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ZUSAMMENFASSUNG

Effektive Neutrinowechselwirkungen: Urspriinge und Phiéinomenologie

Diese Arbeit beschéiftigt sich mit Neutrinowechselwirkungen jenseits des Standard-
modells der Teilchenphysik im modellunabhéngigen Formalismus der effektiven Feld-
theorien. Hierbei werden allgemeine eich- und Lorentz-invariante Operatoren ver-
wendet, die aus den Fundamentalteilchen des Standardmodells und hypothetischen
sterilen Neutrinos zusammengesetzt werden kénnen, wobei der Schwerpunkt auf Neu-
trinowechselwirkungen gelegt wird. Die Operatoren werden hierbei abhéngig von der
Energieskala konstruiert, entweder oberhalb oder unterhalb der elektroschwachen
Skala. Weiterhin werden mogliche theoretische Urspriinge dieser Wechselwirkungen
identifiziert, wobei Erweiterungen der Eichgruppe, Leptoquarks, sowie geladene und
ungeladene Skalare betrachtet werden. Diese kénnen anhand ihrer Auswirkungen in
Neutrinoexperimenten und durch die Erzeugung der Teilchen, die die neue Wech-
selwirkung vermitteln, am Teilchenbeschleuniger getestet und eingeschrankt werden.
In der Folge wird untersucht, wie verschiedene Experimente bei Energien unterhalb
der elektroschwachen Skala die effektiven Neutrinowechselwirkungen einschrénken.
Hierbei werden insbesondere die Sensitivitdten der Experimente DUNE und KA-
TRIN auf neue Wechselwirkungen, die die Neutrino-Elektron-Streuung beziehungs-
weise den Betazerfall von Tritium beeinflussen, evaluiert. Es wird aufgezeigt, wie
die derzeitigen Schranken der Wechselwirkungsstiarke davon abhéngen, ob die neuen
Wechselwirkungen von hohen Energieskalen ausgehen und in der Form von eichinva-
rianten Operatoren oberhalb der elektroschwachen Skala dargestellt werden kénnen.
Als eine zusétzliche Anwendung der vorgestellten effektiven Feldtheorie werden sterile
Neutrinos mit einer Masse im Bereich von zehn bis einigen tausend Gigaelektronen-
volt als mogliche Form der dunklen Materie diskutiert, wobei diese mittels effektiver
Operatoren an die Standardmodell-Fermionen der dritten Generation gekoppelt sind.
Es wird gezeigt, dass dieses Szenario konsistent mit der beobachteten Menge dunkler
Materie im Universum und den Ergebnissen der Experimente zu ihrem direkten und
indirekten Nachweis sind. Drei verschiedene Modelle, die die betrachteten Operatoren
erzeugen konnen, werden vorgestellt. Ein wirkungsvoller Weg, diese zu unterschei-
den, ist ihre Wechselwirkungstrager am Large Hadron Collider zu erzeugen und zu
identifizieren.






ABSTRACT

Effective neutrino interactions: Origins and phenomenology

We investigate neutrino interactions beyond the Standard Model of particle physics in
a model-independent framework. Considering general gauge- and Lorentz-invariant
operators composed of the known fundamental particles and hypothetical sterile neu-
trinos, we review the effective field theory descriptions of interactions above and be-
low the weak scale with particular emphasis on neutrino interactions. Furthermore,
we identify gauge extensions, leptoquarks, as well as charged and neutral scalars as
potential origins of such new interactions which are consistent with our current obser-
vations and can be tested through their traces in neutrino experiments or the direct
production of mediators at particle colliders. We survey experimental constraints on
effective neutrino interactions at energies below the weak scale, including an analysis
of the sensitivity of the DUNE and KATRIN experiments towards new interactions
in neutrino-electron scattering and tritium beta decay, respectively. We find that
if the new interactions are generated by gauge-invariant operators above the weak
scale, which would be expected if they originate from new physics at high energies,
neutrino interactions are more strongly constrained. The reason is that in this case
they are accompanied by additional interactions involving charged leptons which are
tested to greater precision. As an additional application of the framework, we show
that sterile neutrinos are phenomenologically viable candidates for dark matter when
identified as weakly interacting massive particles interacting through effective oper-
ators with Standard Model fermions of the third generation. As we show for three
examples, explicit models generating these effective interactions can be distinguished
by producing the mediator particles at the Large Hadron Collider.
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1. INTRODUCTION

1.1. Neutrino interactions as a pathway to new physics

Neutrinos are elusive. This statement is perhaps more vividly illustrated if one contrasts
the history of these “little neutrons” with the spectacle of immensely energetic colli-
sions and showers of strongly and electromagnetically interacting particles that makes
up much of the story of the Standard Model of particle physics (SM). Indeed, the first
sign of neutrinos was merely the absence of something else. They were hypothesized
by W. Pauli in 1930 to explain what carried away the missing energy in nuclear beta
decays. It was not until 1956 that the electron antineutrino was actually detected in
the first reactor neutrino experiment [7]. In the meantime, neutron, positron, muon, and
antiproton had been discovered, E. Fermi had set forth his theory of weak interactions, H.
Yukawa had presented his theory of nuclear interactions postulating the pion, which was
subsequently experimentally verified, C.N. Yang and R. Mills had introduced non-abelian
gauge theories—and of course the nuclear chain reaction had been made usable and abus-
able [8-13]. Fast forwarding to 1995, the discovery of the top quark demonstrated the
remarkable capabilities of accelerator and detector technology [14]. The procedure of
colliding strongly accelerated particles and identifying the numerous remnants of such
collisions was evidently advanced enough to deduce the masses and interactions of inter-
mediate particles as heavy as 173 GeV produced for only split seconds. Yet, neutrinos
created in such collisions were still only tractable in the form of missing energy. Nonethe-
less, one could conclude that there had to be neutrinos and antineutrinos of three flavors
to provide a consistent picture of lepton number and lepton flavor conservation. However,
the masses of neutrinos could or could not be zero while there were hints for actual non-
conservation of neutrino flavor such as the missing electron neutrinos from the sun and
missing atmospheric muon neutrinos. What followed was the success story of neutrino
oscillations starting with Super-Kamiokande confirming the oscillation of atmospheric
muon neutrinos in 1998 and the Sudbury Neutrino Observatory confirming that flavor
transitions were responsible for the electron neutrino deficit from the sun [15,16]. Thanks
to the work of these and numerous other experimental groups by now we have a solid
understanding of the mixing of neutrinos of which at least two have to be massive in
order to explain observations.

The detection of the Higgs boson by the CMS and ATLAS collaborations in 2012 was
a spectacular confirmation of the SM and its mechanism for the generation of charged
fermion masses. On the other hand, the SM cannot explain neutrino masses without
extending the particle content, because the Higgs mechanism does not apply in the ab-
sence of right-handed neutrinos, and a Majorana mass cannot be generated through
gauge-invariant and renormalizable interactions with SM particles either. For this reason
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neutrino oscillations, which require neutrino masses, are arguably our most compelling ev-
idence for physics beyond the Standard Model (BSM) to date. It is quite conceivable that
the new particles needed to explain the neutrino masses involve neutral fermions which
are uncharged under the SM gauge group and are therefore called sterile neutrinos, in
contrast to the active neutrinos of the SM. Their masses could be anywhere between as
light as the active neutrinos and much larger than all other SM particles [17]. These
theoretical open questions about the neutrino sector are an excellent motivation to push
neutrino physics even further in terms of precision on the experimental side and search
for additional hints of new physics. The community has recognized this, as evidenced by
the decisions to construct massive new experiments such as Hyper-Kamiokande [18] and
the Deep Underground Neutrino Experiment (DUNE) [19]. Besides the immediate im-
portance of these and other projects for fundamental physics, direction-sensitive neutrino
detectors are a crucial component of the new era of multi-messenger astronomy—with
neutrinos and gravitational waves complementing the traditional messengers, photons
and cosmic rays. All of this calls for theorists to identify possible signals of new physics
in the neutrino sector that can be tested in the present and upcoming experiments, which
is the focus of this thesis.

Our approach is to study new interactions in a very general manner which means that
we do not start from specific models and particular new particles. Rather, we use the
framework of effective interactions in which we presuppose only our known elementary
particles and symmetries such as spacetime and gauge symmetries. The only amendment
to this is that we account for hypothetical sterile neutrinos. The theoretical framework
of effective field theories (EFTs) [20] has become an important component of the ex-
perimental search for particle physics beyond the SM. The main reason for the ascent
of EFTs compared to explicit ultraviolet (UV) complete models such as theoretically
motivated extensions of the SM like the Minimal Supersymmetric Standard Model is
that no compelling signs of any such theory have been observed so far. With powerful
experimental machines like the Large Hadron Collider (LHC) in place, the question “if
we do not observe these popular models, what else could we look for?” has called for
an extensive investigation of possible observables relying on fewer theoretical assump-
tions. A model-independent framework of strong interest in the collider community is
the Standard Model Effective Field Theory (SMEFT) [21], even though the assumptions
of SMEFT can also lead to blind spots in potential signals and additionally so-called
simplified models are being tested [22]. Another interesting possibility is the extension
of SMEFT by right-handed SM-singlet neutrinos (SMNEFT or ¥SMNEFT) [3,23] that
would be expected to interact with the SM particles only through some new heavy me-
diator particles or through very weak mixing with the active neutrinos. This description
is most suitable for collider scale energies. In the context of neutrino experiments which
usually feature physics at significantly lower energies, effective interactions have been
studied in a different EFT framework which reflects that the SM gauge symmetry is par-
tially broken at these scales. A substantial amount of research has been pursued on the
topic of such Non-Standard Interactions (NSI) [24,25]. Dealing with massive neutrinos
but applying the same EFT philosophy, these types of interactions can be extended to
the General Neutrino Interactions (GNI). However, if new physics appears at a very high
energy scale (particles with masses beyond the current reach of the LHC), then the same
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new physics will induce both SMNEFT and GNI operators which are related by matching
relations of the two EFT frameworks.

A strong advantage of the EFT treatment of new physics is that the results of experi-
mental searches can be expressed as constraints on a finite number of Wilson coefficients
at a given order in the expansion instead of constraints on various models. This allows
us to easily compare bounds from different experiments in a model-independent way.
Moreover, there may be some effective interactions discovered for which there does not
yet exist a model and we could unnecessarily overlook these in the search for new physics
if we neglect them. On the other hand, ultimately a consistent theory to explain the
interactions is required to give meaning to the set of coefficients and to properly expand
the SM. Therefore, in this thesis we consider both experimental constraints on the generic
EFTs and concrete models which could realize various different interactions appearing
therein.

