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Abstract

The nature of dark matter is one of the most crucial open questions of modern fundamental
physics. In this thesis, we aim to address this problem, focusing on minimal dark sector
models that can be falsified with current experimental techniques.

First, we study an effective theory of Higgs portal dark matter at the electroweak mass
scale. We notice an almost unstudied mechanism of thermal dark matter production, the
co-scattering mechanism, that is a general characteristic of models with extended dark
sectors.

Second, we connect the viable thermal dark sector theories with the corresponding collider
signatures. We find that such sectors feature compressed mass spectra, resulting in long-lived
mediators at colliders. We perform a comprehensive study of possible displaced signatures in
the singlet-triplet Higgs portal model and find a remarkable potential of displaced searches
in testing dark matter theories where traditional techniques fail.

Finally, we extend our focus by exploring the prospects of long-lived particle searches
at eTe™ colliders. We predict the sensitivity of Belle IT to displaced objects in rare meson

decays, showing its ability to compete even with some of the long-baseline experiments.

Zusammenfassung

Die Natur dunkler Materie ist eine der wichtigsten ungelosten Fragen der modernen Grundla-
genphysik. In dieser Thesis werden mogliche Erklaerungen fiir dieses Problem durch Modelle
minimaler dunkler Sektoren aufgezeigt, welche mit aktuellen experimentellen Methoden
getestet werden konnen.

Wir untersuchen zunéchst eine effektive Theorie von dunkler Materie mit einem Higgsportal
an der elektroschwachen Massenskala. Wir analysieren einen wenig erforschten Mechanismus
fiir die thermische Produktion von dunkler Materie, den Co-Streuungsmechanismus, welcher
eine generelle Eigenschaft von Modellen mit erweiterten dunklen Sektoren darstellt.

Desweiteren untersuchen wir die moglichen Signaturen von Theorien thermaler dunkler
Sektoren an Beschleunigern. Wir stellen fest, dass solche Sektoren notwendingerweise
komprimierte Massenspektren aufweisen, welche in langlebigen Austauschteilchen resultieren.
Wir fithren eine umfassende Untersuchung der Signaturen mit versetzten Zerfallspunkten im
Singulett-Triplett Higgsportalmodell durch. Wir finden heraus, dass diese Signaturen dort
ein bemerkenswertes Potential haben, Theorien dunkler Materie zu testen, wo traditionelle
Suchen scheitern.

Schliesslich erweitern wir unsere Analyse auf die Untersuchung der Sensitivitdt von e+e-
Beschleunigern fuer die Suche nach langlebigen Teilchen. Wir bestimmen die Sensitivitit des
Belle I Experiments auf Objekte mit versetzten Zerfallspunkten in seltenen Mesonzerfillen
und zeigen, dass diese mit der Empfindlichkeit von Experimenten mit langen Basislinien

konkurrieren kann.
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1. Introduction

The phenomenon of missing mass is already known in astronomy for over a century. It was
discussed already in 1904 by Lord Kelvin [1] who estimated the number of dark bodies in
the Milky Way based on the velocity dispersion of stars in our galaxy. The term “dark
matter” was first introduced by Henri Poincaré in 1906 [2|, and became commonly used
after the Fritz Zwicky’s discovery [3| of the missing mass needed to hold together the Coma
Cluster. Since then, many indications of massive non-interacting with light matter were
found. The distinct feature of this new type of matter is that it behaves as “collision-less
fluid” at such a wide range of scales, that the description of all the observed effects at once
becomes extremely challenging without adding a highly non-relativistic matter field — a
new particle. On the other hand, the Standard Model of particle physics, being tested in
a plethora of ways, describes experimental data with tremendous precision [4]. Therefore,
a fundamental theory of dark matter, together with explanations of neutrino oscillations
and baryon asymmetry of the Universe, is among the biggest mysteries of particle physics
nowadays.

The overwhelming amount of astrophysical and cosmological indications of dark matter,
combined with null results at all particle physics experiments that search for new states
results in beautiful and terrifying diversity of proposed fundamental dark matter theories.
After years of steadily excluding the most simple or aesthetically appealing of them, model
builders are forced to look for sophisticated tricks to match the experimental outcome. The
difficulty of probing the predicted individual signatures at colliders creates a necessity for
a more comprehensive theoretical approach that operates not by individual theories, but
by classes of models. This is the approach we follow in Chapters 4 and 5, working with
simplified and effective field theories and predicting signatures that can be reinterpreted in
a wide range of dark matter models.

The absence of experimental evidence of particles beyond the Standard Model may also be
caused by the underlying physics assumptions of experimental setup when searching for new
physics. In Chapter 3, we discuss such an issue in the context of thermal (or “WIMP-like”)
dark matter that is frequently considered to be ruled-out. We find that a huge and probably
one of the most phenomenologically motivated classes of thermal dark matter models are

undetectable with the strategies currently used in dark matter searches at the LHC.



1.1. Observational evidence of dark matter

Even though the necessity of introducing a new particle to explain all the observed missing
mass phenomena is generally accepted, it is very important to emphasize the range of
independent sources and scales at which non-luminous, or dark matter (DM), is observed.
Thus, let us briefly discuss the main astrophysical and cosmological observations which,

combined, lead to the current image of a “DM candidate”.

Astrophysical observation of galaxy rotation curves

The Doppler shift of emission/absorption lines allows astronomers to detect the distribution
of velocity along the line of sight in large enough objects [5]. Applying this method to
very flat spiral galaxies allows resolving the full rotational speed V(r) at a certain radius r
from the galaxy center. From Newtonian gravity, the stars’ motion inside galaxies should
be defined solely by the galaxy mass enclosed within a sphere of the radius considered.
This means that at the galaxy outskirts, where the enclosed mass is constant, the velocity

dependence on the radius is
V(r)=1/—. (1.1)

Here M is the enclosed mass and G is the Newton constant. The V(r) dependence is also
referred to as the galaxy rotation curve.
Most of the observed rotation curves, however, do not show a 1/1/r dependence, many of

them grow with radius and flatten at large 7.
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Figure 1.1: Galaxy rotation curve of the NGC 6503 galaxy: experimental data (error bars) matches
the theory predictions if the contribution from gas, ordinary matter (marked as “disk”) and DM
(marked as “halo”) are taken into account [6].

Such an effect may be caused by the presence in the galaxy of invisible (“dark”) objects,
distributed differently than the observed matter. For example, the flat profile of NGC 6503

galaxy shown in Figure 1.1, infers that the total mass of the galaxy behaves as M(r) oc r. In
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Figure 1.2: The Abell 2029 galaxy cluster in the X-ray (left) and optical (right) light. Credit:
X-ray: NASA/CXC/UCI/A.Lewis et al. Optical: Pal.Obs. DSS

terms of the total density distribution, the corresponding dependence is! p oc 1/72. Moreover,
to explain the observed velocities, this additional component typically has to dominate the
galaxy’s mass and extend far beyond the observed matter. For example, the luminous mass
(radius) of the Milky Way Galaxy is approximately 9 x 1019M, whereas the total mass
makes up 10*2Mg [7].

Astrophysical observation of the Milky Way’s dwarf spheroidal satellites

Dwarf spheroidal satellites are the objects with the largest mass-to-light ratios known. The
density profiles of such objects are inferred from the high-precision spectroscopic velocities
of bright individual stars [8] and by applying Jeans analysis [9]. Since the full 3D velocities
cannot be reconstructed and assumptions about the velocity anisotropy profile have to
be made, the resulting density profiles come out with large uncertainties. Typically, the
observed mass-to-light ratios of such objects are of the order of M/L ~ 10[M /L], where L
is the satellite’s luminosity, reaching in some cases M /L > 100[M /L] [10].

Astrophysical measurements of gas temperature

This evidence comes from the determination of gas temperature in astrophysical objects
based on their X-ray thermal emission and is commonly applied to elliptic galaxies and the
intergalactic medium of galaxy clusters (see Figure 1.2). Due to local thermal equilibrium,
the temperature and the total mass distributions of matter inside these objects can be
connected via hydrostatic equilibrium equation [11]. Together with the observed luminous
mass distribution, they provide detailed information about the mass-to-light ratios of these
objects, which result in up to 95% (85%) of DM component in some elliptic galaxies [11]
(galaxy clusters [12, 13]).

'Here we simplified the calculations assuming spherically-symmetric DM halo.
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Figure 1.3: The 3D DM distribution obtained by the “redshift slicing” of sources using the Hubble
Space Telescope data [14].

Astrophysical observation of gravitational lensing

When light, emitted by a distant source, passes by a massive object, it bends. Hence,
the mass located between the source and the observer acts as a focus lens. Observations
of the light from very bright distant objects (e.g. quasars), allows reconstructing matter
distribution along the line of sight. Consequently, comparing it to the observed luminous
matter allows finding the distribution of the non-visible matter. In some cases, it is even
possible to reconstruct the 3D DM map by splitting the source galaxies into redshift bins,
see Figure 1.3.

Depending on the strength of the lens, the light source can be seen as a slightly elongated
object, an arch, an Einstein ring, or even as multiple images (as an example, see Figure 1.4).
In the case of very weak lensing, the ellipticity change of individual objects is smaller than
the typical variation between galaxies. The lensing effect, however, can still be extracted
statistically. If the lensing is so strong that multiple images are formed, the observed objects

are associated with the same initial source by comparing their spectra [14].

Figure 1.4: An example of a lensed picture of Abel 2218 galaxy cluster. Due to a large amount of
mass concentrated, visible galaxies are become elongated or create arches.
Credit: Hubble Space Telescope & NASA



Astrophysical observation of galaxy clusters’ collisions

As discussed above, galaxy clusters contain both visible and invisible matter which behave
extremely differently in collision events, see Figure 1.5.

The effect of spatial separation of gravitational and visible matter in colliding systems
speaks strongly in favor of the particle nature of DM (as opposed to modified gravity theories).
Visible matter, composed mostly of gas and seen in X-rays, is slowed down in the region of
collision due to friction forces. We can also observe shock waves caused by the collision. In
contrast, the mass of these objects, deduced from gravitational lensing, is concentrated in
two separate regions, distanced from the collision area. The observed picture indicates that
the two DM halos passed through each other without significant interaction, pointing to the

predominantly collisionless nature of DM?2.

Figure 1.5: The bullet cluster observed in the visible spectrum by Hubble (bright dots), X-ray
emission by Chandra space telescope (pink) and calculated from gravitational lensing (blue).
Credit: NASA

Cosmological observation of the CMB spectrum

Cosmic microwave background (CMB) captures the Universe at the time of last photon
scattering, the borderline between ionized and electrically neutral, transparent Universe.
This time indicates the end of the recombination epoch during which free protons and
electrons formed neutral hydrogen atoms.

Relic photons form almost perfect black-body spectrum but its tiny temperature fluctua-
tions (0T/T ~ 107° [17]) provide an impressive amount of information about the Universe’s
composition. In the case of scalar perturbations (i.e. invariant under spatial rotations), the

temperature fluctuations read [18]

0T _ 1dpy

= (x)+¢>(x)+n-v7(x)+/trodt (& — @), (1.2)

where p,(x) is the photons’ density at last scattering, ® and ¥ are the two gravitational

potentials that characterize metric pertrubations, v, (x) is the average relative velocity of

2In this text, we do not touch the topic of self-interacting DM. For the recent constraints on such theories,
see [15, 16].
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Figure 1.6: Temperature power spectrum measured by Planck 2018 (dots, with the +10 error bars)
and the best ACDM fit with parameters discussed in text (blue line). The lower panel shows the
residuals with respect to this model [17].

baryons and photons and n is a normal vector. The expression is written in the conformal
Newton gauge. The first term on the right-hand side describes the perturbations of the
photon temperature at the moment of last scattering (6p,/p, = 4 0T5/T,). The second
term — redshifting (blueshifting) of the light when escaping potential wells (humps). These
two terms account for the so-called Sachs-Wolfe effect. The third term describes the Doppler
effect, and the last one — the redshifting (blueshifting) of the photons due to the time-
dependent gravitational field (the integrated Sachs-Wolfe effect). DM affects the second
term of Equation (1.2) extremely strongly, making the CMB measurement the most accurate
in predicting the DM relic abundance in the Universe.

Accurate analysis of the CMB power spectrum (Figure 1.6) shows that the height of its
third peak is most sensitive to the DM relative contribution to the total energy deposit, Qpas.
This peak characterizes how strongly did matter clump relative to its repulsion governed by
the pressure of baryonic matter3.

The latest fit of the power spectrum with the ACDM model (or frequently called “the
standard model of cosmology”) by Planck Collaboration [17] shows that the Universe is
spatially flat and its energy budget consists of only Q, = 4.9% of the “usual” baryonic
matter (i.e., stars, galaxies, etc.), Qpas = 26.8% of the so-called cold DM (see Section 1.3 for
definition) and Q5 = 68.3% of the least understood substance responsible for the accelerated

expansion of the Universe, the so-called “dark energy”.

3Here and below we use the jargon term “baryons”, which in cosmology means “all the massive particles
that interact electromagnetically”.



Cosmological observation of structure formation

The fact that we observe extremely homogeneous Universe at the redshift zcyp ~ 1000
and an extremely non-homogeneous Universe now (for example, overdensities of dp/p ~ 1
are needed for entering the non-linear regime of structure formation in which gravitational
collapse takes place) is the apparent evidence of the existence of the additional matter
component. This can be easily seen from the simplified picture of gravitational collapse.
Let us assume the case of the matter-dominated Universe, a justified assumption since it is
quite challenging for an overdensity to grow to the scales of observed structures during the

radiation-dominated epoch®. The Friedmann equation then reads

_ 8nG k

H> - —
3 P

(1.3)
where a is the scale factor, H = a/a is the Hubble parameter, p ~ p,, is the matter’s energy
density, and k is the spatial curvature parameter. Let us now consider an area with a slightly
higher density, p’ > p, and write the Fridmann equation for it as well. Subtracting the two,
we can find that the matter overdensities dp = p’ — p grow as

op 3k

—=—-——FXa 1.4

p 8rGa2p, ’ (14)
where we used the relation p = p,, o< a~3. Estimating the relative growth of the scale factor
ap/acmB = zemB + 1 ~ 103, we can conclude that without any new physics the maximum

overdensities at present time are of the order of
8po/po =~ 103 dpcmp/pevp = 10% x 1075 ~ 1072 . (1.5)

Such small overdensities do not cause the gravitational collapse and thus fail to explain
the observed structures. In contrast, adding the collisionless non-relativistic matter creates
potential wells in which baryonic matter falls much more efficiently. Figure 1.7 illustrates
the evolution of structures for different components. It demonstrates how the baryons follow
the DM density distribution escaping the linear regime (rapid positive slope of the green
curve), necessary for creation self-bound objects like galaxies, planetary systems, etc. at

present time t ~ t.

In summary, the phenomenon called “dark matter” is evident from many independent
observations on extremely different scales ranging from satellites of individual galaxies
to the Universe as a whole. Explanation of this phenomenon requires new physics in the
form of a new type (types) of matter, new physical processes (laws) or a combination of
both.

4During this epoch, not only expansion but also pressure counteracts gravity.
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Figure 1.7: Schematic plot of the evolution of density pertrubations § = dp/p for photons (red),
baryonic matter (green) and DM (blue) [18]. The grid lines on the horizontal axis show the time of
matter-radiation equality t.q, recombination ¢,.. and A-domination ¢y. The black solid line shows
the gravitational potential ®.

1.2. Ways to tackle the dark matter problem

As discussed above, DM is a collection of gravitational phenomena that cannot be explained
with the known tools in physics. Extension of our current picture of fundamental physics
can be done in two ways: by keeping the number of building blocks and changing the laws
they interact, or by adding new building blocks without modifying the known physics laws.
Let us briefly discuss both paths here.

Dark matter without new particles

One of the ways to explain the obvious inconsistency between observed gravitational effects
and our predictions is to assume that the well-tested theory of General Relativity (GR) is
not valid at some scales/field strength. The class of models aiming to find the extended
versions of GR are called modified gravity theories, the first version of which was the famous
MOND theory (see, e.g. [20]). It was later generalized to the Lorentz-invariant form, an
example of such theory is the TeVeS model [21]. However, in the framework of modified
gravity it is extremely hard to explain all the phenomena discussed in Section 1.1 without
effectively introducing new matter fields. These models are also in tension or provide worse
fits to the new astrophysical, CMB and structure formation data than ACDM [22-24].

