consequences for observables like the abundance of satellite galaxies or the
formation and growth of supermassive black holes. At small sub-galactic scales, the existence of
dark matter sub-haloes can be probed by direct detection (e.g. [218]), or by studying concrete
astronomical effects like tidal disruption of systems [228], stellar dynamics using e.g. Gaia
data in the spirit of [229] or lensing events (e.g. [230, [231]).

These complementary theoretical and phenomenological studies would allow to link obser-
vational properties of the distribution of dark matter with the behaviour of gravity at large
curvature. Evidence for such connection would dramatically improve our understanding of
gravitational interactions at scales otherwise not experimentally accessible in other approaches.
At the same time, it would provide an explanation for astrophysical observations of small-scale
structure that may be challenging to interpret within the standard cold dark matter paradigm.

The specific directions mentioned above are only some instances of the exciting physics
that can emerge from the study of theoretical connections between different open problems
in particle physics and cosmology. If there is anything to learn from this thesis, it is that
scrutinizing these potential links is one of the most fruitful ways of developing well-motivated
scenarios that can describe nature beyond what is currently understood. The lesson is thus
clear: let us keep an open mind and continue exploring!
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