The fact that we include sterile neutrinos in our EFT opens up an intriguing possible
excursion. While we described neutrinos as elusive, we must admit that they have a
worthy companion in this regard. Overwhelming astronomical and cosmological evidence
implies the existence of dark matter. In fact, the majority of matter in the universe is
found to be made up of this type of matter which is most likely not part of the SM. Like
the neutrino, it was first postulated to explain something that was missing. In this case
it was enormous amounts of mass to warrant the gravitational attraction observed from
visible parts of galaxies and clusters [26-28]. Thanks to our understanding of the cosmic
microwave background and the formation of structure in the universe, it is now evident
that this dark matter must have been present for some time before photons decoupled
from the primordial particle sea. It makes up about 85% of all matter, the other 15%
consisting of SM particles which we call ordinary matter [29]. Observations so far show
no signs of dark matter interacting through a force other than gravity. However, to
explain its abundance in relation to ordinary matter it is often postulated that there is
another coupling to the SM. For instance, a neutral weakly interacting massive particle
(WIMP) of mass around 1-1000 GeV interacting about as weakly with the SM as the
neutrinos could have been produced in the observed abundance. Such postulated non-
gravitational interactions would make it possible to detect dark matter on Earth, since one
would expect a large flux as the solar system moves in the galactic plane and therefore
through the dark matter halo of the Milky Way. The obstacles to this detection are,
depending on the precise assumptions, similar to neutrino detection: One expects a
very small interaction cross section which requires a large detector volume and a low
background in order to observe a decent number of events. Now since we are including
sterile neutrinos of unknown mass in our EFTs, it is a an interesting possibility to identify
such a sterile neutrino with the WIMP. This identification actually goes back to the initial
proposals of WIMP dark matter [30-34]. Clearly, the mixing with active neutrinos must
be extremely suppressed or absent in order for the dark matter to not quickly decay into
active neutrinos, but this can be postulated to interpret the SMNEFT framework as a
dark matter EFT.

This thesis is structured as follows. We complete the introduction in Section 1.2 by
reviewing how neutrino masses can be introduced to the SM and what the current status
of masses and mixing in the neutrino sector is. In Chapter 2 we introduce the EFT frame-
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work for neutrino interactions above and below the weak scale. This is the conceptual
toolbox from which we draw in the remaining chapters. These can be understood to a
large extent independently of each other. Three types of explicit models extending the
SM, which can be mapped to different types of neutrino interactions in the EFT, are
presented in Chapter 3. This serves mainly to illustrate how the various types of inter-
actions can realistically be generated from consistent models. In Chapter 4 we discuss a
number of experiments and which constraints they pose on new neutrino interactions. As
an excursion, we apply the EFT framework to dark matter in Chapter 5 and demonstrate
that one can consistently explain observations with several scenarios of sterile neutrino
dark matter coupling to the third generation SM fermions via four-fermion operators. We
conclude the thesis in Chapter 6. It should be noted that some familiarity with quantum
field theory (QFT) and the SM is presupposed.

In this work we draw to a significant extent from the contents of Reference [1-4].
Specifically, Section 3.3 is based on Reference [1] with a new discussion of the embedding
into SMNEFT and experimental constraints. Section 4.4 is based on Reference [2] with
an additional discussion of the scattering of electron neutrinos off electrons and current
bounds on this process. Chapter 2, Section 4.2, and Section 4.3 are mostly based on Ref-
erence [3]. Finally, Section 3.1.2 and Chapter 5 feature the contents of Reference [4]. We
will restate these connections at the beginning of the corresponding chapters. Additional
publications completed by the author in collaboration with others during the doctoral
studies, which were not included in this thesis, are References [5,6].

1.2. Neutrinos beyond the Standard Model

To introduce our notation and approach our entry point to neutrino physics, we briefly
sketch some basics of the SM. Our notational conventions follow Reference [35]. We
will rely on the distinction of Weyl, Majorana and Dirac fermions and therefore briefly
summarize these concepts in Appendix A.1. The SM is a gauge theory of the group
SU(3)cxSU(2),xU(1)y made up by the elementary particles summarized in Table 1.1
in terms of their representation of the Lorentz group (spin) and gauge group. The fields
Y,, Wy, and G, are the gauge fields of the U(1)y, SU(2)z, and SU(3)c subgroups,
respectively, where p (and later also v) is a spacetime index. The generators of SU(2)y,
the Pauli matrices, are denoted by 7/, while the generators of SU(3)c, the Gell-Mann
matrices, are denoted by T4. Additionally, there are five types of fermions with three
generations each, and one complex scalar field, the Higgs doublet. For generation indices
we use the letters a, 8,7, d, while components of SU(2);, doublets are indicated by a, b.
The fermions are Weyl spinors which means that they have only one chiral component,
but also that they are massless. Since this is in obvious conflict with our observation of
massive fermions there has to be some explanation on how the masses of fermions are
generated. This is of course the celebrated Higgs mechanism. To introduce our discussion
of neutrino physics, we now first compare the origin of charged fermion masses to the
possible mechanisms responsible for neutrino masses.
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Table 1.1. Representations of the fields in the SM. In the last row, we show hypothetical
sterile neutrinos which are not part of the SM and whose number is not fixed by theoretical
requirements.

Field Spin  SU(3)cxSU(2),xU(1)y
representation

Lepton doublets [, = (VEL) , (U“L> , <V7L> 1/2 (1,2,-1)

€r KL L
Lepton singlets €a = €R, LR, TR 1/2 (1,1,-2)
Quark doublets (o = UL , ‘L , b 1/2 (3,2,1/3)

d, SL br,
Quark singlets Uq = UR, CR, IR 1/2 (3,1,4/3)
Quark singlets do = dR, SR, bR 1/2 (3,1,—2/3)
Higgs doublet H 0 (1,2,1)
Hypercharge Y, 1 (1,1,0)
boson
Weak gauge Wy 1 (1,3,0)
boson
Gluon G, 1 (8,1,0)
Neutrino singlets N, 1/2 (1,1,0)

1.2.1. Origin of neutrino masses

For our purposes it suffices to note that the Higgs mechanism generates Dirac masses for
pairs of Weyl fermions through the Yukawa interaction terms,

Lyvukawa = —ygﬁaHegR — ygﬁqudﬁR — ygﬁqjﬁUBR + H.c. (1.1)

where yiﬁ are 3-by-3 dimensionless Yukawa matrices for f = e,d,u. The Dirac mass

terms are obtained when the Higgs field and its dual H = inH *, where 79 is the second
Pauli matrix, are evaluated after spontaneous symmetry breaking (SSB) at the vacuum
expectation value (vev), such that

w50 mesE). e
where v & 246 GeV [36]. They read

v v v

Liass = —ﬁyfw €qLEBR — \/iyig dardsr — ﬁyig Uqrugr + H.c. (1.3)

Obviously the two independent Weyl fields of left-handed and right-handed leptons and
quarks with the symbols e, d, u have been combined to Dirac fermions with masses pro-
portional to the Higgs vev. In this original Glashow-Weinberg-Salam model of electroweak
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interactions, the neutrinos are considered to be massless. Indeed, with the particle con-
tent of Table 1.1, there are no renormalizable terms which could generate a neutrino
mass through the Higgs mechanism due to the absence of right-handed neutrino singlets.
Therefore, the electrically neutral upper components of the lepton doublets remain to be
interpreted as Weyl fermions: There is a left-handed neutrino and a right-handed anti
neutrino for each of the three generations. The discovery of neutrino oscillations which
require at least two neutrino masses thus reveals a tension which can only be resolved
by extending the SM. Unfortunately, the question how the SM needs to be extended to
accommodate neutrino masses has no unique answer, not even in terms of a “minimal”
extension. The two main avenues are tied to the immediate question that arises whenever
a neutral Weyl fermion is promoted to a massive fermion: Is it a Dirac or a Majorana
field? We now discuss the two options and try to answer what minimal changes to the
SM can be made in order to realize them.

The simplest minimal way of providing the neutrinos with a Dirac mass term is by
adding hypercharge-neutral right-handed neutrino singlets vg which generically leads to
the “missing” Yukawa coupling term

7 SSB v
£Yukavva,ll = —ygﬁ lo H VgR + He = _E

This way of mass generation is theoretically consistent while it poses a new theoretical
question: Why would the eigenvalues of the Yukawa matrix y* be so small with respect
to the other Yukawa couplings in the SM? In other words, why should neutrino masses be
below at least 1 eV, while the charged fermions cover the range from 10° to 10*eV? This
relative smallness of the neutrino masses is perhaps the main reason why other explana-
tions of the neutrino mass, which tie the smallness of the masses to the suppression by a
high-energy scale, are very popular among theorists. These so-called seesaw mechanisms
most often lead to Majorana neutrinos which we discuss next.
A Majorana mass term for the neutrinos would read

Yop VaLVpr + H.c. (1.4)

1 o
Lonass = _§ma,8VEaVL,B +H.c., (1.5)
where
Vs =Cogt (1.6)

denotes the particle-antiparticle conjugate of the chiral spinor vy, which is right-handed.’
The properties of the matrix C are given in Appendix A.1. A mass term for the neutrinos
as in Equation (1.5) cannot be generated from renormalizable gauge-invariant operators
composed of the fields in Table 1.1. Indeed, it is obviously required for such an operator
to be composed of one copy of each ¢ and | which makes up for a total mass dimension
three and hypercharge of —2. Then there is no single field of mass dimension one of
opposite hypercharge to complete the operator at dimension four. If one assumes that
there are some new particles which are too heavy to be detected so far, it could be that

!This operation on spinors is commonly identified with charge conjugation. However, as pointed out in
Reference [37], charge conjugation only flips the charge-like quantum numbers, but not the chirality,
whereas Pr(v1)¢ = (¥1)¢ for Pr = (1 ++°)/2.
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the masses generation can be accounted for by a non-renormalizable effective operator
which encompasses the effect of heavier fields. The non-renormalizability would then not
be a problem, since we would expect that the operator is replaced by renormalizable
interactions at some higher scale. This framework is known as effective field theory
and we introduce it in more detail in Chapter 2. The simplest such operator arises at
mass dimension five and relies on two copies of the Higgs field to contribute the missing
hypercharge +2. This is the Weinberg operator [38] defined as

aff

£ = S (igim ) (1ly) (1.7)

where A is an unknown mass scale, and C’,?‘Vﬁ is a dimensionless Wilson coefficient. Note
that there is no distinction of upper and lower flavor indices—we will place them usually
in the upper position for Wilson coefficients and lower position for fermion fields and
imply sums over repeated indices. If the new-physics scale A is far above the weak scale,
the neutrino masses are suppressed by v2/A, which would give a compelling reason for
their smallness.? The Weinberg operator is the only operator with mass dimension below
seven that can generate Majorana masses for the neutrinos. However, there are numerous
extensions of the SM which can lead to the Weinberg operator. Particularly attractive
among those extensions are variations of the seesaw mechanism. They all have in common
that they introduce heavy new particles and the smallness of neutrino masses is then tied
to the inverse mass of these particles. Let us briefly comment on two of them.