In principle, one can argue that since DM is a collection of phenomena, its astrophysical
manifestations might have a completely different origin than the cosmological ones. One of
the ways to address the first problem is to assume that the baryonic matter in astrophysical
objects can clump, forming non-luminous or very dim compact objects, the so-called MACHOs
(planets, faint dwarf stars and black holes) or neutral gas clouds. However, a combination of
additional astrophysical observations shows that the mass fraction of these objects is too
small to solely account for the effects listed in Section 1.1. In the case of MACHOSs, the most
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Figure 1.8: Combined observational on the MACHOs (left) and primordial black holes (right) as
DM. According to studies presented, these object can account for only subdominant fraction of DM.
For details, see [28, 29].

recent constraint comes from the microlensing observations which are seen as a periodic
brightening of distant stars due to the Earth’s motion with respect to the MACHO object
(the lens) [25]. Even though this subject is still debatable and there are ways to relax some
of the constraints, the current combined observations show that it is rather unlikely that
MACHOs (including primordial black holes) can constitute the dominant fraction of DM
(see Figure 1.8). Distribution of neutral gasses can be studied by their distinct emission lines
(for example, in case of neutral hydrogen, the 21-cm line). Observations show that in most
galaxies neutral gas comprises only 1% of mass [26] reaching up to 20% in some exceptional
cases [27].

Finally, we can try to explain both cosmological and astrophysical manifestations of DM
by elementary particles within the Standard Model (SM). The only stable and electrically
neutral candidates are the three neutrinos. However, since neutrinos are fermions, there is a

maximum phase space density they can occupy forming an object of mass M:

A 47 omi
M/ [ =3 03 ) < Z°DM 1.
/<3T 3”)—(27@3 (16)

This estimate gives a lower bound on the DM mass mpy; that is usually referred to as the
Tremaine-Gunn bound [30]. More recently, it was updated by considering dwarf galaxies and
by taking their escape velocity v = vins as a crude estimate of the characteristic DM velocity
in such objects. The lower mass limit of mpy > 300 — 400 eV was derived for the fermionic
DM |[31]. These results are, of course, in contradiction with the upper bound on the SM
neutrino mass [32]. Moreover, these neutrinos would form the so-called “hot” DM, leading to

a different large-scale structure picture (see Section 1.3).

We conclude that no theory can successfully explain all the evidence of DM described
in Section 1.1 within the Standard Model of particle physics. Therefore, new particles
must be added to the fundamental theory.




Dark matter explained by new particles

Since decades of searching for DM candidates withing the SM ended up in ruling out all the
potential candidates (of course, the present bounds should be always reconsidered in case of
doubts), the next logical step is to assume the existence of new particles beyond the Standard
Model of particle physics (BSM). It is important to stress here that SM was tested in many
different ways, showing excellent agreement between theory and experiment [4]. Therefore,
it is crucial to respect the SM gauge symmetries, as well as mind all the experimental
constraints when building a new theory. It is also important to mention that to date two
more confirmed experimental observations require BSM physics. They are: the non-zero
masses of standard model neutrinos and the observed baryon asymmetry of the Universe.
The idea of solving all three problems at once is theoretically appealing, and there were
several attempts to do so [33-35]. However, by now none of the candidates predicted by
these models were found. Thus, here we will choose a more modest approach, focusing
on explaining DM origin only, including however all its astrophysical and cosmological
manifestations described in Section 1.1.

Combining the knowledge about the objects we want to describe, we can conclude on the

following requirements to our new particle DM candidate:
e It should comprise 26.8% of the energy budget of the Universe.
e It should have a non-zero mass to be able to cluster.

o If it was ever relativistic, it should have slowed down early in the history of the Universe.
In other terms, it should be almost perfectly cold when cosmological structures started

to form (see Section 1.3).
e It should be electrically neutral®.
e It should be stable on cosmological timescales.

Keeping these requirements in mind, let us discuss a bit more the kinematic properties of
DM.

1.3. Coldness of dark matter

Depending on the kinematic regimes DM goes through at specific times during the Universe’s

evolution, DM candidates can be divided into three categories|37]:
e Cold DM (CDM): particles were created/decoupled® non-relativistic.

e Warm DM (WDM): particles were created/decoupled relativistic and became non-

relativistic during the radiation-dominated epoch.

®For a discussion about the possibility of having millicharged DM, see [36].
SFor the definition of “decoupling” see Chapter 3.
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e Hot DM (HDM): particles were created/decoupled relativistic and became non-

relativistic during matter-dominated epoch.

This classification is useful when the structure formation subject is discussed. In the case
of CDM, particles are very non-relativistic at the moment when structures start forming.
The DM overdensities start to cluster on small scales first, forming larger clumps at later
times. Thus, structures grow from small scales to large scales, resulting in the existence of

objects on a large range of scales at present (see, e.g. [38]).

Figure 1.9: Large scale stucture simulations with CDM (e.g. WIMPs, left), WDM (e.g. sterile
neutrinos, center) and HDM (e.g. active neutrinos, right). Bottom row corresponds to the zoomed-in
pictures from the top row.

Credit: Ben Moore, University of Ziirich.

If, on the contrary, DM has non-zero velocity at the moment of structure formation,
particles tend to escape regions with small overdensities, preventing the collapse. Such
balance holds until the overdensities gain some critical mass, and then collapse takes place.
In this picture there is a minimum scale at which structures are formed and its size is related

to the free-streaming length of the DM particle (defined in comoving coordinates):
()
Ty = a(t)/ dr—, (1.7)
s o a(r)

where t is physical time, a(t) is the scale factor and wv(t) is the typical velocity of DM
particles.

Simulations of the large-scale structure of the Universe presented in Figure 1.9 shows
the drastic difference between the three types of DM discussed above. In the case of HDM,

%g is very big, preventing the formation of most of the observed structures. Active

11



neutrinos discussed in Section 1.2 fall in this category and were historically ruled out for this
exact reason. CDM is in a good agreement with structure formation observations on very
large scales and was for a long time considered as a benchmark model in particle physics,
astrophysics and cosmology communities. However, some observations show a potential lack
of small structures (e.g. the core-cusp problem, the missing satellites problem and the too big
to fail problem, see [39] for a review), making the WDM models an actively discussed topic.
Since all these observations are made for objects with a large fraction of baryons, it is unclear
whether they indicate the warm nature of DM, or speak for our lack of understanding of the
complicated processes in baryonic matter. Various new ideas of how to distinguish between
the CDM and WDM have appeared during last years (see, e.g. [40-43]). Hopefully, they will
help to shed light on this question.

To date, there is no confirmed evidence of the necessity to introduce WDM. Hence,
in this work, we focus on the CDM candidates. Many of the conclusions made here,
however, can be extended to the WDM case.

12



2. Particle dark matter

In this chapter, we focus on the general procedure for building a new particle physics theory
that includes DM from the bottom-up approach. We discuss the main idea of how to couple
new fields to the SM in the effective field theory framework. We also show the lowest-
dimension realization of these couplings, the so-called portals, paying the most attention
to the Higgs portal which will be the subject of our interest in Chapter 4 and Chapter 5.
We very briefly mention the mass range in which the existing DM models are predicted,
specifying some models in the GeV-TeV range that we will be the scale of interest in the
main part of this thesis. Finally, we discuss the principal ways the DM models of this mass

range can be tested experimentally.

2.1. BSM theories from the bottom-up

The general procedure of formulating a new theory using Lagrangian formalism is:

e Define new fields (including their transformation properties with respect to the Lorentz

group, SM gauge group, as well as potential new groups).

e Write down all the possible gauge- and Lorentz-invariant field operators up to a certain
mass dimensionality that involve both SM and new fields and that are allowed by the

symmetries.

The second step is due to a common principle that “everything that is not forbidden should
be allowed”. After a theory is formulated in such a way, it should be tested both for the
internal consistency (e.g. the absence of gauge anomalies) and against existing experiments.
These experiments put constraints on the masses of the new states and the new interactions,
in some cases pinning them down to extremely fine-tuned values (see, e.g. discussions about
strong CP [44] and flavor hierarchy [45] problems in the SM, as well as about the hierarchy
problem in the presence of BSM states well above the electroweak scale [46]). The two main
attitudes regarding such findings are: trying to find a deeper reason behind the observed
fine-tuned patterns (usually related to some additional symmetries that are slightly broken)
or by accepting that some fundamental values might be in contradiction with our idea of
“naturalness”. While both ways of thinking should be proceeded by the community since
they can give drastically different insights, we will follow the latter approach putting aside
the aesthetic aspect of the theory and focusing purely on the explanation of the observed

experimental effects.
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Finally, a theory should have clear predictions of experimental observables. Theories
that fulfill all these requirements can be falsified. It is also important that they can be
verified in the foreseen future, which in case of particle and astroparticle physics is related
to some specific range of masses and coupling strengths accessible by current and upcoming
experimental techniques.

Since experimental sensitivity is bounded from above in energy, there is always a problem
of the potential existence of heavy and thus inaccessible states. There are two ways to
address this problem. The first one is usually called the top-down approach. Its main
idea lies in constructing the full theory that includes states at all energy scales and then
predicting the low-scale spectra and related observables by integrating out heavy states. The
second one, the bottom-up approach, consists in introducing only states at “low” energies
and writing the Lagrangian terms in the form that assumes the heavy states to be already
integrated out. It is usually done using the so-called effective field theories (EFTs). Even
though the first approach is more theoretically appealing, it requires a lot of effort invested
in working out all the details of a particular model with only a subset of parameters being
relevant experimentally. The bottom-up approach, on the other hand, allows to capture all
the possible low-energy effects of a UV-complete theory without specifying the latter. Thus,
in this work, we will adopt the EFT approach, trying to predict physics effects at currently

available energy scales.

The EFT approach

This approach is based on the assumption that the full (UV-complete) theory is defined
at some high energy scale A that is well separated from the scales we operate experimentally
with. The famous historical example of an EFT in particle physics is Fermi’s interaction,
see [47] for a review. The corresponding UV-complete theory is the theory of W-mediated
weak interactions, and it becomes relevant at the scale of the W boson mass, A = my .

Currently, experiments are sensitive to the energy scales up to a few TeV with the exception
of some very high-energetic cosmic rays telescopes [48, 49|, so we assume A to be at least in
the high-TeV range. The Lagrangian £ of an effective theory can be written as (see also [50,
51])

O@z‘)
L=Lsu+) NiS= (2.1)

where \; are dimensionless effective coupling constants, A; are scales of new physics and O;
are operators of mass dimension §; (such that O; oc E%) that contain new physics states!.
The power of A; was deduced from the requirement that the action is dimensionless and
that we work in 341 space-time dimensions.

Following the procedure described in Ref. [53], we can classify the operators O; and the

corresponding quantum field theories based on their dimension d;:

o If §; < 4, O; is called relevant and the theory is superrenormalizable.

!Some EFTs operate with the SM fields only. One of the famous examples is the SMEFT (see [52] for
a review). Such options are, however, beyond the scope of the current discussion.
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BZL/V Vector portal (kinetic mixing) d=2
LH Neutrino portal d=5/2
H'H Higgs (scalar) portal d=2

Table 2.1: Singlet SM operators that play a role of portals to new physics. The third column
describes the mass dimension of the corresponding operator.

o If §; =4, O; is called marginal and the theory is strictly renormalizable.
e If §; > 4, O; is called irrelevant and the theory is nonrenormalizable.

The renormalization-group classification specifies whether the amplitudes of processes that
include these operators diverge with the possibility of absorbing these divergences by a finite
number of counterterms (superrenormalizable and renormalizable?) or diverge and an infinite
number of counterterms is needed to remove the divergences (nonrenormalizable).

The new operators in Lagrangian in Equation (2.1) can thus be regrouped and written
down in a more useful way (for simplicity we assume only one additional scale, i.e. A; = A),

O(z) O(n+4 (n+4)

BSM

L= Lo+ LERP" + D hin—P2EE— Z An BSM : (2.2)

zn

where the second term stands for renormalizable operators that include new fields, the third
term describes non-renormalizable interactions of these fields with the SM ones, and the
last term represents non-renormalizable operators within the new sector. The last two sets
of operators represent the low-energy limit of a theory defined at energies of the order of
A. The EFT approach is useful since it allows to make predictions for whole classes of
new theories that have the same low-energy structure. It is, however, important to keep in
mind that even though the heavy states do not affect our experimental predictions, they
might have an impact on the history of our Universe at very early times. Thus, for some
UV-complete realizations of these EFTs, parts of the parameter space might be ruled out

from cosmological observations.

The portals to new physics

Let us now take the third term of Equation (2.2). It describes how the BSM fields couple
to the SM ones. Since we want to preserve the gauge symmetry of the SM, either the new
operators Opgyas transform under this symmetry or Ogps have to be SM gauge invariants.
Let us for simplicity focus on the second option. The SM singlet operators of the lowest
dimension are usually referred to as portals (see also an overview of portals in [50, 54]).
A list of them can be found in Table 2.13.

2The difference between the two cases is that only a finite number of Feynman diagrams diverge in
superrenormalizable theories whether it happens at all orders in perturbation theory (but for a finite
number of amplitudes) in renormalizable theories.

3Sometimes the so-called azion portal is added to this list. We do not discuss it here but refer the interested
reader to [55].
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Here BZD is the hypercharge field strength tensor (since a gauge strength tensor is gauge-
invariant only in the Abelian case), L is a lepton doublet and H is Higgs field (H = ioo H*,
where o9 is the second Pauli matrix). The last column indicates the mass dimension of
the corresponding operators.

If coupled to BSM operators of appropriate dimension, these portals allow the inclusion of
new physics in a renormalizable way, i.e. such that n < 0 in the third term of Equation (2.2).
However, in this text, we will refer to the Higgs portal independently of the value of n. Let
us now briefly discuss the lowest-dimensional options to couple the above operators to new

fields preserving Lorentz invariance.

Vector portal (kinetic mixing)
The most straightforward way to construct an interaction term with the first operator
in Table 2.1 is by coupling it to a new strength field tensor F/W of a dark U(1)p group via
Ly D —%BWF;W, (2.3)
where the coupling € is usually called the kinetic mizing parameter. If U(1)p is spontaneously
broken, the new gauge field AL associated with F[w acquires mass through, e.g. the Higgs
mechanism, as well as a coupling to the electromagnetic current, o € x J¥, MA;u which is
suppressed by the mixing parameter. Because of this suppression, AL is usually called the
dark/hidden photon. Models of dark photons are rich in phenomenology. For an extensive
program devoted to their searches, see Ref. [56, 57| and references therein. More complicated
versions of this model often involve gauging one of the global symmetries of the SM leading

to yet different exciting consequences (see, e.g. [58]).

Neutrino portal
The only renormalizable interaction that includes the second operator from Table 2.1

involves right-handed SM singlet fermion field Np and can be written as
L, D —F.(L“H)N},. (2.4)

Here F,; is the Yukawa coupling, indices « and I numerate the lepton flavors and the
new fields respectively. The interaction above has gotten a lot of attention in the recent
decades since the new field N (which is often called sterile neutrino or heavy neutral lepton
(HNL)) can generate Dirac masses of active neutrinos. In the context of the confirmed
neutrino oscillations, right-handed neutral leptons become a must-have addition to the SM%,
triggering several ongoing and proposed searches [57, 60]. Through the interaction (2.4),
sterile neutrinos mix with the active ones, consequently taking part in all the neutrino-

involved processes, but with the rate suppressed by F,;.

Higgs (scalar) portal

“For a review on neutrino oscillations and necessity of sterile neutrinos for their explanation, see [59]
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The lowest-dimension operators in this case include new scalar fields ¢, singlets with

respect to the SM gauge groups. The corresponding Higgs-¢ mixing terms read
Ly D —(kp—Ap>)HTH. (2.5)

In general, the full Lagrangian includes also terms o ¢, ¢2, ¢, ¢*, some of which might be
forbidden by a symmetry of the dark sector. After electroweak symmetry breaking (EWSB),

the Higgs field acquires vacuum expectation value (VEV) v,

0
H= : (2.6)

(v + ho)/V2

where hg would have been the observed Higgs boson if there was no new scalar interactions
with H. In our case, however, ¢ and H do not have defined masses in the used basis since

they mix with each other. The mixing Lagrangian has a general form of

1
Emix - _5 (Mhohg + 2/~Lmixh0¢ + ,U/¢¢2) ’ (27)

where the (dimensionfull) parameters p; can be calculated form a specific Lagrangian. The
physical scalars S and h can be obtained by diagonalizing the above terms. In principle,
the new scalar ¢ may acquire VEV as well, generating more mixing terms. The presented
model (as well as its version with a new complex scalar) is of a great interest in the context
of physics at the LHC after the Higgs discovery since it directly affects Higgs couplings that
are currently being measured with increasing precision (see, e.g. [61-63]). Scalars also play
an important role in cosmology. As an example, we refer to a study of the impact of a new
scalar on the type of the electroweak phase transition, which is important for successful
baryogenesis [64].