It is straightforward to arrive at the Type-I seesaw scenario [39] following our discussion
of Dirac masses. If SM-singlet (sterile) neutrinos are added to the SM, as we need to
generate usual Dirac mass terms via the Higgs-Yukawa, they are generically allowed a
Majorana mass term as well, since they are neutral under the SM gauge group. If we
introduce these right-handed sterile neutrinos Ny, to the SM, the total addition to the
Lagrangian, reads

— 1— _ ~
Lin = iNra7" 8y Npa — (QNgaMaﬁNRg n H.c.) _ (ygﬁ IoNpsH + H.c.> . (19)
where the three terms are kinetic term, Majorana mass term and Yukawa term respec-
tively. Here we describe the sterile neutrinos as a 4-component spinors

N = (“R> = N% + Ng, (1.9)
npR

where N and Nj are 4-component chirality eigenstates. Since sterile neutrinos do not
contribute to any gauge anomalies, their number is not restricted by theoretical necessi-
ties. In the limit of vanishing M,z and for three sterile neutrinos, N,r simply become
the right-handed components of active Dirac neutrinos. This reflects the fact that two
mass-degenerate Majorana neutrinos are equivalent to a Dirac neutrino [37]. If M, # 0
on the other hand, all the mass eigenstates are Majorana neutrinos. Moreover, when the

2Identifying A with the scale of typical Grand Unification models 10'°, one finds the plausible mass scale
v?/A ~ 1072 eV [35].
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typical Majorana mass scale |M| is very large this leads to a scenario where the three
mass eigenstates which are mostly composed of active neutrinos have masses propor-
tional to (y”)?v?/| M| while the mostly sterile neutrinos have masses proportional to | M]|.
The mixing between active and sterile sector is also suppressed by (y”)v/M which would
explain the near-unitarity of the active-neutrino mixing matrix.

Another simple extension of the SM to accommodate neutrino masses is the type-
IT seesaw scenario [40]. In this case one adds a heavy scalar SU(2)-triplet A with
hypercharge 2, which allows for the Yukawa and scalar interactions

Liypett = —yhglealim)Alg — Aag HIATH + Hec. (1.10)

The Yukawa interaction ties the neutrino bilinear ﬁuL to the neutral component Ag of
the triplet which in turn is coupled to the Higgs field. This leads, upon integrating out
the heavy A, to a neutrino mass [41]

2” AAA V2
_ op AHY (1.11)

meB 5
ma

v

Again, neutrino masses are suppressed by the heavy scale mQA.

There are numerous details and further possibilities to the seesaw models which we
do not elaborate on here. This short excursion was mainly designed to motivate the
position on neutrino masses taken in this thesis. Our goal is to investigate new neutrino
interactions with as few limiting assumptions in terms of extended particle content as
possible. Therefore, we do not usually specify particular neutrino mass models. This
has the consequence that we leave open both the number of sterile neutrinos and the
Majorana or Dirac nature of any neutrinos. It is at the point when we start discussing
experimental constraints that we have to make some explicit assumptions. Besides the
active neutrinos, we then allow at most one sterile neutrino to play a role in the process
at hand, all of which could be Dirac or Majorana. For the sterile neutrino this means
that we have to assume that its mass is small enough to be kinematically accessible.

1.2.2. Flavor basis and mass basis

In order to consistently discuss interactions beyond the SM, we need to specify some
details about flavor and mass bases, since some special properties of the SM interactions
cannot generally be transferred to the new interactions. In the SM, the difference between
flavor and mass basis manifests itself only through the charged-current interactions of
fermions with the W boson. We briefly review the reasoning behind this to apply it to
the more general case. The fermions appear in two kinds of interactions, the covariant
derivative coupling to gauge bosons and the Yukawa coupling to the Higgs doublet leading
to the mass term as discussed in Section 1.2.1. Therefore, one can diagonalize in flavor
space only one of them at a time. We call the basis in which the interactions with the
W boson are diagonal the flavor basis and the other one the mass basis. Starting in the
mass basis (unprimed), for all the fields there is a unitary transformation to the flavor
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basis (primed),
d v
Upa = (ViNasurs, dia=Vilasdrs, €ra=Viagers, via= Vi Nasrrs,

Ura = (Vg apurg, dra = (Vi)agdrs, €ra = (Vi)asers

(1.12)
where in the SM the last equality is meaningless since for massless fields all bases are
mass eigenbases, but with some mass term, e.g. induced by the Weinberg operator, the
distinction becomes relevant. Now we consider the gauge boson interactions derived
from the covariant derivatives after electroweak symmetry breaking (EWSB) which are
diagonal in the flavor basis. For the quark charged-current interaction, the switch to the
mass basis leads to a matrix factor,

£e = —%@;wu —4%)dl,) W, + He.
- —% [(vg)(vf*)} . (0" (1 = 7)) W+ He (1.13)

=Vsy

where V' denotes the Cabibbo-Kobayashi-Maskawa-Matrix (CKM matrix). The same
happens in the lepton CC interaction if we consider massive neutrinos,

Lhe = —%(vgﬁm — %)l ) W, + Hee.
_ _% vy )Lv(vﬂm — %)e,) W, + Hec. (1.14)

=(UT)jy

with the Pontecorvo-Maki-Nakagawa-Sakata-Matrix (PMNS matrix) U whose known
properties we summarize at the end of this section. In most cases the neutrino masses
can be neglected and it is possible deal with neutrino flavor states here instead, such
that one simply defines flavor states v}, = Uqjvz; as the asymptotic in and out states,
where we follow the usual convention to label neutrino mass eigenstates by Latin letters.
For this reason we will in most cases consider new interactions in the neutrino flavor
basis while charged leptons are in the mass basis. Note that the labeling of the three
masses mq, mo and mg is arbitrary. Conventionally, one defines v, v5, v3 as the mass
eigenstates with the largest, second largest and smallest admixture of v.. Turning to
the neutral-current interactions it is important to appreciate the non-trivial particularity
of the SM that basis changes of the right-handed matrices Mg are unphysical in the
sense that they disappear from any interactions. The reason is the Glashow-Iliopoulos-
Maiani (GIM) mechanism [42], which works when the interactions are neutral-current
and flavor-universal due to the unitarity of the basis changes,
tle = =2 ol (Trar fla) + sh(Frer fra)] 20

o [g,{ ()Y | G i) + af (RO | (T ) ] Z,

J

:3;7 =0
(1.15)
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where the usual SM Z-charges for f = v, e, u, d are given by

1 2 1 1 1
gzzf_fsl%l/v g(li,:_*—i_*SIz/Vv gi:_f'i_S%/[/W glll/zfa
2 3 2 3 2 2
) . (1.16)
9?2:_33124/7 gﬁl:izgs%l/a g%:SIQ/Va

with ey = cos(fy) and sy = sin(fy) denoting the cosine and the sine of the Weinberg
angle. Since all the interactions of right-handed fermions in the SM, i.e. with Z boson
and photon, obey this condition, the right-handed basis transformations are unphysical.

If we move beyond the SM, flavor universality in neutral-current interactions could
be violated and also there may be new flavor-violating charged-current interactions. In
this case it becomes necessary to define an explicit convention for the flavor basis. Note
that previously, our flavor basis (1.12) was not unique: Firstly, any U(3) flavor rotations
simultaneous for uy, and dy, or for e, and vy, leave Equation (1.13) and Equation (1.14) as
well as the CKM matrix V' and the PMNS matrix U invariant. Secondly, due to the GIM
mechanism any of the Mg can be rotated away. We may use these facts to conventionally
fix

e = (VDagurs,  dig=dra,  €a=¢ras  Via=Usvij, (117)

Upy = URa e = dRa €ha = €Ra -
For any interaction operators defined in the flavor basis, we then have to follow this
prescription to switch to the mass basis. This means that for each uy appearing in new
interaction terms, a factor of V' has to be inserted when changing to the mass basis. In
particular, now the CKM matrix generically appears also in neutral current operators.
For instance, for a left-handed up-type quark neutral current, we obtain

s (W Prus) = (VaaClgVily) (" Prus) (1.18)

Here we can see the GIM mechanism working only in the case that the interaction matrix
C is flavor-universal, Cyg X 043.

We close the summary of our excursion in masses and flavor mixing by comparing the
quark and lepton mixing matrices and discussing why only mass-squared differences of
neutrinos are known at present. Both mixing matrices have to be unitary and 3-by-3 in
the case that there are precisely three generations of quarks and leptons. This makes
the check for unitarity a test of the SM and the minimality of neutrino mass scenarios
in the lepton case. Currently, both CKM matrix and PMNS matrix are consistent with
three generations. Accounting for free phases of the fermion fields and unitarity, these
3-by-3 matrices can be reduced to four independent parameters, namely three angles and
one phase. The usual parametrization with three Euler angles 012, 013, f23 and a Dirac
charge-parity phase d13 is given by

€12€13 512€13 s13e” 018
i i
Upy = | —s12¢23 — c12823513€¢"°"%  c12023 — S12823513€"°"%  sazcag |, (1.19)
i i
512823 — C12C23513€"°13  —C12823 — $12C23513€"1%  ca3C13

where ¢;; = cos0;; and s;; = sinf;;. The charge-parity phase is named as such, because
the interactions are invariant under charge-parity transformations precisely when §15 =
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0, 7. In the case of Majorana neutrinos, fewer phases can be absorbed in field redefinitions
and therefore there are two more charge-parity-violating phases Ao and A3. The full
mixing matrix is then given by U(p) times a second matrix,

U= U(D)U(M) = U(D)diag(l, ei)‘Q,ei’\:”) . (1.20)

Besides the potential two additional phases, a striking difference between quark and
lepton sector lies in the fact that the CKM matrix is hierarchical in the sense that the
mixing among different generations is small, while the PMNS matrix encompasses large
mixing. In numbers, the magnitudes of CKM matrix elements are currently measured to
be [36]

0.97370+£0.00014 0.2245 £ 0.0008 0.003 82 £ 0.000 24
V| = 0.221 £ 0.004 0.987 £ 0.011 0.0410 £0.0014 |, (1.21)
0.0080 £ 0.0003  0.0388 = 0.0011 1.013 £ 0.030

and are mostly derived from decays of nuclei or heavy flavored mesons. In comparison,
the current allowed ranges on the PMNS matrix entries at 30 are according to the global
fit of Reference [43]

0.801 — 0.845 0.513 — 0.579 0.143 — 0.155
|U| = [ 0.234 — 0.500 0.471 — 0.689 0.637 — 0.776 | . (1.22)
0.271 — 0.525 0.477 — 0.694 0.613 — 0.756

Here it is only possible to give parameter ranges, since the measurements of the matrix
entries are not independent.

Neutrinos are so light that we can so far only state upper bounds on their masses. The
strongest bound on the effective electron neutrino mass which we define in Section 4.5
is m,, < 1.1eV at 90% confidence level (CL), inferred from the endpoint of the electron
spectrum in tritium beta decay [44]. Cosmological bounds on the sum of neutrino masses
of around 0.1 eV exist, but their exact numbers are dependent on the cosmological model
and the use of approximations [45]. Unfortunately, without a measurable effect of masses,
there is also no access to mixing angles. Therefore, our only knowledge of the mixing
is derived from neutrino oscillations which are sensitive to mass-squared differences of
neutrinos. In these processes, the effect of non-degenerate masses and mixing can be
made visible because the neutrino flavor eigenstate produced at a source is a superposi-
tion of coherent mass eigenstates. Due to the almost degenerate and very low masses, the
coherence length of this neutrino state is long. During the propagation of the coherent
state, the flavor composition oscillates because the Hamiltonian of free neutrino states
is non-diagonal in the flavor basis. Therefore, if we can understand a sufficiently homo-
geneous source of neutrinos, such as the sun, cosmic ray scattering in the atmosphere,
colliders and nuclear reactors, and can measure the statistical distribution of neutrino
flavor eigenstates at some distance from the source, we can draw conclusions about the

mixing angles and mass-squared differences Am?j =m? — m? The measured values for
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the latter are, also according to Reference [43],

Am3y = 742034, x 107%eV?,
A2 {Am%l = 2.517f8:8%g x 1073 eV? Normal ordering (m; < ms), (1.23)
m3e =

Am3, = —2.49870928 1073 eV?  Inverted ordering (ms3 < m1) .

Why it is these parameters that are determining the flavor composition during the prop-
agation is sketched in Section 4.1 and thoroughly derived in Reference [35].



2. EFFECTIVE FIELD THEORY OF
NEUTRINO INTERACTIONS

The contents of this chapter have been published to a large extent in Reference [3] and
partially Reference [4].

2.1. Effective Field Theories

A well-defined QFT needs to be UV complete or in other words renormalizable. Therefore
the ultimate goal of the search for new physics is to formulate a renormalizable extension
of the SM that explains observations consistently. However, from the history of particle
physics, in particular the weak interactions, we know that with limited energy ranges
and limited accuracy to test our predictions, a non-renormalizable effective theory of
interactions used at a certain energy scale may be an instrumental intermediate step in
the development of the UV theory. In this section, we discuss the formalism of such an
EFT. Let us first illustrate the concept with the classic example of Fermi’s interaction and
then generalize it. Electromagnetic interactions can be well-described by the U(1)-gauge
theory of photons coupled to electrons and positrons. Its renormalizable Lagrangian reads

1 - .
Eem = _EFMVFMV + Z w (Z’Yu(au + Zq¢AM) - TTW,) 1/}’ (21)
17Z):€7p7n

where ¢, = —1,1,0 for ¢ = e,p,n denotes the electric charge of the spinor field v, A,
the photon field, and F},, the field strength tensor. This theory works well to describe
electromagnetic interactions, but does not account for nuclear beta decays (and clearly
says nothing about why nuclei should exist in the first place). If one, however, adds
a neutral Weyl spinor vf, the electron neutrino, and considers a non-renormalizable
addition Lpermi t0 Loy which conserves the U(1) gauge symmetry,

L= Eem+[fFermi = ['em_ (\G/gvud (67;1(1 - 75)1/2) (TW“(QV - 9A75)n) + H‘C'> ) (2'2)
where gy and g4 are nucleon form factors, this interaction can describe neutron decay.
Note that this is the only term up to (mass) dimension six which would satisfy charge
conservation and Lorentz invariance while at the same time allowing kinematically the
decay of a neutron or nuclei. Without the neutrino this would not be possible. The
theoretical cost is that we have had to introduce the non-renormalizable dimension-six
term Lgermi along with an ad-hoc scale Gg of dimension inverse mass squared. This is
not a problem as long as we do not consider the theory as fundamental. It turns out
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Figure 2.1. Virtual W boson exchange leading to the effective four-fermion interaction
described by Lgermi in Equation (2.2).

that the more fundamental theory of electroweak interactions ties the origin of the Fermi
constant G to the mass scale of a mediator particle W which in turn is related to the
scale of EWSB. Namely, the Fermi interaction Lgermi can be understood as the exchange
of a virtual W boson, as illustrated in Figure 2.1.!

This short history inspires the following general idea of model independent new physics
search. Starting from a set of known particles ® and symmetries observed at an energy
1, we write down an expansion in mass scale of all possible operators constructed from
the fields ® respecting the symmetries

1 n n
Lo = Lien(@)+ YD AHC} o (@), (2.3)

n>5 i

where L, describes the renormalizable part and the unknown mass scale A takes the
role of G;l/ 2, while C’i(n) are the dimensionless Wilson coefficients of the operators (’)En).
The idea is that A > p is the scale at which new particles can be generated on-shell.
Similarly to the suppression with the W boson mass in the Fermi interaction, one expects
that higher-order operators are suppressed by a larger inverse power of A, which suggests
that cutting off the expansion at a fixed order n should give a reasonable approximation
assuming the dimensionless coefficients are not extremely large. In this work, we are
mainly concerned with four-fermion interactions like the Fermi interaction, since they
naturally arise in many models where new heavy mediators are introduced and they are
well-testable due to the abundance of machinery developed by the community to produce
and detect the SM fermions. For these reasons we consider here the truncation of Eq. (2.3)
after n = 6, i.e. at order A=2. Since A is unknown we will usually parametrize the Wilson
coefficients with respect to the Fermi constant such that they can be directly compared
to the strength of the weak interactions, i.e. we assume A~2 = v/8Gp. In Chapter 3 we
discuss particular renormalizable models for which we can explicitly identify A, in which
case we distinguish it from the weak scale.

Turning to the SM, we note that the answer to the question what the fields ® and
symmetries are depends on the mass scale y. Lorentz invariance is always required while
the relevant gauge symmetry reduces from the full SU(3)cxSU(2),xU(1)y for p 2 mw
to SU(3)cxU(1)em for p < myy. This implies that the fermions are defined in different
representations above and below the weak scale and their interactions are described by

! All Feynman diagrams shown in this thesis have been produced using TikZ-FEYNMAN [46].
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different EFTs. In the remainder of this chapter, we discuss both regimes and how they
are connected. In Section 2.2, we introduce SMNEFT as the high-energy (u > mw)
EFT of the SM extended with right-handed neutrinos. Subsequently, we discuss GNI as
a low-energy (u < my ) EFT in Section 2.3. Finally, we discuss the important case that
occurs when we consider new physics beyond the weak scale which manifests itself in the
form of SMNEFT operators. Namely, in this case we can match the low-energy EFT to
the high-energy EFT at the weak scale which results in the interaction coefficients of the
GNI not being completely independent from each other. The details and implications of
this matching are discussed in Section 2.4.

2.2. Neutrino-extended Standard Model Effective Field
Theory

The Standard Model EFT is, as the name suggests, precisely the EFT which arises if
one takes the SM fields and gauge symmetry SU(3)cxSU(2)xU(1)y along with Lorentz
invariance and constructs all symmetry-compatible operators in addition to the SM La-
grangian, i.e.

]‘ n n
ESMEFT((I)SM> = [’SM((I)SM> + Z Z And Ci( )(’)l(. )((I’SM) . (2.4)

n>5 i

The SM fields ®g) and their representations under Lorentz group (spin) and gauge group
were summarized in Table 1.1.

2.2.1. Operators at dimension five and six

The only operator in SMEFT at dimension five is the Weinberg operator (1.7). At
dimension six, there are 59 independent (inequivalent on-shell) baryon number conserving
operators [47]. These operators can be classified by their field content. The largest class
is constituted by the four-fermion operators which we already discussed in the context
of Fermi’s interaction in Section 2.1. We reproduce all of them in Table 2.1. The other
operator types involving fermions are reproduced in Table 2.2 and are composed of two
fermions contracted with either Higgs fields or gauge field-strength tensors. We leave out
operators which do not involve any fermions, since we are focusing on neutrino interactions
in this work.

Since the SMEFT expansion up to dimension six involves the Weinberg operator, it
can accommodate Majorana masses for the three active neutrinos. However, in our
investigation of new neutrino interactions we would like to be more general with the
possible neutrino mass scenarios. In particular, we want to allow Dirac neutrinos, which
means that the field content of our theory needs to be extended by right-handed sterile
neutrinos. Sometimes we also consider the option of sterile Majorana neutrinos which
could have a completely different mass than the mostly active neutrinos. In all cases, the
number of possible operators increases and we use Ng as introduced in Section 1.2.1 as
the symbol for right-handed neutrinos. At dimension five, the full Lagrangian including
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Table 2.1. Four-fermion dimension-six operators in SMEFT (upper) and after adding
right-handed neutrino singlets (lower) to generate SMNEFT, excluding baryon or lep-
ton number violating operators. Regarding the operator Oy, the index ff’ runs over
ee, uu, dd, eu, ed, and ud of all 3 generations. Flavor indices of the operator symbols are
omitted to avoid cluttering.

(LL)(LL) and (RR)(RR) (LL)(RR) (LR)(RL) and (LR)(LR)
Ou (Lavulp) (Iyy"15) Oue (lavulg)(Ey7"es)  Oeiga (qué)@%dé)
o§;> (lavuls)(@7"as) O (laule) (@ us)  Oetug  (Balh)eji(Tyaf)
Ol(j) (ofy;ﬂ' Z,B)<qry’7”7'1q(S) Oua (la ’YMZB)( ds) O;luq (éaouulé)ejkx
Osy @92)@7"0)  Ou @otaga)@es) - (@0g)
0% @ 1)@ a)  Ogu (@augs) Ty us) ogjqd (@up)ejn(@ds)
Offl ( a’yﬂfﬁ)(f/ ’yuf(g) qu (qa,yﬂqﬁ)( fyud5) Oquqd (qjaTAu,B)eij
Oq(il) (ua’YuT Uﬁ)x Otgi) (%%T qp) ¥ (EﬁTAda)

(dyy"T4ds) (Uyy T us)
0% (@aruT" )
(d T4 ds)
One (NavuNs)(@'es) Ot (NamuNa)(7*s)  Onier (Nalh)eju(es15)
Onu (NavuNp) @y us)  Ong  (NavuNs)(@7"a)  Oinga (1 Np)ejn(@ds)
Ond (NVavuNg)(dyy*ds) Onga (a0 Np)ejx
Ony  (NavulNg)(N4y*Ns) , (5’;0“"@6)
OcNud  (€a7uNp)(Uyy"ds) OiNug (12, N3) (T q))
the Weinberg operator (1.7) reads [48],
B (5)ap
5 Col —. ~ C —
£ = = (lgioaH)(H'l) + == Np Nps H'H
(2.5)
0(5)04/3

+

NAB FEQUMVNRB B* + H.c. y

where B*” denotes the U(1)y field strength tensor. The second operator is very interest-
ing in terms of the detection of the sterile neutrino, since besides generating a weak-scale
contribution to the Majorana mass it induces a Higgs portal coupling at dimension 5. As
we will see in detail in Chapter 5, when NN takes the role of WIMP dark matter, such
a coupling can induce a strong direct detection signal. Moreover, it is hard to avoid,
since whenever a theory can generate a dimension-six coupling like N¢N f f, the operator
(’)]5\, g is usually generated through a fermion loop. The magnetic-dipole-like operator

(9](\?33 can only exist with o # [ due to the antisymmetry of the tensor bilinear (see
Appendix A.1 and Equation (A.35) in particular). Concerning the new dimension-six
operators, we reproduce the non-redundant basis of Reference [23] in the lower sections
of Tables 2.1 and 2.2 in a slightly rearranged fashion to be more suitable with respect to
neutrino interactions.

To obtain a real Lagrangian we imply the addition of the Hermitian conjugate of each
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Table 2.2. Mixed fermion-boson dimension-six operators giving rise to neutrino interac-
tions, including only SM fields (upper) and including SM fields and right-handed sterile
neutrino singlets (lower).