In the DM context, the model described by Lagrangian in Equation (2.5) is quite restricted
if ¢ itself plays the role of DM (see Section 3.3). However, it can serve as a mediator
between SM and DM, the scenario we will encounter in Chapter 5. We will also see a

higher-dimensional fermionic realization of the Higgs portal in Chapter 4.

2.2. The ballpark of dark matter candidates

So far DM revealed itself through gravitational interactions only, there is a plethora of ways
to build a particle physics model of it. A very important remark is that there is no real
reason for DM to interact with the SM particles other than gravitationally. Unfortunately, if
the latter is true, we have no chance to detect DM and learn about its nature. However,
since so far nothing forbids other DM interactions, it makes sense to at least try to test such
models experimentally.

The comprehensive overview of the existing DM candidates is a close-to-impossible task

and is beyond the scope of this work. Instead, we would like to give the reader a feeling of
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Figure 2.1: The (very roughly estimated) mass scale of the most popular DM candidates [65].

the mass scales at which DM theories operate. These are shown in Figure 2.1.

We see that masses below the limit of Equation (1.6) are possible. The bosonic DM below
this mass limit, however, would have never been in thermal equilibrium with the standard
model plasma. Very popular ultralight DM candidates are the axion-like particles. Being
produced non-thermally, they still form CDM (see, e.g. [55, 66]). The absolute lower bound

of mpum > 10~22

eV is derived from the requirement of DM wavelength being comparable
to the smallest structures observed, the DM candidates at the lower edge of Figure 2.1 are

usually referred to as fuzzy DM [67].

DM in the range of keV-MeV can consist of both bosons and fermions. It can also be
produced thermally, opening up a lot of possibilities for various proposed models. For
example, several Supersymmetric (SUSY) candidates end up in the discussed range (68, 69].
Another candidate, sterile neutrino, become increasingly popular [70]°, especially in the light
of the possible 3.5 KeV line signal [72].

The GeV scale was historically preferable for the so-called weakly interacting massive
particles (WIMPS). By now, the simplest candidates of this type are highly constrained
leading to more complicated WIMP-like particles of MeV-TeV mass and different spins being
actively proposed. For more details on the most studied DM candidates in this mass range,
see Ref. [73, 74], as well as the discussion in Chapter 3.

Abundant particles with mpy > 100 TeV face new problems, e.g. the danger of overclosing
the Universe and the lack of testability. Superheavy fundamental particles are usually called
WIMPzillas. They have to be lighter than the Planck mass and are frequently produced
non-thermally during reheating |75, 76]. Above Planck mass composite objects like dark
nuggets [77], nontopological solitons like Q-balls [78] and primordial black holes, discussed

in Section 1.2, are the main players in the market.

°It has been shown that the most popular sterile neutrino with the mass my ~ few KeV has to be
resonantly (and non-thermally) produced in order to account for a sizeable fraction of DM [71].
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In this thesis, we will focus on thermally produced elementary DM in the GeV-TeV
range. Its production mechanism discussed in Chapter 3 requires a DM-SM interaction
strength that is, in principle, testable at current colliders. Therefore, such models are

very appealing experimentally.

2.3. Dark matter detection

In Section 1.1 we discussed the main evidence of DM. Here we will give a short summary of
the ways to search for it. There are three types of searches, complementary to one another:
indirect detection, direct detection and collider searches. Let us briefly explain the general

principle of each of them.

Indirect detection

This search consists in the observation of SM particles that were created in DM anni-
hilations, decays, or scatterings and that come towards Earth from astrophysical objects.
Typical objects under observation are: dwarf spheroidal galaxies (dSph), galaxy clusters,
large galaxies, and even the Sun. The observed signatures (frequently called messengers)
are stable SM particles that can be either the annihilation/decay products themselves or
the daughter products of unstable SM particles. Figure 2.2 illustrates the distance scales at
which sources of the indirect detection signals are found and the searched messengers.

The main challenge for indirect detection searches is the large astrophysical background.
The excess flux per solid angle A2 of a messenger X can be related to the corresponding

DM annihilation cross section as (see for detail |7])

s 1 ) dN
T2 a0 / dip(1)?L0amn) (2.8)
dEX 47T AQ QmDM dEX

where p(l) is the distribution of DM inside the observed object (e.g. galaxy) depending on
the coordinate [ along the line-of-sight, (oannv) is the velocity-averaged annihilation cross
section and dN/dFEx is the differential yield of X per annihilation.

The experiments that search for indirect detection signatures are primarily balloons or
satellites which measure charged (anti)particles and photons in the X-ray and gamma-ray
range, Cherenkov telescopes and large neutrino observatories. For more details on the
indirect detection experimental techniques, see [79].

Indirect detection searches are more sensitive to rather high DM masses from the collider
physics point of view (the strongest bounds are typically obtained for mpy; ~ 0.1 — 10 TeV).
In the case of cosmic ray observatories, the main reason is atmospheric shielding that prevents
low-energy messengers from reaching ground-based detectors, as well as a smaller number of
astrophysical sources of high-energetic particles. In the case of neutrino experiments, the
growing-with-energy neutrino cross section leads to an increased sensitivity to high DM
masses. In Figure 2.3 we show the combined bounds on the DM annihilation cross section in

different mass windows. Interestingly, for low masses, measurements by Voyagerl spacecraft
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Figure 2.2: Sources and signatures of indirect detection. Left: distance scales at which DM
evidence, as well as the indirect detection targets are observed. Right: possible annihilation channels
and corresponding messengers [79)].

are the strongest [80]. This is due to the absence of shielding of the incoming cosmic rays
by the heliosphere. Similarly, the limits on the DM decays and scatterings can be obtained

(see, e.g. [79] for an overview).

Direct detection

In this type of search, DM scatterings off SM particles (protons and electrons) are tested
by measuring the recoil energy of the latter. The sensitivity of these searches is by design
limited by the active neutrino scatterings. The corresponding lower testable values of the
DM-SM cross-section is often called the neutrino floor (neutrino background) [82]. We will
briefly discuss here the underlying physics, sending the reader for details to [7].

Let us focus on the nuclear scatterings. The differential rate of the recoiled particle per

unit detector mass is

2.9
dEr  mpymn (2.9)

d Ymax d Sca’
i pou / dgvvf(v,t) ilEtt’

where ppy is the DM energy density, mpy/n is the DM/nucleon mass, f(v,t) is the
DM velocity distribution in the laboratory frame and ogcatt is the DM-nucleon scattering
cross section. The lower integral limit denotes the minimum velocity that can result
in the recoil energy Er. In the elastic scattering case, vy, = \/m and p =
mpummy/(mpm + my) is the DM-nucleon reduced mass. The upper limit is the escape
velocity of the DM particle.

Direct detection signatures are usually divided in two categories: spin-dependent (SD)

and spin-independent (SI) resembling the sensitivity of the corresponding cross section to
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Figure 2.3: Indirect detection detection bounds on the DM annihilation cross section in the
high-mass region (left) [81] and the low-mass region (right) [80].

the nucleon’s spin. In general, a DM particle x can couple to a SM quark Q through the

following effective operator
L5p < (LX) (QTQ), (2.10)

where I'y /g = I, ¥5, Yus YuV5, 0~ Recalling the explicit form of the spin operator s = v5707,
one can show that in the case of the non-zero axial-vector, 7,75, or tensor, o,,, parts the

DD cross section contains terms that depend on the nuclear spin.

The DM-nucleon cross section can be written in the form [83]

dUS[ 2mN

SI: B W[pr + (A = 2)f)?F;(q), (2.11)
dog 16m ap(Sp) + an(Sn)\?

SD: dE;’ = WUQNG%J(JJr 1)( (5] e ( >> Fip(q), (2.12)

where Z and A are the nucleon’s charge and mass number, f,/f, are the effective couplings
of the DM to protons/neutrons, Fs;/sp(q) is the nuclear form factor which depends on the
momentum transfer ¢ = /2ErMy, GF is the Fermi constant, .J is the nucleon’s isospin,
(s,
was calculated for the axial-vector current.

/n> are the proton/neutron average spin expectation values and the cross section 2.12

The bounds on the scattering cross sections are obtained from both indirect detection
searches and the dedicated direct detection experiments. Among the latter, the currently
most stringent bound in the high-mass region is provided by the XENONI1T experiment [84].
There, the nuclei recoil energy is reconstructed from the measured ionized electrons, as
well as from photons, emitted by the excited nuclei. At DM masses mpy < 10 GeV, the
sensitivity of the nuclei-based experiment is low due to the tiny recoils (however, recently a
new way of analyzing the data was proposed to mitigate this problem [85]), and experiments
measuring DM-electron scatterings take over. The detector material of the latter differs from

neutral atoms or molecules to semiconductors, more proposals have recently come to the
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Figure 2.4: Direct detection upper limits on the SI DM-nucleon (left) [91] and DM-electron
(right) [92] cross-sections.

market [86-89]. The detection products might be either excited electron themselves or the
consequent products of their excitation, like photons or phonons. For the more comprehensive
overview of new roads in DM detection (including searches beyond DM-SM scatterings),
see [90]. For illustration, we present the latest combined result of nucleon- and electron-based
direct detection experiments in Figure 2.4. We see that currently, nuclear-based direct
detection experiments exclude smaller DM scattering cross sections than their electron-based
versions. The typical sensitivity of these experiments peaks at a characteristic mass, losing
sensitivity to lighter DM particles that cause too little recoil energy, and to very heavy DM

due to lower abundance of such particles.

We conclude that direct detection puts the strongest constraints on DM-SM interactions
in the mass range, considered in this work. Indirect detection bounds become crucial

for DM masses mp 2 few TeV.

Collider searches

The last type of DM search aims for detecting traces of dark particles in SM particle
collisions. Of course, if DM is produced in such processes, its interactions with the known
matter is negligible and it would freely escape the detector. Thus, traditionally the approach
similar to the neutrino “detection” is used. The idea is to apply the energy-momentum
conservation law to the visible objects (photons, leptons, jets, etc.). In case it is not conserved,
we can conclude that more particles were emitted. The amount of energy disbalance in a
process is usually quantified by the missing energy,

miss __ 2 : out
E - | S
i

(2.13)

where p?“! are the momenta vectors of the visible outgoing particles®. The corresponding

5Note that the quantity shown is, strictly speaking, the missing momentum of a process. The confusing
name was historically given to this quantity since it was used for massless neutrinos first.
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Figure 2.5: Left: ATLAS detector as an example of the typical cylindrically-shaped detectors at
colliders. Right: the illustration of missing energy, EX*  reconstruction in the transverse plane by
summing up vector momenta of the outgoing muon and jets.

Image credit: ATLAS Collaboration & Abdellah Tnourji

searches are referred to as missing energy searches.

A typical collider can be pictured as two oppositely-moving circular beams with a detec-
tor/detectors pierced on its beam pipe (see left panel of Figure 2.5 as an example). These
detectors are placed in special points where the collider beams cross and where the collisions
take place. Most of the initial particles do not meet any colliding partners from the opposite
beam and proceed in the direction along the beamline (i.e. forward direction), whereas
particles that come out of a collision, travel in various directions. In order to work with
quantities that are independent of the colliding particles’ boost, it is frequently useful to
look at observables in the plane perpendicular to the beamline (i.e. transverse plane). The
energy-conservation law requires that the transverse momentum, pr, of the final state should
be zero. The imbalance of pr is called the missing transverse energy (MET) and is usually
the focus of experimental analyses that search for DM (see right panel of Figure 2.5).

The main background sources for missing energy are the SM processes with neutrino final

states or mismeasured events. They include:
e Neutrino-antineutrino pair produced via Z*) — v (irreducible background).

e Neutrino + lepton if the latter is not detected (in case of 7-lepton — if its hadronic

decay products are missed).
o Jets that are mismeasured.

The missing energy analyses, being extremely sophisticated, control these backgrounds pretty
well. The problem, however, becomes extremely challenging if the original signature has
little MET, or if the processes’ visible decay products are very low-energetic and thus are
lost in the SM background. As we will discuss in Chapter 4 and Chapter 5, a relatively new
(in the DM context) type of search that uses the displacement information of the detected
objects circumvents the above issues quite successfully.

The above searches test DM couplings in different ways. However, in many models, these
couplings are related to one another. In Section 3.2, we discuss the possible relations, as

well as connections to the relic density of DM.
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3. Thermally produced dark matter

In this chapter, we focus on DM produced in a freeze-out process, calculating its relic
abundance. We discuss why the most minimalistic DM models either fail to explain the
combination of observed effects, or are hardly testable at current colliders. We also list the
most popular ways to “save” the thermal relic.

As mentioned in Chapter 2, based on their production mechanism, DM particles can be
divided into two categories. DM from the first category is produced similarly to all the SM
particles. The latter were in equilibrium after reheating and later on when the Universe has
expanded and cooled down, departed from this equilibrium. In this case, we say that the
particles were produced (i.e. their relic density was created) in the freeze-out process. A
typical example of such particles is WIMPs, we will discuss the physics of their production
later in this chapter. Alternatively, one can imagine new particles with such tiny couplings
to the SM that they have never entered equilibrium with the SM plasma (however, they
could have been in equilibrium with other states withing the dark sector). In this case, we
say that DM was produced trough freeze-in. Inspired by the way the known particles were
created, we focus in this work on the former production mechanism.

Let us first clarify what the term “equilibrium” means in this context.

Two types of equilibrium

e Kinetic (thermal) equilibrium: A particle is in kinetic (thermal) equilibrium if its
momentum distribution function is of the equilibrium shape (i.e. Bose-Einstein/Fermi-
Dirac in the case of bosons/fermions). Particles y remain in kinetic equilibrium with
particles f in the plasma as long as their average scattering rate off f is larger than
the Hubble rate: I'yqr > H (see left panel of Figure 3.1 for illustration). In this
case, x and f share the same temperature T. At high energies all SM particles are
in thermal equilibrium with one another. For temperatures T' < 3 MeV, when active
neutrinos have decoupled, the plasma’s temperature is usually associated with the

photons’ temperature.

o Chemical equilibrium: A process is in chemical equilibrium when its rate is equal to
the reverse one (see right panel of Figure 3.1). We will say that a particle is out of
chemical equilibrium when there is no process in which it takes part and that is in

chemical equilibrium.

Additionally, if not specified, we will say that a particle is in equilibrium when both kinetic
and chemical equilibrium take place. We will call the moment of its departure from chemical

equilibrium the decoupling moment.
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Figure 3.1: Processes that set equilibrium. Left: scatterings are responsible for kinetic (thermal)
equilibrium. Right: annihilations as an example of the number-changing processes, responsible for
chemical equilibrium.

If at the moment of decoupling age. (here we use the scale factor a as a measurement of
time) kinetic equilibrium holds, DM distribution function is of the equilibrium shape. It is
easy then to predict the evolution of its distribution function at later times a > age. (see [59]

for derivation): t
f(p7 t) = fdec (Z((i)p) ) (3'1)

where p is the absolute value of DM three-momentum at a = aqec and we assumed homoge-
neously and isotropically distributed DM. Note that this relation is correct in the assumption
of instant DM decoupling. In reality, this process is stretched out in time since particles
from the high-energetic tail of the distribution decouple later than the majority of DM
particles. This results in distortions of the spectra of decoupled particles, a well-known effect
in neutrino physics and lately discussed in the context of new physics [93]. However, this
effect is negligible in the case of CDM, so we can safely use Expression 3.1 when predicting

the DM relic abundance at present.

3.1. Relic density

Accurate prediction of the DM relic abundance is crucial for the verification of DM models.
In this section, we go through the calculations and underlying physics assumptions the
majority of publicly available DM codes use. We aim to draw a clear picture of freeze-out
that will help a reader understanding the issues simple WIMP models face, as well as the
“work-around” mechanisms of DM production, one of which will be the important finding
of Chapter 4.

Let us start with collecting the assumptions about the DM candidate of our interest

discussed in previous chapters:
Assumption 1. DM interacts with the SM particles not only gravitationally.

Assumption 2. DM is a cold relic (CDM).

Assumption 3. DM used to be in equilibrium with the SM plasma but at some point it

decoupled (freeze-out production). This process sets its relic abundance.’

'In case DM re-entered equilibrium several times, we are interested only in the last process of decoupling
since particles lose their memory of the evolution history once in equilibrium.
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An intuitive picture of freeze-out

Let us first start from a qualitative picture of the freeze-out process by imagining a
comoving volume with the side length a(t) (where a is the scale factor), filled with DM
particles in the expanding Universe. We will assume homogeneous and isotropic space-time
working in the FLRW metric,

ds? = —dt* + a*(t)d%?, (3.2)

where d¥? is the spatial metric. If DM has no interactions, the total comoving number of

DM particles does not change,
N = n(t)a(t)® = const, (3.3)

where n(t) is the particles’ number density. If, on the contrary, DM particles interact, their

number changes with time proportionally to the comoving interaction rate I'(¢)“™:

dN (t)
—= = —T(¢)*™. 3.4
=1 (3.4)
Factoring out the expansion-induced part on the right-hand side of this equation,
[ ()™ = T'(t) a3(t), we obtain
dn
— +3Hn=-T 3.5
o T 3Hn =T, (35)
where we dropped the explicit time dependence of the variables. We see that the qualitative
behavior of n(t) is defined by whether the DM interaction rate is larger than the expansion

rate H or vice versa:

1. If I' > H, particles actively interact, maintaining equilibrium.

2. If T' < H, the distance between particles increases so fast that they do not have enough

time to find each other and thus, to interact. The particles are then out of equilibrium.

During the freeze-out, the system moves from the state 1 to the state 2. This is possible
only if I'(¢) decreases with time (increases with temperature) faster than H(¢). The moment
at which I'(t) = H(t) is called the decoupling moment. In the case chemical and kinetic
decouplings happen at different times, the rate of number changing processes, I'x(t), should
be compared with the Hubble rate.

Boltzmann treatment
Let us now dive deeper into the calculations of the DM relic abundance by considering an
annihilation process 1+ 2 — 3 + 4 with two DM particles, ¥, in the initial state and two SM

particles, f, in the final state. We rewrite the Equation (3.5) in a more convenient form,

= T. (3.6)
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To find the explicit form of the interaction rate I', we would like to introduce the phase-space

distribution function of particle i, fi(p,t), as

ni(t) = i’:)3 / Epifi(p,t), (3.7)

(2
where g; is the number of internal degrees of freedom (d.o.f) of particle i and p is the absolute
value of its 3D momentum. The interaction rate is defined as (for details see [94] and the

references therein)

r=> /dH1---H4(27f)454(p1 +p2 = p3 — pa)fifa(1 £ f3)(1 £ fa) Mizosaa]”

spins

— f3fa(1 £ f1))(1 £ f2)[Msassi2], (3.8)

where |M;;_,x|? is the matrix element of the process i + j — k + [, the + (—) signs in the
statistical factors (1 + f;) correspond to bosons (fermions), dII; = d®p;/[(27)32E;] is the
Lorenz-invariant phase space measure and the sum goes over the spin states of both initial

and final states. To simplify Equation (3.8), we will make futher assumptions:

Assumption 4. The considered process is CP-invariant (i.e. T-invariant). Hence, Mia_34 =

M3zy12 = M.

Assumption 5. The SM particles are in equilibrium at the moment of DM decoupling, thus

their distribution functions are known: fsfqs = f37f;9.

Assumption 6. Detailed balance: when the considered process is in equilibrium, its rates in
the forward and the backward directions are equal, T'13_4,(T) =T33 1o5(T). This means that

in equilibrium, at some fized temperature T, f{'f5% = f37f/.

With these assumptions we can rewrite Equation (3.8) as

D= " [ dil. 1a20) 6" (p1 + p2 — p3 — p)IMP[f1fo = 17 f57), (3.9)

spins

where we also used Assumption (2) to neglect the statistical factors which allowed us to
factor-out the integration over the initial and final states. Let us define two more quantities,

the cross section ¢ and the Mgller velocity vngl,

o Z dH1H4(27r)464(p1 + po — p3 — p4)]./\/l]2 = 491920\/(p1p2)2 —m?m3,  (3.10)

spins

vV (p1p2)? — mim3

3.11
L (3.11)

UMgll =
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where Ej; is the energy of particle i2. The interaction rate then becomes
I'= /Ungu(dnldng — dn{ldng?). (3.12)

It is important to mention that the simplicity of the equation above strongly relies on the
assumption of cold nature of DM. In general case, the factorization of integrals over initial
an final states does not take place and the description of the system’s evolution in terms of
number densities n; in meaningless. This might happen, for example, if DM particles have
already departed form thermal equilibrium at the moment of chemical decoupling. In this
cases, the nonintegrated Boltzmann equation for distribution function fpy(p,t) must be
solved (see, e.g. [96, 97]). Putting this potential problem aside for now (we would bring this

question back in Chapter 4), let us make one more assumption:

Assumption 7. : ovpyy does not depend strongly on nyjp. Therefore, we can factor it out
from the integral and replace by the average value
. fO'UMgll dnfqdngq

= . 3.13
<UUMﬂll > fdnfqdngq ( )

The DM number density evolution equation 3.6 then simplifies to

1 d(na®)

a3 dt

= —(ovmen) (n® — n,), (3.14)

where we used the fact that the incoming particles are indistinguishable n{? = n5! = ne,
and absorbed the corresponding symmetry factor in the definition of o.

To analyze this equation, let us eliminate the dependence on the Universe’s expansion
by changing to comoving coordinates. To do so, we introduce the entropy of our system
S = const which is conserved since there is no heat flow from/to the system. The entropy
density then behaves as s = S/a? (see [59] for derivation) so the fraction Y = n/s does not
depend on the scale factor a. Finally, we make the last assumption that is dictated by our

will to create DM well before structure formation:
Assumption 8. DM is created during the radiation domination epoch.

We can then use the explicit expression for the Hubble parameter in terms of temperature,

1 77
Hit)=—=—— 3.15
where M3, = Mp;/(1.66+/9%), Mp; is the Plank Mass and g* is the effective number of
Pl g9) g

relativistic degrees of freedom. Plugging it in Equation (3.14) and rewriting the latter in

2Note that v has no physical meaning in general case, and it is not the relative velocity of particles 1 and
2. However, it is a dimension-less quantity defined such that vnmgn nine is Lorentz-invariant. It indeed
coincides with the relative velocity in the rest frame of one of the colliding particles, vpmgn ni1n2 = vlestnl na,
hence the confusion. For an exhaustive discussion, see [95].
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the new coordinates, we obtain

dY  YeqTeq (V2
&= e m\vz Y (316)

where = mpas /T and I'eq = neq(ov). This equation confirms the intuitive picture we drew
at the beginning of this section. We see that at a given temperature we can judge whether

DM is in equilibrium or not by comparing its equilibrium interaction rate with the Hubble

rate:
h»l:Y:Ye (3.17)
H @
r
I—qu < 1:Y =const. (3.18)

The transition between these two regimes (i.e. decoupling) happens at

I eq Tdec Teq
—_— ~ —_— O 1 ~ 20 319
H Y;q dee Seq ( )':Udec ’ ( )

where we used the fact that ne; o< seq o< a3 and took the typical value of the ratio zge. at

the moment of decoupling [98]. The energy density of DM is related to Y simply as

QDM = MpDMNDM- (320)

In Figure 3.2, we show the evolution of Y (z). We see that while being in equilibruim, Y
decreases exponentially, reaching a constant value after decoupling. Due to the steepness of
the exponential, xgec is almost insensitive to the interactions strength (ov). The situation is,
hovewer, very different for Y: the stronger the interaction, the longer DM is in equilibrium

resulting in smaller values of DM relic abundance?.

We conclude that accurate measurement of Qpy by Planck Collaboration [17] provides
a very powerful tool for testing DM models with exponential sensitivity to the DM

decoupling cross section.

3.2. Testability of dark matter models

In this section, we would like to give the reader an insight into how a typical thermal DM
model can be tested. In Section 1.1 and Section 2.3 we discussed the cosmological and
astrophysical evidence of DM and the ways to detect DM particles. To date, no new particles
were found. The results can therefore be used to put (in many cases severe) constraints on

the potential particle-physics models of DM.

3Interestingly, in the case of the freeze-in production mechanism, the opposite takes place: the larger the
interaction strength, the more DM is produced [99].
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Figure 3.2: Evolution of the comoving number density Y of a DM particle during the freeze-out
process with time (inverse temperature). In equilibrium, this quantity drops exponentially with x,
Yeq x exp(—z). After freeze-out, it becomes constant. The net amount of DM density decreases
with the increase of the annihilation cross section (labelled as (o4v)).

Image credit: Dan Hooper, TASI 2008 Lectures on dark matter

In minimalistic* models, the processes responsible for DM production in the Early Universe
are related to the ones tested at DM experiments at present (see Section 2.3). Let us give
an extreme example of a model with only one new particle that couples to the SM through
only one portal with the coupling strength «. In this case, all the experiments are testing
this one coupling in the ways shown in Figure 3.3. Notice that in the case of only one
new particle, indirect detection searches rely on the same annihilation processes that set
the DM relic abundance (with the remark that in the former case we might be interested
in a subset of all the possible annihilation reactions). In a more general case, different
couplings might be responsible for different processes from Figure 3.3. However, frequently,
the couplings are interconnected and/or correlated with the mass spectrum of the dark sector
(see, e.g. Chapter 4), making the combination of the tests described here quite constraining
for many minimal models. This leads to a common procedure for testing new DM models:
they first should account for the correct relic density and evade the direct/indirect detection
constraints, the remaining part of the parameter space (varying from a very small window
to quite large areas depending on the model) can be tested at colliders. In the next section,
we will discuss how this procedure leads to ruling out the simplest models, and which main

directions in minimalistic model building are on the market.

4In this work, we would use the term “minimalistic” referring to models with a minimal number of new
parameters/degrees of freedom.
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Figure 3.3: The ways simple DM models are tested. In minimalistic models, all the searches test
the same DM-SM coupling.

3.3. Issues with simple WIMPs and ways out

It appears that the single-particle model described in the previous section is, in general,
overconstrained. Let us assume that DM is much heavier than the other particles that take
part in the annihilation process from Figure 3.3. From the dimension analysis, we can then

estimate the DM annihilation cross section as

o

(0UMol1) ann O —5 - (3.21)
Mpm

Interestingly, by assuming a DM coupling of the order of the electroweak gauge couplings
and mpy = O(200—1000) GeV, using Equation (3.20) we would arrive at a DM relic density
of the order of the Planck measurements®. This phenomenon is called the WIMP miracle
and in the past, it has triggered searches for BSM particles of the electroweak scale at the
LHC (see [100] for a review). It turned out, however, that no traces of new physics at both
collider and direct detection experiments restrict the parameter space of the most simple
WIMP models such that they can not account for the correct DM relic abundance.

The reason is the interplay of direct detection and the relic density measurements. The
former puts very strong upper limits on «, see Figure 2.4. However, very small couplings cause
tiny interactions of DM in the Early Universe. Consequently, this leads to its decoupling at
earlier times, and thus to the overabundance of DM, see Figure 3.2. This pattern is nicely
illustrated in Figure 3.4 on the example of a simple scalar Higgs portal extension of the SM.
We can see that small couplings are excluded due to DM overproduction, whether larger
couplings are excluded by the direct detection experiments (LUX and XENONIT in this
case). We observe a typical for the WIMP models picture when most of the parameter
space is excluded, except for a small window around mg = my,/2 which is often referred to
as the Higgs resonance region. It is characterized by a rapid enhancement of the s-channel
Higgs-mediated cross sections which results in smaller couplings needed to provide the
correct relic abundance. In addition to the scalar model, Ref. [101] studies vector and singlet

fermionic extensions of the SM finding similar patterns (except for the fermionic case with

5Strictly speaking, at the lower edge of the mass range discussed (Gumgi1)ann gets sizeable corrections from
the non-negligible masses of gauge bosons.
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Figure 3.4: Constraints on the mass and coupling of the single-field scalar Higgs portal DM
extension of the SM [101]. Exclusion limits are set by the DM overabundance (below the black
lines), direct detection experiments (above the purple and blue lines) and invisible Higgs width (red
hatched area). Solid (dashed) curves correspond to the complex (real) scalar.

the pseudoscalar DM-Higgs coupling, see also [102]).

In the case of pure higher fermionic electroweak multiplets, the correct relic density is
achieved at DM masses above the TeV scale. The main constraint for such candidates comes
from indirect detection searches. The allowed parameter space typically lies outside the
current LHC reach. As an example, in the left panel of Figure 3.5, we provide the current
constraints on the parameters of the BSM fermionic doublet and triplet DM candidates in the
context of Supersymmetric models. We also demonstrate the importance of the Sommerfeld
enhancement effect for relic abundance prediction in such models on the example of the

fermionic quintuplet DM (see the right panel of Figure 3.5).

We conclude that simple WIMPs are either very constrained by direct detection mea-

surements or are too massive to be produced at the LHC. However, some recipes allow

for the thermal DM with the masses and couplings testable at current colliders.

In this section, we will discuss the most popular scenarios of this kind. In Chapter 4, we

will introduce one more way to naturally obtain an experimentally appealing DM theory.

WIMPless miracle

This scenario relies on the observation that the DM relic density is not, in fact, set by the
individual values of the DM mass and coupling, but rather by their ratio (see Equation (3.21)).
This means that smaller couplings, required by the direct detection constraints, suggest
smaller DM masses (as long as the estimate Equation (3.21) is valid). One example of such
models was provided in [103|. The authors suggested a scenario in which DM lies in the

hidden sector of a supersymmetric model. They suggested a symmetry-breaking mechanism
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Figure 3.5: Left: correct relic abundance (black lines) and indirect detection constraints on the
fermionic doublet (higgsino) and triplet (wino) SUSY DM candidates [105]. Right: Correct relic
abundance calculated with and without the Sommerfeld effect for the quintuplet DM candidate [106].

that ensures the following relation

apM _ OEW (3.22)

mpwm MEW

and allows for DM masses different from the weak scale. Here apy gw) and mpy (gw) are
correspondingly the DM (electroweak) coupling and mass.
The next three scenarios are sometimes called “the three exceptions to thermal DM”

following the name of the first paper [104] in which all they were brought together.

Forbidden dark matter

The main idea behind this scenario is that in the primordial plasma DM annihilations
to heavier mediators (mpy < myp) are possible when the DM particles come from the
high-energetic tail of the thermal distribution (see Figure 3.6, left panel). The resulting cross
section is exponentially (or Boltzmann) suppressed, allowing for correct DM relic abundance
at larger coupling/mass ratios. For example, in the case of fermionic DM and a dark photon

acting as a mediator [107|, the annihilation cross section at temperature 7" reads

2
(VMo )ann ~ O‘BM e 2(mu=mom)/T (3.23)
m

DM

At a given DM mass, apy can be large enough to cause DM self-interactions resulting
in additional constraints on this model. However, this scenario opens up a feasible part
of parameter space in the experimentally interesting region of moderate DM masses and

couplings.

Resonant production

In this class of models, the DM annihilation cross section is resonantly enhanced due to
DM mass being exactly half the mass of the s-channel mediator (see Figure 3.6, middle
panel). This allows for the correct DM relic abundance at small DM couplings, therefore

evading direct detection constraints [108]. Importantly, the allowed couplings may be so
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Figure 3.6: The three exceptions to the thermal dark matter: forbidden DM (left), resonant
production (middle) and co-annihilation (right).

small that DM is not in thermal equilibrium at the moment of decoupling. This means that
the procedure described in Section 3.1 should be reconsidered. Non-thermal effects are so
strong that they lead to Q2py being up to ten times larger than if thermal equilibrium is

assumed [97].

Co-annihilation

Let us add one important comment to our relic density vs. direct detection discussion.
The former observation tells us how actively DM was interacting at the moment of decoupling,
whereas the latter gives information about its interactions today. The question arising is: is
it possible to increase the effective DM interaction cross section U]e)ffv[ at early times without

affecting its present values?