Y2 H3 VX H W2 H?
Ocr (H'H)(aesH) Ouw (oo es)r HW),  Ojy i (H'Dy,H) (lay"1s)
Oun (HTH)(QauﬂH) Ocn (Zag“”eg)HBuy Ogl) i (HTTIDMH) ( aT ’Yﬂlﬁ)
Our  (H'H)@udgH) Ouww  (q0"ug)r HW), 0O i (H'D,H) (q,7"qp)
Ouws (@0 up)HB,, — OF, i (H'TID,H) (g,7! ’y"CIﬁ)
Oaw  (Guo"dg)T" HWL, Opge i (H'D,H) (av"es)
OdB (qao—ﬂydﬁ)HB;LV OHu Z<HTD#H u ’}/H’ll,ﬁ

5 ) (@a*up)
Oua (QQU“VTAU,@)HG;‘U OHa Z'(HTDMH> (d ’Y“dﬁ)
Ouc (QQU“”TAdg)HGﬁV Onud ) (ITITDMH) ’y'udg)

Onin  (HUH)AoNsH) Onw  (a0*"Ng)T"HW], Opn i (H'D,H) (Nav*Ns)
OnB (la0"* N)HB,  Onne (HTD;LH>( a7"ep)

operator in Tables 2.1 and 2.2. The only exception are those operators for which taking
the Hermitian conjugate simply results in a rearrangement of the Wilson coefficient’s
flavor indices, e.g.

[(aruls) @7 a5)) " = Tsrula) @7"as) (2.6)

In those cases, which are the four-fermion operators in the categories (LL)(LL),(RR)(RR),
and (LL)(RR) as well as 12H? we omit adding the Hermitian conjugate and instead im-
pose

CYP — (B or 0P = (OB (2.7)

To see why we can do this we write the Lagrangian with explicit Hermitian conjugate for
one such operator,

Dapyd _ DaByd\x /7 —
cy) A2 > [C( D Uals) @7 a5) + (C ) (Ig7da) (@577
a,B,7,6

afBvyd adyvx\ 5 -
A2 > [( Gl 4 (€17 )(la’mlﬁ)(qw“qs) :
a,B,7,0

(2.8)

where we made the sum over flavor indices explicit. So upon redefining the Wilson
coefficients to C"*#70 = C*BY8 - (CB297)* we can simply omit the Hermitian conjugate.
Note that this also works for the ¢2H? operators for which we introduced hermitian
Higgs-derivative terms (following Reference [49])

i(H'D, H) = (HTDHH - (D“H)TH) :

i(HIDLH) = i (HTTI D,H — (D, H)'7! H) .
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(1)

As a final remark we note that some flavor combinations of the operators Oy, O44/, (’)((13)
and all Ofy with f = e, u,d, are redundant in the sense that

OB — 9B (2.10)

While this can lead to some confusion, in this work we always consider only one of the
two redundant forms and ignore the other. Another solution would be to use both and
divide each by two.

2.3. General Neutrino Interactions

The EFT of the SM well below the weak scale, after decoupling the heavy particles ¢, the
Higgs boson h, W, and Z, is usually referred to in the literature as low-energy effective
field theory (LEFT) [50]. This EFT can be considered independently from SMEFT, or it
can be connected to the latter via matching of Wilson coefficients at the weak scale and
renormalization group (RG) evolution. This connection depends on whether there are
some light (at most weak scale) new particles that induce new physics operators in LEFT
which do not originate from SMEFT. In this case the new particles need to be added to
the field content above the weak scale since SMEFT is incomplete. On the other hand, if
new physics is heavy and can be described in SMEFT, it can be evolved down to LEFT.
In this section we treat GNI, as a subset of LEFT, on its own right, but in Section 2.4
we will discuss the implications of the matching in case that the new physics is heavy.
The unbroken gauge group below the weak scale is SU(3)cXU(1)em. Excitable fields
are all the light fermions (the top quark being too heavy), photons and gluons in the
representations as shown in Table 2.3. Since we consider different neutrino mass scenarios,
sterile neutrinos N, are included as well, as long as my < my. We will not list all the
operators up to dimension six that can be constructed from the fields in Table 2.3 here.
They can be found in Reference [50]. Instead, we consider only the subset of LEFT
which is associated with neutrinos. The four-fermion interactions can be categorized into
neutral-current and charged-current interactions which we write in terms of 10 operators

ve | Grx () _
Lot =——F7= Z < €5.f ) (VaOjvp) (f'yojf5) ) (2.11)
Va2
GrVas o= () \*° _ _
LEN = — \/QV Z €j,ud (eaOjv3) (uyOjds) + H.c., (2.12)

=1

where f = e,u,d, Greek indices run over flavor, V' denotes the CKM matrix, and ¢;,
€, O;, and (9; are given in Table 2.4. The entries of the flavor-space tensors ¢;, €; are
dimensionless and encode the strength of an interaction type j with respect to the SM
Fermi interaction. We take the second fermionic bilinear of each line, (2.11) and (2.12),
in the mass basis and therefore included the conventional mixing matrix factor V,s in the
charged-current Lagrangian. However, this tells us nothing about the flavor structure of
the epsilon parameters which could deviate from the SM interactions.
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Table 2.3. Representations of the fields defining the LEFT. Depending on the neutrino
mass scenario, there could be any number of sterile Majorana or Dirac neutrinos Ng.

Field Spin - SU(3)cxU(1)em
representation

Charged leptons e, T /2 (1,-1)

Neutrinos vy, V2, V3 /2 (1,0)

Up-type quarks u, ¢ 1/2  (3,2/3)

Down-type quarks d,s,b /2 (3,-1/3)

Photon A, 1 (1,0)

Gluon G, 1 (8,0)

Sterile neutrinos ~ Nj,Na,... 1/2  (1,0)

Table 2.4. Coupling constants and operators appearing in generic neutral-current (2.11)
and charged-current Lagrangians (2.12).

(~)

7 €5 O; O;
1 €r, V(1 —~°) (L —4°)
2 €L V(L +7°) (L =)
3 €R V(L =) YL +17°)
4 €R Y (1 +°) (L ++5)
5 €s (1—+°) 1
6 €s (1 ++°) 1
7 —€p (1—+°) °
8 —ep (1+4°) &
9 €T o (1 —75) o (1 — )
10 €r o (1 +7°) oh (1 ++°)

Instead of adding the Hermitian conjugate in (2.11) we impose relations like those in
Equation (2.7),

apys _ ( Basy\* ~aBys _ [(~Basy\* apys _ ( Basy\*  ~aBys _ [(~Basy\*
€r —<6L7),6L7—6L7,6R—GR’Y,ER’Y—ER’Y,

afBvyd ~Bady * afBvyd ~Bady * afvyé ~Bady * (213)
s (), = (J) = (Y
We remark that there exists a different parametrization for such general four-fermion
interactions introduced in Reference [51] which is sometimes used in GNI literature, e.g.
References [52-54], and consists of coefficients named C and D instead of € and €. The
mapping between the two different parametrizations can be found in Appendix A.4.
The interaction Lagrangians (2.11) and (2.12) encompass precisely what we earlier
referred to as GNIL.2 The name General Neutrino Interactions is fitting, because they

*Besides GNI [2,3,55] they are sometimes called neutrino generalized interactions [54, 56].
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include all possible Lorentz invariant operators which can be constructed out of four
fermions (see Appendix A.2 for details) involving one or two neutrinos. As can be seen
from the chiral structure in Table 2.4, the operators with even index j, i.e. those with
an € coefficient involve a right-handed projection operator on the neutrino field. In the
SM with only left-handed Weyl neutrinos (and right-handed Weyl antineutrinos) these
operators vanish identically. The same is true for the neutral-current interactions eg,
ep, and er, since these require left-handed antineutrinos. This is due to the nature
of the operators with j > 5 which require opposite-chirality fields, as demonstrated in
Appendix A.2. The subset of GNI which is compatible with massless active neutrinos, the
NSI, have accordingly been extensively investigated, as testified e.g. by the reviews [24,25]
and numerous references therein. Within the last few years, there has been some stronger
interest in the general interactions including right-handed neutrinos [2, 3,52-57] which
reflects the general broadening of the search for new physics to as many previously less
considered channels as possible.

It is important to realize that the right-handed neutrinos in Equation (2.11) and Equa-
tion (2.12) could be any of the examples discussed in Section 1.2.1. Firstly, they could
be right-handed Dirac partners of active neutrinos, which would mean that pairs of left-
handed and right-handed neutrinos share a mass term. In this case, all of the operators
could be present. Secondly, it could be that the active neutrinos are Majorana fermions
and gain their mass through some BSM physics. In this case, the chirality-flipping neutral-
current (pseudo)scalar and tensor operators are lepton number violating, as well as the
right-handed (€) charged-current operators. Furthermore, not all of the operators are
allowed, since the right-handed neutrinos are the particle-antiparticle conjugates of the
left-handed neutrinos Ngp = v§ = Corr, as discussed in Section 1.2. This identification
leads to the restrictions

afyd _ Padyx . ~PBayd _  ~afdyx*
‘L TCLf T T T TCLf o
afyd _ Padyx _ ~Payd _  ~afdyx*
‘Rf T RS T TCRf T RS
egﬁﬁ‘s = 6[;?}76 = ngif”* = Eg?}(w* , (Majorana neutrinos) (2.14)
afyd _ Bavyd _  ~aféyx _ ~Padyx
Cpf TCrf T TCRf T TCRF o
afvyd Bayd _ ~afBdvyx __ ~Badyx
‘ry T Ty T Ty T Oy

We discuss the origin of these identities in Appendix A.5. This means, in particular, that
all € can be reduced to their € counterpart. Moreover, the left-handed and right-handed
vector interactions are Hermitian, scalar and pseudoscalar interactions are symmetric,
and tensor interactions are antisymmetric in flavor indices. Thirdly, the right-handed
neutrinos in the interaction could be right-handed components of independent Majorana
or Dirac sterile neutrinos in which case they could in principle have any mass different
from the active neutrino mass. In the course of this thesis, we will encounter all three
scenarios.

Similar restrictions to those in Equation (2.14) for Majorana neutrinos can be derived
for assumptions like charge-parity or flavor conservation, which we also derive in Ap-
pendix A.5. Here we only show the result in terms of the number of free interaction
parameters in Table 2.5. The detection of certain types of interactions which are only
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Table 2.5. Number of free parameters in the general neutral-current Lagrangian (2.11)
under different assumptions, for fixed charged fermion type f, either electron-type lepton,
up-type quark or down-type quark. CP denotes charge-parity. By v = = fixed, we mean
that we take v = 0 and assign a definite generation number to it. By flavor-diagonal we
mean that e,5,5 < 643. Details are found in Appendix A.5. Strictly speaking, in the case
of up-type quarks the top quark is too heavy to be part of the EFT below the weak scale
and therefore the number of degrees of freedom would be smaller for f = u.

Dirac Majorana CP-invariant  Majorana +

CP-invariant
All indices 810 432 423 225

free
v = ¢ = fixed 90 48 51 27
flavor-
diagonal and 30 18 21 12
v = ¢ = fixed

compatible with Dirac neutrinos, e.g. flavor-conserving tensor interactions, can therefore
rule out the Majorana neutrino scenario, while the Dirac scenario cannot be ruled out
in this way [52,58,59]. Note that in the charged-current case (2.12), since only one neu-
trino field is involved, relations such as (2.14) in general do not hold. While we do not
discuss this in detail, we remark that a particularly interesting property of the scalar and
tensor interactions is that they induce a large contribution to the magnetic moment of
the neutrino [60]. It could be orders of magnitude larger than predicted by the SM and
even within detector reach. This is again a consequence of the chirality flipping nature
of the interaction. In the SM, the leading diagram couples two neutrino external lines to
a photon line via a charged fermion loop. This requires a chirality flip in a neutrino line
which implies a neutrino mass insertion. If the new interaction flips neutrino chirality,
instead a charged fermion mass insertion is required. Therefore, compared to the SM
amplitude the new contribution is enhanced by a large factor my/m,, where f is the
charged fermion.

2.4. Matching relations

As already mentioned, LEFT or GNI and SMEFT can be treated independently. In the
case that we want to describe new physics above the weak scale, however, it can be useful
to connect the two. In this section, we discuss the matching of the Wilson coefficients
at the weak scale which illuminates which GNI can be produced in a way that respects
the electroweak symmetry. The matching is straightforward. One simply expands the
SMNEFT operators in terms of their weak isospin components and identifies all the terms
which contribute to a certain GNI operator. To perform the matching, it is necessary to
specify in which bases with respect to flavor and mass the effective operators described
in Section 2.2 and Section 2.3 are defined. Following the discussion in Section 1.2.2, we
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specify the basis changes in Equation (1.17). This means that wherever a factor of up,
appears, a factor of V has to be inserted when changing to the mass basis. One needs to
keep in mind that the matching relations given in this section and the bounds derived or
cited in Chapter 4 depend on this choice of basis.

2.4.1. Four-fermion interactions

The complete matching relations between SMEFT and LEFT have been presented in
Reference [50]. Adding the four-fermion matching relations of operators including right-
handed neutrinos, the results expressed in terms of GNI coefficients are shown in Ta-
bles 2.6 and 2.7, where we assume A~2 = \/8Gr to obtain simple expressions. For
generic A we have to divide the coefficients by (v 8GrA?). Recall that we defined GNI
in the mass basis of quarks and charged leptons, while neutrinos are in the flavor basis
such that their transformation into the mass basis can be performed depending on the
specific assumptions that we make in Chapter 3 and Chapter 4. It is not surprising that
many SMNEFT operators (which were defined in Table 2.1) containing lepton doublets
[ lead not only to GNI but also to new interactions among charged leptons and quarks.
A simple example is Oy, for which we have

57 5 5 _ _ _
C’ﬁm (La"15) (I yuls) = C’ﬁm (Do PLvg U4y, Prvs + eay" Preg ey v Pres (2.15)
+Uo Y Prvg ey Pres + eay! Preg Uy, Pris) .

where P, = (1 —+°)/2 (and for later use Pr = (1 +7°)/2). We see that one SMEFT
operator implies a four-neutrino interaction, a type of interaction sometimes called secret
neutrino interaction, a four-electron interaction and two contributions to the GNI oper-
ator parametrized by € .. In total, all the four-charged-fermion interactions which are
generated by SMNEFT operators in Table 2.1 which include lepton doublets and some
other fields read (in the mass basis)

1
£=p {(Cﬁw * Cﬁw) (farmuPres) (@7 Pres) + O (o PLes) (87" Pres)

o o\ (= — 6 /— —
+ VWV;;(C;;?{)) — Cl?f:f) )(€avuPres) (@ Prus) + Cﬁim (€avuPres)(yy" Prus)

+ (CRE + Ol @aruPres) (@1 Prds) + Cpf ™ (v Poes)(dyy" Prds)

— Vjécaﬁ'yg(éaPLeﬁ)(ﬂ,yPLu(g) - Vjaclaﬁ’w(éao‘w,PLeg)(E,YU”VPLU(;)

elugq elug
+ C;ggé (EaPLeﬁ) (E,YPRd(;) } .
(2.16)

The constraints on these charged fermion interactions are typically much stronger than
constraints on GNI. Therefore, this operator matching can be used to place strong indirect
bounds on neutrino interactions from SMNEFT operators in the case that they have a
common high-energy origin, as we will practice in Chapter 4, in particular in our study
of charged lepton flavor violation in Section 4.2. For this reason we have printed all
coefficients which are accompanied by strongly-constrained charged fermion interactions
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Table 2.6. Neutral-current GNI coefficients appearing in Equation (2.11) and their
contributions from dimensionless Wilson coefficients of SMNEFT four-fermion operators
in Table 2.1 assuming A~2 = /8G . For general A, the GNI coefficients are given by the
entries of the table divided by v/8GpAZ?. The columns relate to f = e, u, d, respectively.
The indices o, 8 = e, u, 7, and 7, 6, u, v = 1, 2, 3 denote the generation numbers of leptons
and quarks. Those SMNEFT coefficients which also lead to new interactions among four
charged fermions described by Equation (2.16) are printed in red.

e u d
e’ e vVl (Gl + i) St Gty
—&7 cu? ViV O R
_6%?5 Claeﬁwi Cﬁ:ﬁw Clo&w
&y’ o5’ a5’ i’
—egy? Lo A (e Vi (Clon)* (Cinad)"
—ex? Loy + e ~Vau (Cpoy? (Cinad)’
—e3’7° e/ (e 0 (Coaa)?

in red in Tables 2.6 and 2.7. In total, the secret neutrino interactions induced by the
operators in Table 2.1, still in the flavor basis, read

1 o o —_ _
Lsecret = P {(0”575 + Clldvﬁ> (Va’YuPLVB)(V77MPLV6)

(2.17)
+ORT (NayuPaNg) (727" Prvs) + O (Noyu PaNa) (N7 PrNy) |

These are naturally even harder to detect than GNI and we will only consider them

in Section 3.3 where they give rise to NSI at loop-level through a modified coupling

to the Z boson. However, they have been considered in the context of cosmology and

astrophysics [61-66].

We conclude several points from the analysis of four-fermion matching. Firstly, some
GNI coefficients, namely €7y, €r 4q and €z, ,q4 cannot be generated at all from operators up
to dimension six in SMNEFT. If these GNI are detected, it poses a hint towards low-scale
new physics, or towards higher order in the EFT expansion. Secondly, some operators
(those printed in red in Tables 2.6 and 2.7) can be generated, but only at the cost of
introducing equally strong charged fermion interactions, which should make them very
constrained. The only remedy could be precise cancellations between Wilson coefficients.
For instance, when we have in Equation (2.16)

i+ 0P =0 (2.18)

we can still have sizable e%’?é # 0 in Table 2.6. However, since the Wilson coefficients run
with the interaction energy scale u, a precise cancellation at one scale does not need to
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Table 2.7. Charged-current GNI coefficients appearing in Equation (2.12) and their
contributions from dimensionless Wilson coefficients of SMNEFT four-fermion operators
in Table 2.1 assuming A2 = \/8Gp. For general A, the GNI coefficients are given by
the entries of the table divided by v/8GrAZ2. Indices and color coding are analogous to
Table 2.6.

—€h 722G —&h 0

~Ct 0 ~Eni 5 Cenua
IS (W e iAE N e IR A (o e e i)
— (v est) e k(o + vl
i’ it i

persist at another scale. Nonetheless, this kind of scenario is not too unrealistic to expect,
as we will see in Section 3.3, where we present a model with new physics generating Oy
and the Wilson coefficients satisfy the relation (2.18) at tree-level. Thirdly, we observe
that from the high-energy perspective, the assumption that up and down quark NSI are
equal is unjustified, since they are generated by different operators. Fourthly, some single
SMNEFT operators induce two different GNI coefficients. In particular, Ojnyq, Oinga
and O, Nad induce simultaneously scalar or tensor charged-current and neutral-current
interactions. So it would be an attractive scenario to detect one of these interactions, say,
in the neutral-current channel and then predict the corresponding interaction strength
in the charge-current channel. Consistency of the two would give a strong hint towards
the underlying SMNEFT operator. We discuss ways to test these connected operators
through coherent elastic neutrino nucleus scattering and beta decays in Section 4.3.

As a final remark, we note that while we can map these operators according to Ta-
bles 2.6 and 2.7 at the weak scale, the RG running down to lower scales in general may
mix those contributions. Throughout this work, we neglect the mixing as subleading, but
there are some interesting insights from other publications. In Reference [67] it was found
that the left-handed charged-current (pseudo)scalar and tensor NSI mix as one runs from
2 GeV to the weak scale, while the left and right vectors do not mix.

2.4.2. Boson-fermion mixed operators

Even though we will not consider the boson-fermion mixed operators of Table 2.2 in our
phenomenological studies in Chapter 3 and Chapter 4, for completeness we comment here
on the type of LEFT operators they generate below the weak scale. The leading effect
of operators of the form ?H?3 is a correction to fermion masses and Yukawa couplings
of h, since they are just the Yukawa terms of the Higgs doublet multiplied by a Higgs
bilinear. This will lead to Yukawa couplings to h not being proportional to the fermion
mass, unlike in the SM [68]. In the second column of Table 2.2 are the operators of type
2 X H which lead to dipole-like modified couplings of quarks and leptons to the W and
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Z bosons, as well as the photon and gluon. We expect that these operators are strongly
constrained by the electromagnetic properties of the fermions but do not consider them
further here. Finally, the operators of type 1?H? lead to modified couplings of fermion
bilinears to W and Z. In the following, we calculate only those involving neutrinos, which
are

(Ogl))aﬁ =1 (HTEMH) (Zafyl‘lﬁ) , (OHN)aﬂ ., (HTDMH) (Wo/YMNﬁ) ’ -
(ng)aﬁ =1 (HTT]BuH) (ZQTI'y“lg) ’ (OHNe)aﬁ = (ﬁTD#H) (Nav“eﬁ) ‘ (2.19)

Evaluating the operators at the Higgs vacuum expectation value, one finds the usual
structure of the weak interaction Lagrangians,

Ly = —%Wujﬁ/ + H.c.,
y (2.20)
Ly=—-2 7,
z QCWI wlz

However, the leptonic fermion currents are modified and read,
T iepton = (209F + 4C})ﬁ(3))?a’y“PL65 + ZCZ%QNQ’WPR% ,
3% 1epton = 2(91)ap (T Prvg) + 2(91)ap(€a¥" Pres) + 295 (€ar" Pres) (2.21)
+2(G% Jas(Na¥"PrNg) .
The SM leptonic charged current gets a contribution form (’)Sl) Moreover, there is a

new right-handed leptonic charged current mediated by Ogn.. Concerning the neutral
currents, the modified couplings read

(G%)ap = g70°" — C?f?u) + C%@) )
(3% )as = 950" = iy — Cria) » (2.22)

(TR )as = —Ciix -

with the SM contributions being the terms proportional to §*# and where gf( are given

in Equation (1.16). Besides the corrections to neutral-current SM couplings, there is a
new right-handed neutrino coupling to the Z boson.