One of the most straightforward ways to do so is to increase the number of annihilation
channels at the moment of decoupling by introducing more dark sector particles (see Fig-
ure 3.6, right panel). In addition to the discussed annihilation, the DM number density can
be changed by the co-annihilation processes. The DM evolution equation Equation (3.14)
then modifies to [104]

1 d(na®)

R Z(aijv)(nmj —n;'njY), (3.24)
i,

where 0;; denotes the co-annihilation cross section of ¢ and j dark states and n =) n; is
the total number of the dark sector particles. In the above, we shortened our notation using
Mgl = v. The present DM-SM interactions remain unchanged as long as all the heavier
dark states have decayed to DM by the present time (or their density is negligible). Let us

rewrite Equation (3.25) to extract the effective cross section:

1 d(na®)
S = Z<aeﬁv>(n2 —ndy), (3.25)
2y
where
(Oev) = > 03 T (14 AP2(L+ Ay)P e HAitA) (3.26)
i; Getr

v

and g; is again the number of internal degrees of freedom of ¢ particle, A; = (m; —mpm)/mpm
and gesr = Y gi(1 + Ai)?’/Qexp(—a:Ai).
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We will consider a model that features co-annihilation in Chapter 4. In addition, we will
introduce yet another way of DM production — the co-scattering mechanism. The latter
has not yet gotten much attention in the DM community. However, we argue that it is as

general and phenomenologically important as the scenarios listed in this chapter.
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4. Long-lived electroweak-scale dark sectors

Since all the SM particles were created thermally, we will proceed to explore this mechanism
of particle production in the context of electroweak-scale DM. As discussed in Chapter 3,
the combined results of existing DM searches suggest that thermal DM in the mass range
accessible at current experiments was most likely produced through a complicated process
that involved more than one BSM particle. We would also keep our model as minimal as
possible in terms of new degrees of freedom. Our main goal is to predict new signatures
that are testable at existing colliders, using the knowledge of the DM properties and taking
into account combined constraints on new physics. Motivated by the extensive program of
measuring the Higgs boson properties at the LHC [109], we focus here on the Higgs-portal
DM scenarios. We also constrain ourselves to fermionic DM candidates.

The contents of this chapter and the related Appendices A and B is based on research in
collaboration with Susanne Westhoff (Heidelberg University) and published in [110]. Most
of the results as well as a significant part of the text are taken from the corresponding
publication. The content of Section 4.7 is based on the work in progress with Abanti
Ranadhir Sahasransu and Freya Blekman (Vrije Universiteit Brussel), Nishita Desai (TIFR,
Mumbai) and Susanne Westhoff.

4.1. Introduction

Higgs-portal scenarios are on the DM market for a long time (see the introduction and a
simple example of a Higgs portal model in Section 2.1). We already mentioned the challenges
of single-field extensions of the SM in Section 3.3. The natural next step is to add a second
dark field to the model in a renormalizable way, and thus, to disentangle DM production
from its role in direct/indirect detection experiments. Such models where studied in the
context of different electroweak n-plet field combinations with n = [1,4] [111-115]. We would
like to add a “missing piece” to this list by considering the singlet-triplet scenario that has
not been studied in great detail before!. It appears that this scenario has a very interesting
phenomenology. In addition, it can serve as a toy model for various Early Universe processes,
as well as for interesting collider signatures. Another appealing feature of this model is
the naturally small DM-SM coupling, a necessary feature to survive the direct detection
constraints (this argument is however purely aesthetical and should not serve as a guiding
principle for model building).

We perform a comprehensive analysis of long-lived mediators at the LHC in the singlet-

We will comment on the previous works, including the ones in the SUSY context, later in this chapter.
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triplet model. Existing searches for disappearing charged tracks and displaced hard leptons
already exclude tiny portal couplings that cannot be probed by current direct and indirect
detection experiments. For larger portal couplings, we predict new signatures with displaced
soft leptons, which are accessible with run-II data. Displaced searches are expected to probe
mediators with masses up to the TeV scale, which is well beyond the sensitivity of prompt
searches. Most of the conclusions of this chapter are not specific to our model and can be

generalized to various thermal multiparticle dark sectors.

4.2. The singlet-triplet model

We extend the SM by two self-adjoint fermion fields with vector-like weak interactions,

0 +
XT/\/§ X
Xs=X%  Xxr= : (4.1)
XT o —x3/V2

Here xg is a Majorana singlet and 7 transforms under the weak gauge group as a triplet
with zero hypercharge?. We assume a discrete Zo symmetry, under which yg and yr are odd
and all standard-model particles are even. The lightest fermion state plays the role of DM.
The Higgs portal interaction of the new fields can be realized only through nonrenormalizable
interactions. At energies below a cutoff scale A, the scalar sector is described by the effective
Lagrangian

e SR (Y] + h.c.) (4.2)

KJST — c K/S — c K/T — c
+<T(HTXTH)XS - XHTH XsXs — XHTH Tr[xX7x7] + h-0~)

Legt = X510 x5 + Tr[X7il) x1] — ( XsX§ +

H/
+[5L(H'rns H = TrlxrHHIXG]) + he,

where D), = 0, —ig7*W}; is the covariant derivative, 7 are the generators of the weak
SU(2) gauge group and H = (h*, (v + h +in)/v/2)T is the Higgs boson. Here we use a
chiral 4-component representation of the fermion fields (such that x ST = (Xé 7 0)", where
Xé /T is the 2-component spinor of left chirality) and x§ T denotes the charged conjugated
fields. The singlet-triplet effective interaction is of mass dimension five and thus is naturally
suppressed by the scale A > My,. We neglect the higher-dimension operators assuming
that they are even more suppressed by the cutoff scale. We also assume all parameters to
be real in order to preserve CP invariance. The couplings kg, k7 and /. do not affect our
phenomenological analysis so we neglect them by setting kg = k7 = K/, = 0. We, however,
refer an interested reader to the works that study the DM and collider phenomenology of
these coupling [116-119].

2The main motivation for choosing Majorana fields is smaller direct detection signal due to absence of
Z-mediated processes.
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UV completions of the singlet-triplet Higgs portal

The scenario proposed is an example of EFTs discussed in Section 2.1. As mentioned
above, our model assumes that the complete self-consistent and renormalizable theory is
resolved at energies of the order of A. We do not specify any completions here since they
would not affect the “low-energy” phenomenology of the model at the LHC scales 3. However,

it is instructive to verify the existence of such completions by providing examples.

One of the ways to build a renormalzable realization of the Lagrangian in Equation (4.2)
is by introducing an additional electroweak fermion doublet xp. This construction is well
known in context of supersymmetry (see, e.g. [120]). The singlet-triplet interaction then

originates from

Lyv = —y1XpXsH — y2XpX7H + h.c., (4.3)

where y; /5 are dimensionless couplings. The original singlet-triplet mixing term can be
obtained by integrating out the new doublet. The suppression scale A is hence associated

with its mass mp:
RST Y1Yy2
— = = — : 4.4
A 2mp (4.4)

Another UV completion of our theory involves an additional scalar triplet. In this
case, however, only the couplings kg or Kk can be generated, so we will not dive into the
calculations. Such scenarios are widely discussed in the context of type-1I seesaw models
(see, e.g. [121]).

Going to mass basis

After EWSB, the scalar Lagrangian for the neutral states x% = ys and X becomes

ms_ c mr_ c
Ls = —=7Xs(x3)* = = Xr(xr) (4.5)
p 2h B2\ o 0ve <0 0
— L1+ 5+ ) OB + X0 + he,

where p = kg7v?/(v/2A). The charged states are not affected by the mixing and remain the

same in the mass basis. For the neutral states, we define the mass Lagrangian as

0
1 ms p X
Lunass = =5 My T¥§ + he, M = o=, (4.6)

pomy X7

where M is the mass matrix. The physical eigenstates x, and x5 can be obtained by

30f course, if A is close to the energies reached at experiments, the integrated-out states start affecting the
observed physics (see [113] as an example of UV-complete models with relatively light mediators that
affect dark sectors’ collider phenomenology). The scale separation requirement determines the validity
range of an effective theory.
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Figure 4.1: The mass spectrum of dark sector fermions in the singlet-triplet model. Left: “normal”
mass hierarchy, realized at sizeable portal coupling. Right: “inverted” mass hierarchy that takes
place at very small portal coupling.

diagolizing the matrix M with

X¢ cos 6 x% — sin 6 x9 )
- 5 "1, tan@o)=—=F  o0<o< % (4.7)

Xh sin 6 Xg + cos X?p mr —ms

The corresponding mass eigenvalues for the neutral states xy, xp and the charged states

x*t are

1
Mmpe = 5 (mT +mg + Amhz), Amhg = \/(mT — m5)2 + 4#2, me = mro. (48)

The light neutral state x; is the DM candidate. The mass spectrum of the dark sector is
illustrated in Figure 4.1. The left panel shows the tree-level structure of Equation (4.8).
The corresponding mass splittings are denoted as Amg and (Amp.)™*. In addition,
loop corrections to the triplet eigenstates lead to a relative upper shift of the x* mass
(Amp)®" &~ 160 MeV [122]. This shift is independent of the singlet-triplet coupling, meaning
that for very small values of y it can offset the tree-level splitting between x and y;, leading
to the inverted spectrum (see the right panel of Figure 4.1).

Using the freedom of field definitions, we can always rotate xg/r in Equation (4.5) by
appropriate complex phases to make mp and p positive. The sign of mg remains a free
parameter. Depending on the value of the latter, we can distinguish between two physical
scenarios which we call the scalar and the pseudo-scalar scenarios. They are characterized
by different diagonalization procedures that lead to positively defined mass eigenvalues.
Consequently, the couplings of new physics to the SM bosons are different in the two cases.
Below, we provide the final result of the diagonalization calculations, the details of which

can be found in Appendix A.2.

Scalar scenario

For mg > p?/mr, the mass my of the lightest state is positive. The physical Lagrangian

40



then reads (neglecting interactions with two Higgs bosons)

my _ mp _

Ls=— 5 Xe(xe)© — > Xn(Xn)¢ + h.c (4.9)

1% _ _ . _ _

— 2k cos(26) (Re(xn)” + X (x0)°) +5in(20)( = X 000)° + X (xn)°) | + e

+ gI/V;r { —sin 6 (Yﬂ”Xﬁ - FV“X@) + cos 6 (yhvﬂxf - Xj’)/'uXh) ] + h.c.

+ g (cos by Zy, —sinby, A,) [XTAHXT = XX
where 6, denotes the Weinberg angle. The DM candidate couples to the SM bosons through
scalar /vector couplings. As mentioned above, due to the Majorana nature of new fermions,
the interaction of yy, x5 with the Z-boson is absent. In the limit of small mixing, the lightest
state is an almost pure singlet with suppressed couplings to the SM. This is precisely the

limit of our interest since in the opposite case the triplet-like state is the lightest. It can be

a viable DM candidate only in the mass region above the reach of the LHC (see, e.g [105]).

Pseudo-scalar scenario

A pseudo-scalar singlet-triplet Higgs portal can be obtained through a chiral rotation of

the singlet fermion,

xs — exp(ivsm/2) xs- (4.10)

By applying this transformation to the Lagrangian in Equation (4.5), we obtain

ms _ mr_
Le = 5 Xs(Xs)" = 5 X (xr)* (4.11)
jz 2h B2\ [ . o
2 (1 to T 172) [—XTivs (X3)° + X3ivs (X)) + hec.,

In the case of mg < p?/mr, in order to obtain positive my, one needs to diagonalize

the Lagrangian in Equation (4.6) by the following rotation (see Appendix A.2 for details)

X¢ cos 0 x% + sin 0 iysx9 )
= g T , tan(20) = - (4.12)
Xh sin 0 iy x% + cos 6 x5 mr — [ms|
where 6 is defined as in Equation (4.7). The resulting physical Lagrangian reads
-~ m m)
Lp=— 76 Xe(xe)® — 7h Xn(xn) + hec. (4.13)

— 2] cos(20) (Reins (xn)” + Xnis (60)%) +sin(20) (Xe(xe)° + % 0)°) | + hec.

+g(cosbyZ, —sinb,A,) [Xjfy“)ﬁ — XT’Y”X_]‘

In this case, x; couplings to the SM bosons have pseudo-scalar/axial-vector structure. The
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mass eigenvalues in pseuodoscalar scenario are
!/ 1 /
mhl = 5 (Amhg + (mT + mg)) =4 mh,[7 <414)

resulting in the the same spectra as in the scalar scenario, see Figure 4.1. Note that for the

fixed mp and p the mixing angle 6 is larger in the scalar case that in the pseudo-scalar one.

The chiral rotation flips the sign of the lightest mass eigenvalue in the spectrum and
affects the DM couplings to Higgs/gauge bosons. The parameter space mg < u?/mg
with negative mass my < 0 in the scalar Lagrangian [,AS thus corresponds to positive

mass m; > 0 in the pseudo-scalar Lagrangian L P.

We identify two physical scenarios,

scalar scenario: EAS with mg > u2/mT < myp >0, (4.15)

pseudo-scalar scenario: Lp with mg < p?/mp < mj > 0.

While aspects of the scalar scenario has been the focus of the majority of previous collider
studies, both in context of SUSY (see, e.g. [120]) or as an effective theory (see, e.g. recent
studies [123, 124]), the phenomenology of long-lived mediators in the pseudo-scalar case is
still largely unexplored. In this work we perform a comprehensive study of both scenarios,

pointing out numerous differences between them.

Relation to supersymmetry

The setup discussed here has been partially studied in a variety of SUSY works in the
so-called wino-bino scenarios where bino and wino are the names of a supersymmetric
fermionic triplet and singlet respectively. The UV-complete theory, in this case, is realized
by adding a new fermion doublet, the higgsino, with the structure as in the Lagrangian in
Equation (4.3). The singlet-triplet scenario is realized in the limit of heavy higgsinos. In the
paper [110] we provide the relation between the parameters of our model and SUSY. We
also highlight the parameter space of the latter that corresponds to scalar/pseudo-scalar

scenarios.

The singlet-triplet model can be viewed as a generalized version of the wino-bino scenario
in SUSY with completely free couplings (in SUSY, the couplings are related to one another so
only the subspace of parameters is theoretically available). The scalar case of the wino-bino
DM model was exhaustively discussed in the literature. The most up-to-date comprehensive
study [125] states that the unexplored parameter space of the wino-bino model can only
become accessible at future colliders. In our EFT approach, we find, however, interesting

signatures, realizable with the current technologies at the LHC.
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Figure 4.2: Bounds on the Higgs coupling to DM, as a function of the DM mass obtained from
XenonlT measurement [126] using micrOMEGAs [127]. The grey region is excluded at 90 % CL, the
solid curve indicates the neutrino floor discussed in Section 2.3.

4.3. Direct detection

As discussed in Section 2.3, a DM model should be consistent with the direct detection
observations. Due to Majorana nature, x; scatterings with atomic nuclei are mediated by
the Higgs boson only, meaning that only the spin-independent part of the Lagrangian in
Equation (2.10) is present,

LS = — ¢l (%) (@q) + he.,  CL=V2Gp % ysin(20), (4.16)

Mq
Mh

where G is the Fermi constant and M}, is the Higgs mass. In Figure 4.2, we show the
direct detection constraints on our model obtained from the XenonlT measurements [126].
The calculations of direct detection signal in our model were done using micrOMEGAs [127].
We see that in the mass region of phenomenological interest the DM-SM coupling is tiny,

thus it is useful to study the properties of our model in this limit.

Small-mixing limit

In the limit of small y the mixing angle can be approximated as

I s
0~ ——— < —. 4.17
mT—m5<<4 ( )

The most relevant DM couplings then read

_ . _ _ 7 _ . 1
WXy (ivs)x™ ~ g0,  hXexe~ B0 X (ovs)xn ~ o (4.18)

As mentioned above, for fixed values of mp and u, the mixing 6 in the pseudo-scalar scenario

is smaller than in the scalar scenario, so are the gauge and diagonal Higgs couplings of ;.
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The masses of the neutral fermions in this limit read
my = mj, & mr+0u, my=—mjy~mg—0pu. (4.19)

Importantly, the mass splitting between the heavier states is the same in both scenarios and

is equal to

_ 2
Ampe = mp — me = (Ampe)™ + (Ampe)®V =~ —H _160MeV (4.20)
mr —mg
where we use the fixed value for (Amy.)®" ~ 160 MeV (see [122] for details). Let us
compare Equation (4.20) with the coupling tested by direct detection. From Equation (4.16),

we can derive that
2412

cl in(20) ~ ——.
B o< 1 sin(26) pr——

(4.21)

Thus, we conclude that direct detection requires also small mass splitting Amp.. The
splitting between DM and the next-to-the-lightest state is fixed by the DM relic density
measurements and will be discussed in detail in the next section. Here we provide the

()

expression for Am,, in the limit of small mixing,

2
scalar scenario: Ame = me — my =& mp — mg + /17’ (4.22)
mr —mg

12

pseudo-scalar scenario: Am!, = m. —mj ~mr +mg — ——.
mr —mg

4.4. Relic density and the role of co-scattering

Our model adds three new physical states to the primordial plasma: x;, xT and y.
In Chapter 3, we discussed in detail the procedure of calculating the relic abundance of
thermally produced DM. We also discussed the more complicated equations that arise if a
larger number of dark states are involved in the decoupling process.

In Table 4.1, we list the processes that change the number of dark sector particles during
freeze-out, we also indicate the scaling of the corresponding cross sections with the portal
coupling p/v and the singlet-triplet mixing angle . Since we aim to perform the scan over
the parameter space of our theory, it is important to notice that depending on the value of
w/v and @ different processes dominate the DM production. Below we will go through the

dominant processes with the decrease of p/v.

Pair annihilation, co-annihilation and mediator annihilation

Let us first discuss the rather known mechanisms of DM production, referring to Figure 4.3.
There, we illustrate the interplay of direct detection and relic density constraints in the
plane of the DM mass m; and mass splitting between x; and yc (as we will see below, the
latter is an important quantity for co-annihilation/co-scattering). The solid curves show the
correct DM relic abundance of Q,h? = 0.1199 4 0.0022 measured by Planck Collaboration
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process scaling
pair annihilation Xexe — WHW = (gsinf)*
Xexe = b — f,VV | (usin(20)/v)?
Xexe — hh (1 cos(26) /v)*
co-annihilation xext = fFLVV (gsinf)?
Xexn — WHW = (gsinf)?
Xexn — h* = ff,VV (1/v)?
mediator annihilation | ypxn — WTW™ (gcosf)?
xxt = [, VV (g cos0)?
XX~ = fFVV 9
mediator decays xT = xeff' (gsin6)?
Xn = xef f (u/v)?
co-scattering xef = xTf (gsin0)?
xef = xnf (/v)?
scattering xef — xeof (pusin@/v)?

Table 4.1: Dark sector processes relevant at freezeout and their scaling with the Higgs-portal
coupling p/v and the singlet-triplet mixing angle 8. Here W and h are the W and Higgs bosons of
the SM, f/f" and V stand for arbitrary SM fermions,/vector bosons.

at 68 % CL [128]|. The results were again obtained using micrOMEGAs [127]. The shaded
regions of the same color show the corresponding parameter space excluded by XENONIT
Collaboration at 90% CL [126]. The grey shaded regions are excluded by the LEP constraints
on the BSM charged fermions [129].

The analysis given below is valid for both scalar and pseudo-scalar scenarios. Quanti-
tatively, a given constraint on the mixing angle  results in larger excluded values of /v
for the pseudo-scalar case since 6 itself is smaller in the latter scenario (see the discussion

in Section 4.2). This feature makes the two scenarios phenomenologically distinguishable.

If u/v is large, pair annihilation processes alone can account for the correct DM relic
abundance. In this case, the main fraction of DM is produced at the temperature Ty.. at
which reactions of the type x¢x¢ — SM depart from (chemical) equilibrium. Other processes
listed in Table 4.1 decouple later on (T < Tyec), having an exponentially small impact on the
DM net density (see Figure 3.2). In this regime, the DM production does not rely on other
dark sector particles making the model effectively equal to the pure singlet case. Therefore,
as expected, such couplings are excluded from direct detection constraints. In Figure 4.3, we
illustrate this regime for u/v = 0.2 where all the parameter space relevant at colliders is
excluded in the scalar scenario. In the pseudo-scalar case, masses above m; 2 200 GeV are

allowed.
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With the decrease of /v the annihilation processes scale as #* and become incapable
of setting the correct DM relic abundance. Therefore, interactions with other dark species
become crucial. In this regime, the DM relic density is determined by the co-annihilation
processes discussed in Section 3.1. The number densities of the dark sector particles are
exponentially sensitive to their masses, n; o exp(—m;/Tyec). For co-annihilations to be active,
all the interacting partners must be abundant at 7' = Ty.. meaning that the dark spectrum
has to be compressed. In our model, the mass difference of Am/m; ~ Amp;/m; ~ 10%
is needed to prevent DM overabundance. This regime is illustrated in Figure 4.3 by
u/v = 0.08, 0.02. In the former case, only a part of the parameter space is excluded by
direct detection. For p/v = 0.02, XENONIT results are not shown since they are weaker
than the LEP constraints. In this case, almost all parameter space in the region of interest
is allowed.

With even further decrease of /v, the co-annihilation processes that scale as 2 become
irrelevant as well. The DM relic abundance then relies on the (unsuppressed by the coupling)
mediator annihilation processes with the consequent decays of the latter to x;*. To provide
the correct relic abundance, mediators must not be much heavier than x; leading to the
similarly compressed spectrum as in the co-annihilation case.

We will study the collider phenomenology of the co-annihilation and the mediator annihi-
lation regimes in the next section. Here, we would like to describe a scenario that has not

yet been fully explored.

Co-scattering

Let us compare the processes in Table 4.1 at very small couplings more accurately. At small
w/v (or @) pair annihilations and co-annihilations are irrelevant and mediator annihilations
are active. At some small values of ;1/v, mediators whose decay rates scale as #% become
long-lived at decoupling. At the same time, the co-scattering processes, even though they
scale as 62 as well, are not necessary irrelevant. The reason is an additional kinematic
enhancement these processes gain since some of the participating SM particles are relativistic
and thus very abundant at T' = T,g. For illustration, let us compare the decoupling conditions
of a co-annihilation and a co-scattering process (see Section 3.1 for the derivation of the

decoupling condition),

co-annihilation: ny(ov)eg ~ H

co-scattering: ngpr{ov)ex ~ H, (4.23)

where H is the Hubble parameter, njs is the number density of the dark sector mediators
(in our case, X and x,) and ngys is the number density of the SM particles. Since the
dark sector particles are non-relativistic, ny; < ngys, meaning that even though both the

co-annihilation and the co-scattering processes have the same scaling with p (6), the latter

“in principle, if mediator decays are forbidden (for a reason to be defined) or very suppressed, the mediators
themselves can contribute to the (multi-component) DM. We do not focus on such scenarios since they
would not allow for collider signatures that rely on finite mediator lifetime which are crucial in this study.
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Figure 4.3: DM relic abundance and the corresponding direct detection constraints in the scalar
(top) and pseudo-scalar (bottom) scenarios. Solid lines show the observed relic abundance of
Q2 h? = 0.12 for fixed values of u/v. Shaded regions are excluded by XenonlT at 90% CL for the
value of p1/v of the same color. The grey region is excluded by LEP.

47



@ L M SM
N0 e
<—IsM—> +

1 \
SM /\ SM ®/ SM
® ?Xé &
Figure 4.4: Schematic presentation of the co-scattering process. In our model DM = i,
M =x*/xn, SM = f/V (see Table 4.1).

is much more active at decoupling.
In the co-scattering regime, the DM number is changed through the chain of the following

processes (see Figure 4.4 for illustration):
1. DM conversion to a heavier dark state(s) M.

2. M annihilates (or co-annihilates together with another heavy dark particle M) to SM

particles.

These processes set the dark sector relic abundance. Later on, M either decays to DM or
contributes to the multi-component DM. The co-scattering regime is realized if the following

takes place:
e Mediator annihilations are in chemical equilibrium.
e Mediator decays are slower than the mediators annihilations I'qec < I'mann-

These two requirements ensure that the particle M, created during the first stage of the

co-scattering process, does not decay back to DM before meeting its (co-)annihilating partner.

Co-scattering: implementation and generality

Importantly, the co-scattering regime is not specific to our model. It must take place in
many models with extended dark sectors at small couplings. However, there had been just a
handful of studies that pointed out the presence of this regime at the time our work [110] was
published. At the moment of writing this thesis, the list of models where the co-scattering
(or sometimes called the “conversion-driven freezeout”) regime was discovered has expanded,
including DM models with masses ranging from MeV to above TeV [97, 123, 130-136].

Due to strong direct detection constraints, the viable theories of thermal DM are forced
to lay in the multi-particle small-coupling limit in which co-scattering is very likely to be
crucial. Thus, an accurate prediction of the DM relic abundance in this regime is essential
for DM phenomenology. However, to date, co-scattering processes are not included in public
codes that calculate the DM relic abundance.

The implementation of these processes in a general and model-independent way is a

challenging task due to the following reasons:
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e Co-scattering describes the conversion of particles within the dark sector. Hence,
a system of Boltzmann equations that tracks individual number densities of each
dark particle has to be solved. Currently, however, the most used public codes
solve only one Boltzmann equation for the overall number density of all dark species
(see Equation (3.25)). Inclusion of the co-scattering processes thus requires major

changes in the Boltzmann solver codes.

e In many models, the co-scattering phase takes place when the thermal equilibrium
for DM particles is lost. It is also true in the singlet-triplet model discussed here:
from Table 4.1 we see that both co-scattering and DM-SM scattering processes gain
the same relativistic enhancement described by Equation (4.23). The latter, however,
is more suppressed by the portal coupling. This means that the DM particles no
longer have an equilibrium distribution at the moment of decoupling and the procedure
of Section 3.1 is not applicable. Strictly speaking, a system of non-integrated Boltzmann
equations must be solved for an accurate prediction of the DM net abundance. However,
since many models assume CDM, the non-thermal distortions are small and simplified
calculations can be made (see the recent model-dependent calculations in the co-
scattering regime [130], as well as a more general simplified treatment of out-of-

equilibrium particles during freezeout [97]).

The co-scattering regime can be viewed as the “fourth exception to thermal DM” along
with the processes discussed in Section 3.3. It takes place in models with co-annihilation

DM production at very small couplings. Inclusion of this regime to the DM relic density

Boltzmann codes is a challenging yet important for the DM phenomenology task.

Freezeout phases

In Figure 4.5, we display the freezeout phases of our model depending on the Higgs portal
coupling u/v for a benchmark point m; = 500 GeV, Am, = 30 GeV. The main features
of the phase diagram are very similar for other DM masses. As discussed above, with the
decrease of the coupling, the relic density is determined by annihilation, co-annihilation,
mediators annihilation and co-scattering processes. The lower dashed line indicates the
coupling at which the thermally averaged co-scattering rate becomes smaller than the
(thermally averaged) mediator annihilation. However, this is not yet the moment of entering
the co-scattering phase. The latter takes place only at u/v ~ 2x 1077 (5x 107%) in the scalar
(pseudo-scalar) scenario, where charged mediator decays drop below the Hubble rate®. Since
the fermion mixing is smaller in the pseudo-scalar case, each phase is reached at a larger
coupling /v in this scenario. The different Lorentz structure of Higgs and gauge couplings

in both scenarios (see Equation (4.18)) has only a subleading effect on the annihilation rates.

5Due to the smaller decay rate of x (see Section 4.5 and Appendix B), they become long-lived already at
u/v ~ 107 (0.005). However, since processes involving x; contribute less than about 10 % to mediator
annihilation in this region, we expect that the relic abundance can still be reliably obtained without
including co-scattering in the Boltzmann equations.
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Figure 4.5: DM freezeout phases for small Higgs-portal couplings p/v. The colored areas denote
regions of pair annihilation, co-annihilation, mediator annihilation, and co-scattering, from top
to bottom. Displayed processes dominate the relic abundance upon freezeout. “SM” refers to
standard-model particles f, f/, V.

In particular, all processes that dominate the DM abundance can proceed in an s-wave in
either scenario (see also [137]).

As discussed above, direct detection rules out regions of DM pair annihilation. Interestingly,
it can probe only the co-annihilation scenarios since the other phases are realized for couplings
below the neutrino floor (upper dashed line). The collider searches discussed in the next
section, on the other hand, are sensitive to these regions, providing a unique way to

experimentally probe the mediator decays and the co-scattering scenarios at the moment.

4.5. Long-lived signatures at the LHC

In Section 2.3, we briefly discussed the canonical DM searches at colliders that we will call
“the MET searches”. They are, however, not successful when applied to co-annihilation/co-
scattering scenarios. The reason is that the latter imply compressed dark spectra and do not
feature substantial MET, making the collider signatures too soft for the standard methods
(see the discussion about prompt soft leptons for detail).

Let us summarize the constraints derived in Sections 4.3 and 4.4 that direct detection
and relic abundance measurements put on the mass splittings of our model. For every DM
mass my, the former requires the portal coupling /v and the mass splitting between the
heavy states to be small, Amy,., whereas the latter fixes the remaining splitting, Am,;. The
parameter region of interest is thus

100 GeV < me S 1TeV, Amyp, < few GeV, Amy ~ 15 —30GeV, p/v < 0.2. (4.24)

~
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Figure 4.6: Proposed new signatures in the singlet-triplet model at the LHC. Left: a pair of
displaced soft leptons. Right: one displaced and one prompt soft leptons.

The choice of the mass range is dictated by the LEP constraints on charged fermions (lower
bound) and accessibility at the LHC at the high-luminosity phase (upper bound).

We propose to search for DM ; in decays of heavier states x*, x5. The latter are produced
at the LHC in Drell-Yan-like processes. Their production rate depends predominantly on
the invariant mass of the mediator pair (with the exception of the processes pp — xxp
that get a suppression factor of (gcos#)? in case of large fermion mixing). The mediators’

channels depend on the mass hierarchy (see Figure 4.1) and include

YT = xnmt, xT =xelty, xT — xchadrons, (4.25)

xn =Xt xn = xebb, (4.26)

where 7, [, v and b stand for pions, charged leptons, neutrinos and b quarks. The corre-
sponding collider signatures are shown in Figure 4.6. Before discussing them in detail, let us

first work out the mediator decay rate at the LHC.

Mediator decay rates and corresponding signatures
In the limit of small coupling p/v and mass splitting between the initial and final states
AM , mediator decay width has the following form:
LN ®
T o (5) (Am)¥ x PS, (4.27)
where PS is the phase-space factor, x and y depend on the type of decay process. If mediator
decays to DM, the mass splitting Am, &~ Ampy &~ 15 — 30 GeV is sizable but the decays
are suppressed by the small portal coupling (see Equation (4.18)). If, on the other hand,
mediators decay to one another (i.e. decays that lead to x™ <+ x3), the corresponding
widths are not suppressed by the coupling but by the phase-space factor (for example,
for decays x* <+ xpmT this factor is PS = /1 — (m;/AM)2). For small couplings, this

results in both decay types becoming displaced and the mediators becoming long-lived at

collider scales. Interestingly, they become long-lived exactly at the couplings that lead to
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the co-annihilation/co-scattering freeze-out phases.

Let us discuss, which decays are dominant at different portal couplings without going
through detailed calculations. The derivation of all relevant decay widths can be found
in Appendix B.

If /v is large enough, xy, is the heaviest state (normal hierarchy). It decays predominantly
via xp, — x "7, if kinematically allowed. If, on the contrary, the hierarchy is inverted or
the mass splitting Amp. < my, decays via the off-shell Higgs boson, x, — x; h*, h* — bb,
become dominant (loop-induced decays like x;, — x¢v feature an additional suppression by
the small portal coupling and can be neglected [138|). This decay rate is suppressed both by
the small coupling p/v and the bottom Yukawa coupling, making xj, long-lived. The former
decay may result in emerging track signatures at colliders. Here, however, we focus on the
latter channel. In the limit of Amypy < my,, the corresponding decay rates in the scalar and

the pseudo-scalar case read®

G m? 2 2 rmp\2 (Ampe)d
s__YF T (K 2 5. (F\ ()" \2mae)
L = 10273 Mé} (v) cos”(20)(Ampe) (v) ( v ) vi (4.28)

ry 3Gr_mj (H)zcosz(zg) (Ampe)” (M)2 (@)2 (Ampe)T

h 280+/273 My mi v vtm?

(

v

)

where my and My are the bottom quark and the Higgs boson masses correspondingly.
At small p/v, these decays result in signatures with two displaced b-jets of an arbitrary
displacement. Note the additional suppression of (Amy,;/mp)? of the pseudo-scalar rate. It
originates from the p-wave emission of y; and the bb pair required by parity conservation.

In the normal hierarchy case, the charged state decays predominantly via x* — x/{Tv
and xT — x,hadrons”. Again, in the small-splitting limit Amq < My, me, the partial
widths of the leptonic decay x+ — x¢ £1Tv read

2G? 2 (Amg)?