If we integrate out W and Z, which requires to compute the contractions jg Jzu and
j{,‘v Jw,u, we arrive the following GNI coefficients to leading order in Wilson coefficients.
First, we have

W0 = 950l

5
€Le + 2C3) o7

®3)
@ é 9 e ) af a3
— %9 (CIZU(U + C?{z(:z,)) —291.9” <CHZ(1) o CHl(3)> ’

From the contraction of the modified left-handed neutrino neutral-current with the stan-
dard neutral currents of uy,ug,dr,dgr, e we find

(2.23)

aByd q v af3 af
€Lqg = 2919 (CHZ(S) - CHl(l)) ,
afBvyd

f o 5 5 (2.24)
Ry = 290’ (CHI(S) - Cqu)) ,
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where ¢ = u,d and f = u,d,e. The contraction of the right-handed neutrino neutral
current with the charged fermion neutral currents yields

&7 = 2010 Cify.

(2.25)
ey’ =20k Clly
The right-handed W coupling induced by O, implies
€ge” = epl” =207 Chife (2.26)
é * ’
et = (Clfe) o,
and finally one finds,
BYS _ S8 *
€7 ud = 207 (CH‘;‘(S)) : (2.27)
These GNI are accompanied by a modified electron-Z coupling
9 w9 3 B )=
Lre= 5o Tudhe =507 (2050° = 20553, = 20500 ) € Pres . (2.28)

This coupling is of course again strongly constrained, such that relatively precise can-
cellations between Cpy(q) and Cpyy3) would be required to make these operators consis-
tent with observations. Again all expressions of GNI coefficients are derived assuming
A~2 = \/8Gp. General expressions are found by the replacement rule

€

eneral — . 2.29



3. THEORETICAL ORIGINS OF NEW
NEUTRINO INTERACTIONS

In this chapter, we discuss several examples of UV complete models which at low energies
leave traces in the form of GNI. The purpose of this discussion is mainly to demonstrate
the versatility of different theoretical approaches, including gauge extensions, colored
and uncolored scalar and vector bosons that all can give rise to different kinds of GNI.
While this may inform us for which interactions we would have relatively straightforward
theoretical explanations, we can only stress that experiments have to determine which,
and if any at all, are realized. If anything, the versatility of these different models calls
us to search for all possible traces of new physics including those considered exotic.
This philosophy is reflected by our choice to analyze the most general Lorentz-invariant
neutrino interactions in terms of their experimental probes in Chapter 4. Of course,
detecting such new interactions is only the first step. After their detection, we may apply
complete models that explain the observed interactions to make predictions about signals
of new physics in other processes. Consistency or inconsistency of these results can then
be used to distinguish which models are accurate and which ones fail.

The models we consider in this chapter are divided into three classes. In Section 3.1, we
discuss U(1) gauge extensions of the SM and, in particular, a model with a gauged third-
generation baryon number minus lepton number symmetry. This symmetry is broken
at a high energy scale such that the massive gauge boson becomes a heavy mediator of
new physics. Next, in Section 3.2, we discuss new scalars and vectors which carry both
color and electroweak charges, the so-called leptoquarks. Both of these introduce GNI
already at tree-level by integrating out heavy mediators. In Section 3.3 we investigate
how new scalars, not necessarily very heavy, can introduce non-standard interactions at
one-loop level. In this case, the loop suppression can be a reason for the smallness of new
interactions.

This chapter partially relies on the content of References [1,3,4]. We comment on
which parts specifically have been published at the appropriate places throughout the
chapter.

3.1. Gauge extensions

The landscape of possible gauge extensions of the SM is of course far too vast to cover
here. We choose to comment on selected phenomenologically inspired approaches with
particular interest to neutrino interactions. A class of relatively economical gauge exten-
sions can be denoted by U(1)x models [69]. These are models in which the SM gauge
group is extended by another U(1) gauge symmetry, i.e SU(3)cxSU(2),xU(1)y xU(1)x.
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Now, broadly speaking, the U(1)x gauge boson can be light or massless, in which case it
is usually referred to as a hidden photon. Or it can have a mass comparable to or larger
than the Z boson, in which case it is usually referred to as a Z’. Due to loop diagrams,
the dark photon will usually share a kinetic term with the regular photon and the Z’ will
mix with the Z boson through a mixed U(1)y-U(1)x kinetic term [70]. Therefore, these
models are subject to strong constraints on this mixing, unless the mass of Z’ is well
above the weak scale. This is a remarkably generic fact, given that the charges of the
SM fields or additional particles under the new U(1) do not need to be specified for these
conclusions as long as there are particles carrying both U(1)x and SM charge. In this
section, we first review the general dynamics of Z’ models without specifying the charges
of SM fields. Then we give a particularly attractive example, the gauged third-generation
baryon number minus lepton number symmetry, in short (B — L)s.

3.1.1. Z’-mixing and mass diagonalization

We will assume here a generic U(1)x extension of the standard model, where the U(1)x
is already broken and the gauge boson X has acquired a mass Myx. In the explicit
model considered in Section 3.1.2, this mass is generated from the vev of a new scalar
field. Without mention of the origin of Mx, the SU(2);xU(1)y xU(1)x gauge-fermionic
component of the Lagrangian between the scale of U(1)x breaking and EWSB reads

1 1
4 4

I o ous T o D
+ G MAX X, = g gy Wi — g3 By — 9x 35 X,

1 Tuvyrrl DUV T TR, € v B
Ly = =W W, = 1B By = 1 X R — X B,

(3.1)

where the term proportional to € is the kinetic mixing term which is always generated by
loop processes, and a runs over SU(2)z-adjoint indices. Explicitly,

I
. —T
W= g, =l (32)
P
P
T 4y — _
]B—%:2¢7“¢7 w_l7Q>€7u7d> (33)
W= dvvrv,  v=1lgeN,u.d, (3.4)
¥

where q§€ denotes the hypercharge of the representation v, while q}p( denotes the X-charge
of the representation 1. The hats are meant to indicate that the fields are not canonically
normalized. To change this, one may perform the transformation

(2)- ((1) i ) (%) (35)

which eliminates the kinetic mixing term, while establishing

L oo
l—eQMX'

m% = (3.6)
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How X,, mixes with the other gauge fields now depends on whether the electroweak
symmetry is broken or unbroken. Let us consider the two cases from high to low scale.

In the symmetric phase of SU(2).,xU(1)y, i.e. above the weak scale, there is no mass
mixing between B and X, since B and W are strictly massless. The covariant derivative
in terms of the canonically normalized fields then reads

N L 1 Y
Du:au+ZgW#?+Zg BHE—"’LXMﬁ gXYX—€g§ y (37)

where Y denotes the hypercharge operator and Yy the U(1)x charge operator. Apart
from the usual SM interactions, this leads to the fermionic neutral-current interactions
with X,

1 . .
Lxne = g (moxk +€d'7y) X (3:8)
Considering a Higgs doublet H and its coupling to the gauge fields, we can derive the
interaction with mass eigenfields,

.g € X
L
R VS B R

We conclude that the kinetic mixing introduces a small coupling to X for all fields carrying
a hypercharge gy, even if they carry no U(1)x charge.

Below the electroweak scale explicit masses for B and W are generated, giving rise to
a combined mass matrix for the neutral component W3 of W, B and X,

I ! !
(DM H)! (D, H) = (D"H)! (au + igwj% +ilB, - ) H. (39

2 ! /__€
, 2 7 e P
M?=— —99 g 9“7 ) 3.10
4 /e 12 € 4 12 2 iIé 12 €2 ( )
99 == 9 A= 2Mx(-€) +9% 5

Defining the Weinberg angle as usual, tan 6w = ¢’/g, with the rotation matrix
sw cw O
R9 = Cw —Sw 0 (3.11)
0 0 1

one obtains the partial diagonalization

0 0 0
RoM?*R} = | 0 M sm mysusw =z | (3.12)
0 mQZ,SMSW \ /16,62 ,U,g(

where we used the SM tree-level relation mzgv = gv/2cw and the definition

2
2 a2 2y—1 2 2 €
px = Mx (1 —€) tmzsmsiv "z

(3.13)
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This can be diagonalized by another rotation to the mass eigenvalues mQZ and m2Z, with

2 2 2
Mzsm2 My | Mzsm — Hx

2 2
= —= 14+t 2 3.14
m 2 2 m2 — 12
m, = 2 M TZsM T XS an22e), (3.15)
2 2 2
where the second mixing angle is defined by
2m2Z SMSW €
tan(2§) = ’
mysm — Hx V1= €
mism 2sw € (3-16)
,u%( 1— mzzéSM V1 — €2 '
Hx

This angle essentially depends on the kinetic mixing factor € and the original mass param-
eter Mx set by the scale of U(1)x breaking. To summarize, the diagonalization proceeds
by

diag(m?, m%, m%,) = ReRgM*Rj R{, (3.17)
where
1 0 0
Re=10 cos{ sing|. (3.18)
0 —sin& cosé

There are several phenomenologically relevant limits. If M)Q( > m%jSM, then we may
expand to first order in their ratio

m? m}
tan(2¢) = — ]\ZSM 2sweV1—e2+0 < ]\ZiM> . (3.19)
X X

Accordingly, the masses are given by

M? mQZSM m%SM
m%, = —X <1+ 3 sty | + 0 T (3.20)

Another approximation valid for all masses M)%, but only for small € reads
28y €
QL

2
Mz sMm

tan(2€) = +O(é%). (3.21)
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This limit is most appropriate for dark photon theories with a light and weakly mixed
Z'. We will not consider it further here.

Turning to the interactions with fermions, we note that the unnormalized states in
Equation (3.1) are given in terms of mass eigenstates by

w3 A
B | =GR{R{ | Z |, (3.22)
X z'
where
10 0
G=|01 —7= |. (3.23)
1
00 =

Applying this, one may transform the vector-fermion interaction terms to the standard
form

Exe = X —earfr fA, - L (o T PL + g7 Pas) 2,
! v (3.24)
_ I MP f = MP Z/
9x \9p A"PLf + g A" PRSI ) 2,

for f =e,v, N,u,d. Here gy denotes the SM electric charge. For simplicity, we show the
other couplings only up to linear order in €. In general, one has

;o gxcw ¢
9, = 9rsm T g Ix § s
g
gl =ak —H = grsmé,
ax agxecw
(3.25)
;o gxcw ¢
9r = 9rsm T g Ix S
f f
9 = qx — grsMm &,
R X gxcw

where I:{ denotes the weak isospin quantum number of f. Note that since & ~ € + O(€?),
we simplified cosé ~ 1, siné ~ &.

3.1.2. Flavored baryon minus lepton number symmetry

When considering U(1) gauge extensions, it is advantageous for the simplicity of the
particle content to gauge symmetries which are automatically free from gauge anomalies.
In other cases, one frequently has to assume the existence of further new fermions which
cancel such anomalies. Particular examples of anomaly free gauge extensions are lepton-
flavor symmetries such as L, — L;, or baryon number minus lepton number symmetries
B — L which are anomaly free if one adds for each fermion generation a SM singlet
neutrino with B — L charge —1 [71,72]. This cancellation, however, holds separately for
each fermion generation. Therefore, it is possible to gauge only the third generation B—L
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which relaxes experimental constraints. Moreover, the single sterile neutrino, which then
carries Lz charge —1, can serve as a dark matter candidate if it is sufficiently stable [73].
The model we present here has been proposed in Reference [73] to explain dark matter.
We will first summarize it and then discuss the mapping to SMNEFT and subsequently
GNI. The content of this section has been published in Reference [4].