S _ F 02 5N — RS

Iy = 153 Sin O(Amyey) <U> 2 (4.29)
2G> N2 (Aml,)?

P _2GE s 20Am 5 (B ct

Tw = 5as o O(Amey) (v) v2(me 4+ m))?

The decays are again smaller in the pseudo-scalar scenario due to the smaller mixing angles
in this case. In the small-coupling limit, x becomes long-lived, providing signatures with
displaced leptons/jets.

This statement does not, however, hold for arbitrarily small p/v. Since for tiny portal
couplings the inverted hierarchy takes place, another decay channel of ¥ opens up. The
2-body decay x* — xp 7" starts dominating over the leptonic and hadronic decay modes,
providing us with the signature of disappearing charged tracks. The decay rate is almost the

same in both scalar and peudoscalar scenario due to the very mild dependence on the portal

5This approximation is not always valid for the parameters considered in this work. For the numerical
calculations we used the full decay rates provided in Appendix B.

"For the mass splittings of the order of 15 — 30 GeV the spectator quark model is applicable. The relative
impact of hadronic decays can thus be estimated from the relevant CKM elements and color factors.
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coupling at such tiny mixings (cos @ = 1). The displacement in this case is controlled by the
phase-space suppression due to the small mass splitting Amp,. ~ —160 MeV (see Section 4.2).
In the limit of m, < |Amp.| € me, the decay width is given by

2G% 22 .2 3 m2 1/2
FT{' - T’Vud’ fﬂ. COS 9 ’Amhc’ <1 - m) 5 (430)

where fr ~ 130 MeV is the pion decay constant and V4 is a CKM matrix element. The
nominal decay length of the charged fermion for |Amy,.| &~ 160 GeV is given by

160 MeV \ ® (160 MeV)2\ /2
~ /Ty =71 ) (1076 e , 431
cTy =/ 7.1cm x < A ) < 0.76 D) > (4.31)

where 7, is the proper lifetime of x*. This is the limit of u/v — 0 which corresponds to the
case of pure triplet decay (or pure wino in the context of SUSY).

Let us now discuss the relevant displaced collider signatures at different values of p/v,
going from smaller to larger couplings. We illustrate them in Figure 4.7 in the (m., u/v)-
plane. Here m,. sets the overall scale of the dark spectrum. As discussed above, the
relative mass differences between the states are set by the direct detection and the relic
density measurements. In every point of the parameter space displayed the correct DM relic
abundance can be obtained via one of the mechanisms discussed in Section 4.4. Green areas
are excluded by existing searches. In orange, we show the projected exclusion regions of
the corresponding searches at the LHC in run-II and the high-luminosity (HL-LHC) phase.
Red areas correspond to the displaced signatures proposed in this work (see Figure 4.6).
The grey region is excluded from XENONIT measurements. Below the upper dashed line,
the dark sector’s spectrum is inverted. We also indicate the co-scattering region below the
lower dashed line where the DM relic density predictions cannot be made accurately. In
this region, we still rely on the calculations by micrOMEGAs since we expect no significant
difference in collider signatures predictions in this region for our model. The reason is that
disappearing charged track searches rely on the mass splitting between the heavy states,
Amy., whereas relic density fixes the other splitting, Am,;. In particular, we expect the
green/orange areas, as well as the parameter space below the plot, to be excluded by the

disappearing charged track searches.

Disappearing charged tracks

At tiny portal couplings, the charged states produced in the Drell-Yan-like processes,
decay via xT — xp 7" (see Figure 4.8, upper leg). In this region, the mass splitting
Amp,. decreases with the increase of p/v. This decay is kinematically allowed as long as
Ampe > my, corresponding to p/v < 1070 (107°) in the scalar (pseudo-scalar) scenario®.
Charged mediators with nominal decay length of few cm leave tracks in the innermost layers

of the detector and decay before reaching the outer tracking layers [139-141]. The outgoing

8More rigorously, the upper edge is set by the requirement I'(x™ — xn 7)) =T(x" = xelTv) +T(x" =
xe¢~+hadrons). The larger values of p/v obtained in pseudo-scalar scenario is due to the smaller three-body
decay rates in this case (see Equation (4.30)).
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Figure 4.7: LHC signatures of singlet-triplet DM at small Higgs portal couplings in the scalar
(top) and pseudo-scalar (bottom) scenarios. Green regions are excluded by existing searches. Orange
regions show projections for the LHC after run II and for the HL-LHC. Red regions mark new
signatures that have not been explored yet. The dashed region is due to the unknown detection
efficiency of displaced b-jets. Below the lower dashed curve the relic abundance is set by the
co-scattering processes.
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Figure 4.8: Diagrams that correspond to existing and proposed by other authors displaced searches
at the LHC and reinterpreted in our work: disappearing charged tracks (upper leg) and displaced
b-jets (lower leg).

pion is too soft and is not detected. The ATLAS Collaboration has performed a dedicated
search for supersymmetric winos with similar decay length [142], which is directly applicable
to our case.

By reinterpreting their results, we exclude charged mediator masses up to m. = 460 (480) GeV.
This search was later recast in [141] for higgsino DM. By rescaling the production rate
obtained in this study to the triplet case, we obtained the HL-LHC predictions for the
disappearing charged track search in our model. The resulting coverage reaches up to 1 TeV.
For both green and orange areas, the lighter shades mark the regions where the branching
ratio for xT — xp 7" is less than 90 %, which may weaken the bounds derived assuming

100 % decays into pions.

The mass range accessible by the disappearing charged track searches indicates the great
success of displaced searches, especially if compared to the prompt signatures discussed

below.

Prompt and displaced soft leptons

At larger portal couplings, pion decay channel “shuts down” and x* decays predominantly
to soft leptons and jets via three-body decays x* — x¢ff’. The transverse momentum of
the outgoing lepton defined by the mass splitting Am,;, ranges around pif ~ 15 — 40 GeV.

Searches for prompt soft leptons and missing energy at the LHC suffer from high back-
grounds. Thus, they have to trigger on additional high-pT jets emitted from the initial state
at the cost of the production cross section. The latter decreases also with the mediator mass.
As a result, prompt searches exclude a wide range of couplings but only for light masses.

In Figure 4.7, we show the exclusion regions from the prompt soft lepton analysis done by
the CMS Collaboration [143]? and recast in [123]. The original analysis assumes a decay
of 100 % via xTxn — xeW*xeZ* — xelTv xelT1~. However, in our model x, — x¢Z* —
Xelt1~ is loop- and mixing-suppressed and thus small compared to x5 — xch* — xbb.

In the recast study, limits under the assumption of pure x™x~ production for a singlet-

9Searches for pairs of prompt soft leptons have been also performed by ATLAS Collaboration [144].
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triplet DM model were derived. Prompt soft searches exclude masses of m. < 130 GeV for
5% 107° < p/v < 0.02 in the scalar scenario and 7 x 1074 < /v < 0.07 in the pseudo-scalar
scenario. The lower 11/v values correspond to c7,+ < 200 ym since larger decay length fall
into the category of displaced searches. These bounds can be slightly improved by adding
the production mode pp — x"xx. In the case of normal hierarchy which takes place for
w/v 2 0.02 (0.07) in the scalar (pseudo-scalar) scenario, xj decays into a soft lepton, see the
right panel of Figure 4.6. We expect, however, no significant increase of sensitivity since this
signature results in two soft leptons in our model, contrary to the three leptons requested in
the experimental analysis. Optimizing the search to exactly two leptons in the final state
might increase the sensitivity even further. Nevertheless, high backgrounds would still limit
the reach of prompt soft searches.

At portal couplings u/v < 5 x 107° in the scalar and /v < 7 x 10™* in the pseudo-scalar
scenario, YT decays predominantly via x* — x,f f' with a sizable displacement (this is the
region of inverted hierarchy). The lifetime of the charged state is larger than the vertex
resolution of the detector [145], cry+ > 200 um. Even though hadron modes dominate the
decay width, we focus on much cleaner lepton decay channels. The proposed signature is a
pair of oppositely charged displaced soft leptons, shown in the left panel of Figure 4.6. The
longest decay length of x™ at which lepton decays still dominate over the two-body pion
mode, is c7,+ = 1.5cm (4cm) in the scalar (pseudo-scalar) scenario.

Usage of the displacement information is very helpful for background rejection, allowing
to probe much softer final states. However, existing soft lepton searches put high transverse
momentum cuts on the outgoing leptons. These analyses, although non-optimized for our
model, nevertheless show promising results. CMS Collaboration performed two searches
with displaced leptons at 8 TeV with a lepton momentum cut of p}. > 25 GeV [146] and at
13 TeV with the cut of pl. > 40 GeV [145]. While the momentum cut of the 13-TeV analysis
is too strong for our model, a fraction of events with displaced soft leptons falls into the
signal region of the 8-TeV analysis. Authors of [123] recast this analysis for quintuplet DM,
which leads to the same final state of displaced soft lepton pairs through a decay chain
of doubly-charged fermions. We rescale the quintuplet event rates by a factor of 1/4 and
derive the bounds for our model, requiring that the decay length of x* is equal to the decay
length of the doubly-charged quintuplet fermion. The resulting 95 % CL exclusion bound is
shown as a green area in Fig. 4.7. Even for such high plT cuts mediators with masses up to

me =~ 200 GeV were excluded.

We conclude that displaced lepton searches are indeed very powerful in testing models
that result in soft final-state objects at colliders. We propose to extend the long-lived
particle searches to smaller transverse momenta plT of the final-state leptons. This will
drastically increase the experimental sensitivity to a broad class of dark matter models
with compressed spectra. In our model, we show the potential reach of such searches in

red in Figure 4.7.
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Displaced b-jet pairs

Regions, where x. is short-lived, can still be tested with displaced searches by considering
decays of the heavy neutral state, x,. Produced via pp — x* x5, they decay mainly to a pair
of b-quarks (see Figure 4.8, lower leg), resulting in a signature of two displaced soft b-jets.

Authors of [138] analyzed this signature in the context of wino-bino scenario in SUSY.
They derived projections for the LHC at 14 TeV, assuming an integrated luminosity of
300 fb~! and taking the detection criteria for displaced vertices from the ATLAS search [147]
based on 8 TeV data. We reinterpreted their analysis and derived the bounds indicated in
orange in Figure 4.7. The dedicated analysis of 14 TeV data is expected to probe mediator
masses up to mp ~ 800 GeV.

The predicted detection efficiency is promising for a decay length in the range 1cm <
Ty, S 1m, with a peak around c7y, =~ 10cm. The lower edge of this area corresponds to
the largest length at which mediators still decay within the detector. Regions of smaller
(/v might be covered by the proposed surface detectors [148]. The upper edge is set either
by the sensitivity limit c¢7,, = 1cm or, at small m,. in the pseudo-scalar scenario, by the
requirement that mj = m. + m,. The latter indicates the point at which the spectrum
is inverted and yj decays dominantly via x; — x "7 . The hatched area shows the large

uncertainties on the displaced vertex reconstruction [138].

One displaced and one prompt lepton

Finally, a signature with two soft leptons with different topologies is possible in case of
normal hierarchy. In this region, mediators produced via pp — xx}, decay to one prompt
lepton, xT — x¢!Tv, and one displaced lepton, x5, — 7~ /ff (xT — x¢ltv). The latter
chain is suppressed by the mass splitting Amp.. The observed signature is one displaced
and one prompt soft lepton (either of the same or the opposite charge) and sizable missing
energy, see Figure 4.6. Similarly to the search for disappearing charged tracks, we assume
the outgoing pion to be undetectable. We indicate the potential reach of such search in red
in Figure 4.7. The upper edge of the area is determined by requiring a minimal nominal
decay length of cr,, 2 200 um. Above this line, the mass splitting Amy,. is large enough

for prompt decays. The lower edge is set by the kinematic threshold for a two-body decay,

myp, = me + my. Below this threshold, heavy neutral fermions decay mostly via 7, — x¢bb.

4.6. Discussion

Displaced searches at ATLAS and CMS are relatively new. However, they may be
the leading tool in exploring extended thermal dark sectors and are complementary
to missing energy searches. In particular, they can be used to tackle the problem of

soft objects at the LHC which naturally arise in scenarios with co-annihilation and

co-scattering.

The main reason is that these processes are very sensitive to the mass difference of the

dark sector particles involved in the decoupling process. In the singlet-triplet scenario,
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Figure 4.9: Sensitivity regions for displaced signatures at the LHC. Shown are the ranges of
nominal decay lengths of x* (salmon) or x,, (purple) that can be tested by ATLAS and CMS. Green
and blue areas have already been excluded by searches for disappearing charged tracks. The mass
difference Am,y is varied within the range that is compatible with the observed DM abundance.

the mass splitting between the lightest and the next-to-the-lightest state is Amgy ~ Amy; =~
15 — 30 GeV. In models with other combinations of electroweak multiplets, the typical
splitting ranges around Am ~ 5 — 50 GeV (see, e.g. [113, 123]). These numbers define the
necessary pp-cuts at the LHC that make the detection of such dark sectors possible
Displaced searches at CMS and ATLAS can probe small and intermediate mediator
lifetimes, larger displacement should be searched for at long-baseline experiments (see [57]
for a review). In Figure 4.9, we summarize the mediator decay lengths to which LHC is
sensitive. They are classified according to the nominal decay length of the mediator ™
(salmon) or yp (purple) in both scenarios. Colored areas correspond to regions accessible by
ATLAS and CMS detectors. Hatched regions could be probed with extended sensitivity. All
other edges are theory bounds (see text). Disappearing charged track searches have already
excluded the blue and green parameter regions in the scalar and pseudo-scalar scenarios
respectively. We see that our model predicts signatures with different final states in basically
all accessible layers of the LHC detectors. Therefore, it can serve as a relatively simple
toy-model for the discussed collider signatures. The search for DM from a small Higgs portal
is thus most efficiently done by gathering all these signatures in a combined interpretation.
In the next chapter, we will study displaced dark sectors at e*e™-colliders in the context of
the few-GeV-scale dark scalars. Such experiments are characterized by smaller center-of-mass
energies compared to the LHC, but also by much less background. The setup thus allows for

clean signatures for (soft) light objects.
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4.7. Outlook: soft displaced lepton pair at the LHC

In this section, I would like to dig a little bit deeper into the properties of the signature,
shown in the left panel of Figure 4.6. I would like to branch out from the DM paradigm and
discuss the possibility of performing an analysis of this signature in an as model-independent
way as possible. The parameter space of the singlet-triplet model can be parametrized by
three parameters,

Me, Amye, p/v. (4.32)

For each value of m., the DM interpretation fixes the mass splitting Am,; and the Higgs
coupling p/v by the combination of direct detection and relic density observations. If,
however, the DM condition is relaxed, the discussed parameters can vary. When performing
an analysis, it is important to explore its full potential, without restricting the search region
to specific models. We will therefore try to estimate, which range of parameters may be

accessible by the displaced search for soft leptons.

At colliders, the production rate pp — xTx ™ is set by m.'° and one of the most important
kinematic variables, the transverse momentum plT of the outgoing lepton, is mostly determined

by Am.. We will discuss these variables in more detail later on in this section.

Another distinct feature of our model is the sizable displacement of final-state leptons
which is usually characterized by their transverse impact parameters, dg. The impact
parameter, d, of a lepton is defined as the distance from the point of closest approach of
the lepton’s track and the primary vertex, see Figure 4.10. Its projection to the plane
perpendicular to the beamline is dy. This variable depends on the distance that the mother

particle y. flies before decaying,
de = (B7)ccTe, (4.33)

where (7). is the Lorentz boost of x., as well as from the angle at which the lepton is

emitted.

For a decent precision of the lepton displacement detection, the outgoing leptons have to
leave at least one hit in the inner tracking system of the LHC detectors. The corresponding
impact parameters need to satisfy dyp < 12 cm for ATLAS and dy < 10 cm for CMS. In
addition, the displacement needs to be larger than the primary vertex resolution which is
do =~ 200 pm for both detectors. The main SM processes that mimic the symmetric lepton
signal with such displacements are the semi-leptonic decays of B hadrons produced in the
multijet events with heavy flavor jets. The proper decay length of B hadrons is of the order

of 200 um resulting in the displacements inside the search region.

The experimentally accessible parameter space is characterized by large enough mass
splittings Am,; (such that the final-state leptons have detectable transverse momenta plT),
compromised values of 11/v and not-too-high masses m.. Large couplings are challenging due

to high backgrounds, whereas very small values of p/v result in the suppressed cross section

10Note that this process can be mediated by both Z* and ~*.

99



Figure 4.10: Impact parameter d of a lepton, for the definition see text. A long-lived particle,
produced at the primary vertex (PV), decays with a displacement creating a secondary vertex (SV).

of the process of interest!!

. Lighter mediator masses are easier to detect due to higher
production rates. We illustrate the rather steep dependence of the mediator production
cross section, o, in the left panel of Figure 4.11. On the other hand, the transverse impact
parameter slightly decreases at small m,: lighter, and thus more boosted mediators tend
to move more into the forward direction, as opposed to the very heavy states which are
more likely to be produced in an arbitrary direction. Consequently, leptons, inheriting
the mediator’s boost, are produced with smaller transverse impact parameters dg if the
mediators are light. This effect is even more pronounced for the very boosted B hadrons
from the background.

In the regions of interest, the charged mediators’ production cross section varies in the
range o, ~ 0.1 — 10 pb, see left panel of Figure 4.11. The total cross section of the full chain
can be estimated as

Otot ~ 0. B (lept), (4.34)

where B(lept) is the branching ratio of x* — [*X with X being any SM or dark particle.

Focusing on the decays to only one lepton flavor combination, the latter can be estimated as

'y
B(lept) ~ 435
(lept) 30y + 2Ny + 0y (4.35)

where the first term in the denominator corresponds to the decays to three lepton flavors
(see Equation (4.29)), the second term — to decays into light quark pairs (N, = 3 is the color
factor and for simplicity we set the CKM elements V,,4 ~ V.5 ~ 1) and the latter term — to the
pion decay rate (see Equation (4.30)). For example, for I'yy = 9 'y (lower lepton branching
ratios of y. would be hard detect expermentally), B(lept) ~ 10%, resulting in oyt ~ 1020,
This cross section grows with the increase of I'yyy only mildly. Importantly, the number of

background events is orders of magnitude higher [145] so sophisticated selection of the most

YWe remind the reader that apart from the leptonic/hadronic channels, x¢ can also decay via the mixing-
insensitive mode, x* — x»7t (see Equation (4.30)).
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Figure 4.11: Features of the charged mediators at the LHC depending on the m,: production
cross section at /s = 13 TeV (left) and the normalized pseudorapidity distribution (right).

=
=]

10°

16 me [GeV]
T . 120
1.4 HEE 220
o Il 320
I 12
L “E-' < W 420
= | + 10 520
g 107t g -
;g - me [GeV] E 0.8 |
b — Il 120 1} 0.6
. 220
Em 320 E 0.4
420
=50 0.2 .
102 =
0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
e+ o(I* MET)

Figure 4.12: Lepton kinematic distributions for different mediator masses: 3D angles between the
leptons (left) and between one lepton and MET (right). Other parameters are set to Am,.; = 20,
p/v=1075.

discriminating phase-space regions, preferably made using neural network techniques, are
necessary for a successful analysis.

Let us, therefore, discuss the main kinematic features of the signal model. The pseudo-
rapidity distribution of the charged mediator, illustrated in the right panel of Figure 4.11,
confirms the tension of heavier mediators to be produced closer to the beamline. Varying
the mediator’s mass also affects angular distributions of the outgoing leptons. From the
left panel of Figure 4.12, we conclude that light mediators are more likely to be produced
collinearly, resulting in small angular separation between the daughter leptons. Similarly, the
collimated production of light mediators leads to the back-to-back configuration of leptons
and MET shown in the right panel of Figure 4.12. Some other experimentally important
values are almost insensitive to m.. They include lepton transverse momentum, MET and
the azimuthal angle between the lepton and MET.

The mass splitting between y; and x. controls the pp of the outgoing lepton, as well as the
amount of produced MET, see Figure 4.13. The increase of the latter for large mass splittings
is due to more energy released into the active neutrinos. Note that for all the mass splittings

considered our model does not predict significant MET. In the right panel of Figure 4.13

61



10-1 Am,, [GeV] Amg [GeV]
. 50 107! . 50
40 — . 40
30 . 30
20 . 20
5 102 f— L
s 10 N 10
3 s
3 5 102
- o 10
b b
1073
10~* 10-3 . -LLLLL
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80
MET [GeV] pril*) [Gev]

Figure 4.13: Lepton kinematic distributions for different mass splittings Am,;: MET (left) and
transverse momentum of the lepton (right). Other parameters are set to m. = 320 GeV, u/v = 107°.
Vertical grid lines in the right panel show the momentum cut that is currently used in the CMS
displaced lepton analysis [145] (solid line) and the one proposed in this text (dashed line).

we show the plT distributions of the outgoing leptons for different mass splittings. We also
indicate the momentum cut of plT = 40 GeV currently used in the displaced lepton analysis
by the CMS Collaboration [145]. We see that most of the signal is lost due to this cut. For
example, the point Amg = 22 GeV in this plot at which the correct DM relic density is
achieved for yy, would most probably be undetectable.

Therefore, we are currently designing a new analysis together with Susanne Westhoff and
Nishita Desai, as well as with our colleagues from CMS, Abanti Ranadhir Sahasransu and
Freya Blekman, who perform dedicated background study and use neural-network techniques
to enhance the signal /background discrimination. Our work is intended to serve as a showcase
of an analysis that allows probing lepton transverse momenta down to plT = 20 GeV by
relying on the significant displacements of the leptons and distinct kinematic features of the
signal model. Making such search experimentally possible will imply designing new triggers

that allow for a lower péf threshold.
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5. Long-lived light dark sectors

In the previous chapter, we saw that long-lived particle (LLP) searches at colliders are very
powerful at testing Higgs portals at the electroweak scale. Here we would like to present
the prospectives for the LLP signatures at GeV scales. The content of this chapter and the
related Appendix C is based on work done in collaboration with Ruth Schéifer and Susanne
Westhoff (Heidelberg University) and published in [149]. Most of the results as well as a
significant part of the text are taken from the corresponding publication. The credit for the
analysis of the missing energy signatures discussed in Section 5.2 is entirely entitled to Ruth
Schifer and Susanne Westhoff.

5.1. GeV-scale dark particles through the Higgs portal

As discussed in Section 2.1, new scalars can couple to SM through the renormalizable Higgs
portal. In this section, we show an example of such a theory with the new scalar playing the
role of mediator between the SM and the DM. We show how displaced searches at existing
colliders can explore large parts of such models, extending the current exclusion limits and
even competing with some future long-baseline experiments.

Dark scalars are simple and thus appealing extension of the SM [150, 151]. They can play
role of mediators to dark sectors [152]!, force the first-order electroweak phase transition
needed for successful baryogenesis [154-156] and play a role of the inflaton [157, 158|. In
this chapter, we mainly address the DM problem. However, due to the model independence
of the analysis, the results obtained can be used in all the above theories.

Let us now introduce a new real scalar, ¢, and a Dirac fermion, y, both of which are
singlets under the SM symmetries but charged under a discrete Zs symmetry. The latter
insures the stability of the fermion preventing its mixing with neutrinos. The Lagrangian of

our model reads

1
L= Lsm — §m§>¢2 — w|HP¢ — yy Xxod — 5myXx — A¢*[H > — X3¢ — Aag?, (5.1)

where Lgy is the SM Lagrangian. Couplings A3/4 do not affect the phenomenology discussed
in this study so for simplicity we set them to zero. Similarly, we assume A = 0. Restoring its
nonzero value changes the way the effective couplings are expressed in terms of fundamental

parameters but does not change the physics conclusions of this chapter?. After the EWSB,

In Section 3.3 we discussed the challenges that models where the scalars themselves play the role of DM
face, see also discussion in [152, 153].

2Note, however, that the neglected couplings should be considered in a general analysis of our model since
they may affect other collider signatures, as well as cosmological processes.

63



the hew scalar ¢ mixes with the Higgs field hy through

2 2
1 ms + v v 10)
Linass = =5 My ®]®;, M = ¢ . D= : (5.2)

2
J% mp, ho

where the mass term my h2/2 originates from the SM part of the Lagrangian in Equa-
tion (5.1).

The physical masses of the new scalar S and the Higgs boson h are obtained by diagolizing
the matrix M with

. m2 —m2
S co ¢ + 59 ho 51n29:%<1+ ¢Am2h0>’
) ; (5.3)

h —S$0 ¢+ co ho (Am?)? = 4v?u? + (m?¢> - m,?lo)2 ,

where we used the compact form sy and ¢y for the sine and cosine of the mixing angle 6.
The corresponding mass eigenvalues are

(mi - mio - Amz) , (5.4)
(mi - mzo + Am?) & (125 GeV)?.

ERES
([
N D=

Due to the mixing, both physical scalars couple to the SM fermions f and the dark fermion

X
Ly =y (s0Xxh = coxxS) = > =L (co Ffh+ 50 [ 1S). (5.5)
f

where m is the fermion mass and v = 246 GeV is the vacuum expectation value of the Higgs

field.

From the Lagrangian in Equation (5.5), we see that S follows the flavor-hierarchical
coupling structure of the SM Higgs boson. This feature will have important phenomenological
consequences. The decay width of the new scalar is determined by its partial decay rates to

the SM particles I'syr and to the dark fermion I'y g,
I's = Sg T'sm + cg I'vx, (5.6)

where for presentation purposes we factored out 6-dependence in the above expression. We
see that SM (“visible”) decays are mixing-suppressed with respect to the “dark” ones. The

corresponding branching ratios of S to SM leptons, ¢, and dark fermions, x, read[159]

— s2T,;  m2simg Am2\ */?
B(S —0f) =204t — 20> _ L 5.7
(5= £0) s 8mv? Ig m% ’ (5:7)
2 2.2 2\ 3/2
_ c;Uyvy  YyCopmg 4m
B(S — — 0 XX _ IXTO T [ X )
(5= X0 = "5 = % T m?

Below the muon threshold, photon and electron channels become important. However, this
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Figure 5.1: Decay modes of a new scalar taken from [160] for sy = 1, mg here corresponds to mg
in the text. The vertical line indicates the change between the dispersive analysis (left) and the
spectator model (right) treatments.

region is highly constrained from kaon decays experiments [160]. It also suffers from cosmo-
logical and astrophysical bounds. The latter include bounds from Big Bang nucleosynthesis
(BBN), energy losses in supernovae (SN) and self-interaction constrains on the S-mediated
forces between x particles if they play role of DM [160, 161]. Therefore, we do not include

this region in our analysis.

Calculating the new scalar’s lifetime requires the inclusion of its hadronic decay modes.
The latter is very challenging and is a subject of ongoing research (for more details, see [160]
and references therein). Several approaches are on the market, tackling this problem in
different kinematic regimes. At low masses of S, chiral perturbation theory (ChPT) is
applicable. The corresponding form factors can be realistically estimated for mg < 0.5 GeV.
At high masses, the perturbative spectator model can be used reliably. The essence of this
approach lies in treating decays of a specific quark within a hadron independently from the
other quarks that act as “spectators”. In our case, such approach is valid for mg > 2 GeV.
The intermediate-mass regime is the most challenging, and the best-performing theory of
hadrons at these energy scales has not yet established. Currently, one of the most successful
approaches is dispersive analysis. It is based on the causality and unitarity conditions
on the processes’ amplitudes. In this work, we adopt the calculations of Ref. [160]| that
uses dispersive analysis for mg < 2 GeV and spectator model higher masses. However,
in the region of 1.3 GeV < mg < 2 GeV large corrections are expected. This is due to
multihadronic modes that are not taken into account the analysis. In Figure 5.1, we show the
scalar’s decay rates to the SM states. The mass at which the switch between the dispersive
analysis and spectator model treatments happens is indicated by the vertical line. The

possible charmonium resonances are not included in our calculations.
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Figure 5.2: Dark scalar production in semi-mesonic decays of B mesons. The production rate
relies on the scalar’s coupling to the top quark (orange dot), the decay rate is controlled by the
coupling (blue dot) that depends on the mass of the decay product f.

5.2. Dark scalars in B meson decays

In this section, we mainly focus on the physics of dark scalars at the so-called B factories.
At these experiments, a very large number of B mesons is produced (for a review, see [162]).
Optimized for the reconstruction of long-lived kaons in B decays, these experiments are also
designed for high precision measurements of relatively light displaced particles, making their
setup perfect for searches for GeV-scale dark sectors.

At B factories, light dark scalars are resonantly produced in meson decays. In the case of
B, mesons (where ¢ = s,d), the scalar S is produced at the loop level through a penguin
diagram, see Figure 5.2, upper part 3. The corresponding effective interaction reads

C
Lox =" (myrbr +mgTrbr) S, (58)

where Cp, is the dimensionless Wilson coefficient. The latter is identical to the one of the

Higgs boson (see e.g. [163]) with an additional suppression factor of sin 6,

. 3\/§GFm§

qu = 1672 thv;q sg+ O <m25> . (5.9)

w

In the narrow-width approximation, the lepton/dark decay rates of S thus scale with

coupling as
B(B — KS)B(S — £f) 53% , (5.10)
S
B(B — KS)B(S — X)Z) x sgcg%.
S

If mg > 2m, and y,cg > mysy/v, invisible decays dominate. In the case where dark decays

are kinematically forbidden, i.e. for mg < 2m,,, only decays to SM particles take place. As

3Note that the tree-level contribution is absent since flavor-changing fundamental couplings are absent in
our model.
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mentioned in the previous section, the latter is more favorable if y is meant to play role of
DM. Strongly suppressed by the coupling, visible decays become displaced at collider scales,
opening up a possibility to be tested at various collider and fixed-target experiments. If
kinematically allowed, the outgoing meson can induce subsequent decays to S (for example,
via the chain B — K S, K — 75).

Naturally, dark scalars can be probed at colliders in two ways: in searches for missing
energy and in lepton/hadron displaced searches. While both of them provide intriguing
results, in this thesis we mainly focus on the displaced visible decays, only briefly
mentioning the potential of the missing energy signatures. The latter was explored in
detail by Ruth Schéfer and can be found in [149].

Dark scalars in missing energy searches

Dark scalars that originate from B mesons provide two types of missing energy signatures:
semi-invisible (e.g. B — KF), and completely invisible (B — F).

The first signature has been studied in the SM context at BaBar [164] and Belle [165,
166]. These searches rely on the tree-body topology of B(B — Kvv) and thus, can not be
reinterpreted in our model. Therefore, we used the only available model-independent bounds
on B — K[ from the BaBar search [167] and found that even this non-optimized search
excludes mixing angles 6 2 0.006 and masses mg < 4.5 GeV at 95% CL. Our projection for
Belle IT at 50/ab based on [168] shows the potential of excluding regions down to 6 ~ 1073.
To increase the sensitivity, we suggest to perform a dedicated search that relies on the
two-body kinematics of B — K S(— xX) in the on-shell regime, mg < mp —my. In the low
mass region, semi-visible kaon decays also become relevant. The currently strongest bound
of # <0.22 on B(K™ — 7t ) by E949 [169] can be extended to 6 < 0.01 at NA62[170, 171].

Searches of the fully invisible decays B, — x X have high sensitivity around the resonance
mg = mp,. The currently strongest bound on invisible decays B(Bg — ) < 1.4 x 1077 [172]
derived by Belle Collaboration, excludes mixing angles down to # ~ 0.02 in a narrow region
around the By mass. This result can be significantly improved at Belle II [168], reaching
6 ~ 0.03. Studying an additional signature, By — F, could extend this region down to
f ~ 0.008.

The invisible scalar decay rate is also bounded from above by invisible Higgs decay
measurements [173], as well as from the bounds on the Higgs coupling strength to visible
matter[174]. Their projections at the HL-LHC provide the strongest bounds in the high-mass
region, mg 2 5.7 GeV, which we estimate as 6 < 0.005 and 6 < 0.008 correspondingly.

In summary, the invisible decays are sensitive to mixing angles down to # ~ 1073.
Interestingly, assuming dark decays of .S being suppressed, displaced searches probe much

smaller mixings.
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5.3. Long-lived dark scalars in displaced searches

In the case dark decays S — xX are negligible or kinematically forbidden, S lifetime is
determined by the decay modes to the SM, shown in Figure 5.1. In Figure 5.4 we display the
proper decay length* of S in the (mg,6)-plane. The scalar appears long-lived at detector
scales already for @ ~ 1072 and its decay length scales quadratically with 6. Due to the flavor-
hierarchical structure of the couplings (see Lagrangian in Equation (5.8)), the scalar’s decays
become displaced at mixings that still result in a decent production rate. For illustration,
see Figure 5.2 where the blue (orange) poin