The particle content of the model is a sterile Weyl neutrino Np with (B — L)s-charge
—1, a SM singlet scalar ® with (B — L)s-charge +2 in addition to the SM particles of
which the doublet [, and the singlet 7r carry charge —1 while the doublet ¢3 and singlets
tr and bg carry charge 1/3. The role of the scalar is to break the new U(1) symmetry at
a scale w > v, thereby giving the Z’ its mass myz > my. To see this, consider first the
sterile neutrino part of the most general Lagrangian of this model

Ly = iNgy"D,Np + (ngTNREI + H.c.) - (%VENRQ n H.c.) . (3.26)

These are, in succession, the kinetic part including the covariant derivative

7l Y .
D, =0,+ zg?WJ + 29/§BM +i9xY(B—1); X (3.27)

the neutrino Higgs Yukawa term discussed in Section 1.2.1, and a new Yukawa coupling
to ®. The final term will induce a large Majorana mass for N once ® acquires a vev. The
Higgs Yukawa, leading to a Dirac mass term and thereby to a mixing of v, with N is not
problematic by itself, since, as discussed in Section 1.2.1, the mass of the active neutrinos
can still be small by virtue of the seesaw mechanism. However, this mixing leads to the
possible decay of N into light neutrinos, which does pose a problem in the case that N
is considered as a dark matter candidate. Since we investigate this option in Chapter 5,
we assume a stabilizing Zo symmetry under which only N is charged. This forbids the
Higgs Yukawa term in Equation (3.26). We then find the complete Lagrangian

L= Lsu +iNpy"OuNg + 9x X, Nev"'Ng — gx > ac X fr" f
f
__ 1 - o € ~ ~
~ (SNENR® + He) = 1 X" X, — SXM B, (3.28)
+ (D"®)T (D, ®) + 1201 — Mg (210)% — Ayg (HTH) (1),
where u%{ and u?{) are chosen positive, and f = -, 7r,q3,tRr,br. Again, ‘hatted’ fields
denote non-canonically normalized gauge fields as in Equation (3.1).

We assume that ® acquires a large vev w > v. Then in between the two energy scales,
U(l)( B—1I), is spontaneously broken and in unitary gauge we can define

d=—(w+0¢)), (3.29)

Sl

from which we derive

M)% = 4g§(w2 , mé = 2#%, my = —(=w. (330)
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The interactions of ¢ read

Lo (—%yﬁzvszRgﬁ + H.c.> + 203 XM Xu0(¢ + 2w) — A%H*fqu(gﬁ +2w). (3.31)
The SM gauge symmetry remains intact and thus the Higgs remains massless and there
is no scalar mass mixing. Now we concentrate on a certain parameter region of the model
where we have w, mg > my. In other words w ~ pug and y < gx < 1. In this region,
the fields X, and ¢ appear only as virtual particles and the correct EFT in between
the scale w and either v or my (depending which one is larger) is SMNEFT. Note that
the situation is now analogous to the setup in Section 3.1.1. Hence, we know that the
kinetic mixing leads to a coupling of all fermions to the canonically normalized massive
vector field X, which is proportional to the mixing parameter €, see Equation (3.8).
The parameter e itself has a calculable contribution at the one-loop level. However,
this contribution is divergent and requires a renormalization to absorb the divergence.
Therefore, € cannot be predicted, but its physical value must be determined by experiment
instead. The parameter € can be constrained from electroweak precision data [74] which
typically requires it to be below 0.03 for myz < myz and between approximately 0.05 and
0.3 for myz between 200 GeV and 1TeV.

We now discuss the identification of Wilson coefficients from the fundamental theory.
Any lepton-number violation is transmitted via ® and thus requires an insertion of w.
Considering first the dimension-five operators in Equation (2.5), this implies that the
Weinberg operator cannot be generated since the lepton doublet does not couple to ®
and does not mix with N due to the Zs symmetry. The third operator Onp vanishes
exactly for a single Majorana neutrino. What remains is (95\?)[{, which is generated by the
tree-level exchange of a ¢ as shown in Figure 3.1a. We find

C](\?}{ y 1 MNAH®
L A =77 3.32
AT T T T e (3.52)

The four-fermion operators Oy with f, f' =1,e, N, q, u,d are generated by the tree-level
exchange of an X boson as shown in Figure 3.1b. We find

Cff/ﬁ 93{ fo f.8 9/ 1 Lo f f 1B fa f.B 9/21 fof 2
(07 « (07
_—7(]’(]’—**((1’6] +QQ’)€+<Q’(]’+CJQ>€}
A2 m2 X 41X gx 2 X 9y Y9x X Yx g§(4YY

(3.33)

This can be understood from Equation (3.8). Notice the following hierarchy of coefficients.
When a = 8 = 3, gx # 0 and the leading contribution is of order €/ mg( When either
«a or B is 3 and the other is 1 or 2, the leading contribution is of order e/mg( When
neither o nor 3 is 3, the leading contribution is of order €2/m3%. The lepton number
violating operator Oy is generated by the exchange of a scalar ¢ but we will not be
concerned with this sterile neutrino self-interaction. These are the only four-fermion
operators which receive tree-level contributions of new physics. The operators Ocnyd,
Oniel, Oingds OZqu, and Ojnyq strictly vanish at any order, since they are forbidden by
the Zo symmetry.
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N H \H H f H .,
,,,,, !/ \’ o ’/ /
¢ \\ // ¢ \\ V \\
N H \\ /,’ o H \\ f H \\
(a) O) (b) 03777 (c) Au (d) Oy, V =X, B,W

Figure 3.1. Diagrams contributing to different SMNEFT operators and the effective
quartic Higgs coupling at tree-level.

Now we turn to the operators of Table 2.2. The operators of type 1?H? are generated
in the SM via the quartic Higgs coupling. A new physics contribution is derived from the
tree-level exchange of a ¢ shown in Figure 3.1c. This exchange amounts effectively to a
modified quartic Higgs coupling

w? A, 1

¢

which we expect to be the experimentally accessible SM Higgs coupling. Next we have
the operators of type ©¥2H? which are generated by the tree-level diagram shown in
Figure 3.1d. The vector V' can be B or X in the singlet operator case and is W in the
case of triplet fermionic and Higgs bilinears which are signified by a superscript (3). The
suppression of the X-exchange diagrams for these operators is always at least €/ mg(, since
the Higgs coupling appears only through B-X-mixing.

If we assume both mixing parameters € and Agg to be small, we can summarize the
leading order (e"AY%,) Wilson coefficients as these three types of four-fermion operators

2 2

Ci=gi=c. GO =Cq=-"F=-3. C)=Coo="=5, (339
where LL = 1ll, NN,ee, Nl,le, Ne, LQ = lu,ld, Nq, Nu, Nd, ge, eu, ed, and QQ = uu, dd,
qu, qd, ud, and flavor indices 3 are implicit. Consequently, it is a natural choice to define
A = my. For matching these operators to LEFT we can use Table 2.6, Table 2.7 and
the remaining SMEFT-LEFT-relations from Reference [50]. The neutrino interactions
are accompanied by equally large charged fermion interactions. We hence expect the
strongest constraints from the latter. Experimental constraints on the model will be
discussed in Chapter 5, where besides the four-fermion operators we will also consider

Nel e

(9](\?}{ despite its strong suppression. The reason is that dark matter direct detection
experiments are highly sensitive to this interaction when N constitutes dark matter.

As a final remark, we note that by itself this model cannot explain the flavor structure
of the SM. The problem is that the (B — L)3 symmetry separates the Higgs Yukawa
interactions of the first and second generation from those of the third generation. This
problem can be alleviated by introducing further particles. One example is to add scalars
and vector-like fermions [75]. A second example is to add a scalar with mixed SM and
(B — L)3 charges [76].
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3.2. Leptoquarks

Scalar extensions of the SM are not restricted by considerations of anomaly cancellation.
Moreover, charged scalars are excellent candidates to search for at the LHC. The non-
observation so far puts strong constraints on their coupling to the SM and their mass.
Neutral scalars are typically less constrained, but consistency of the Higgs sector with
the SM requires small mixing between the Higgs and the new scalar. An interesting
class of scalar particles consists of the leptoquarks which carry both lepton and baryon
number [77]. Traditionally discussed in the context of Grand Unified Theories [78, 79]
and later R-parity violating Supersymmetry [80], there has recently been a renewed surge
of interest in leptoquarks partially sparked by precision flavor observables like B meson
decays that show some tension with SM expectations [81-85]. They are also interesting
from the point of view of radiative neutrino mass generation [86-90]. In this thesis, our
main interest is the generation of new neutrino interactions, in particular those with
sterile neutrinos. Leptoquarks more generally also include vector bosons. In this case it
is more intricate to generate the masses since it is required to make some assumptions
about the embedding of leptoquarks in a larger new-physics sector. In this section we will
first introduce leptoquarks rather generally in Section 3.2.1. Then, we will discuss some
particular sets of leptoquarks in slightly more detail. Namely, a particular combination
of leptoquarks can on the one hand generate radiative neutrino masses and on the other
hand induce some interesting GNI phenomenology, which we discuss in Section 3.2.2.
Finally, we discuss the phenomenology of two leptoquarks which can act as mediators
between the SM and sterile neutrino dark matter in Section 3.2.3. This section is based
mainly on Reference [3]. Whenever we go beyond these previously published results, we
point this out in the text.

3.2.1. Heavy leptoquarks and their tree-level EFT matching

All the possible renormalizable couplings of a quark field and a lepton field to a scalar or
vector have been labeled in Reference [91]. The list has been extended to include sterile
neutrinos in Reference [3], from which we draw in this section. Keeping the distinction
between leptoquarks with fermion number ' = 3B + L = 0 and F' = 2, the complete
interaction Lagrangians read

Lr—g = (512 ¢%imal + s1c uGer + s18 dZN) S

+ 8/1 @6 Si + 8/1, @N Sil + Sg?iTQFl 53

- _ , (3.36)
+ (v2r @ e R + var, A5yl (ime) VS
+ (”éR EQ’YMN + ’UéL @’Yﬂla) (i7'2)abvzu’b/ + H.c.,
_ b ——a,; ab b
Lr—g= (TQRq er +ror UR! (ZTQ) ) R2
. 3 ,
+ (T’QL dr la(m'g)“b +7rhg qu) Rg (3.37)

+ (UlL q’Yul + Uie %’7;161% + uin W’Y,MN) U{L
+ u} Upy.er Ut + uf dpy N UM 4 ug g7Vl (75 +H.c.
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Table 3.1. Leptoquarks that can couple to SM particles and right-handed neutrino
singlets, together with the operators from Table 2.1 they can generate. Our convention
is @ = I3 + Y/2. Exact Wilson coefficients are found in Table 3.2. Operators which do
not lead to neutrino interactions are printed in gray.

F  Spin SU@B)c SU2)r UQ)y Operators
ST =2 0 3 1 2/3 Ol(;)yoNdyoqud702qu7
Oelutp Oéluqy OeNucb C)(zu
20 3 1 8/3 o
Sro—2 0 3 1 —4/3 Onu
Sy =2 0 3 3 2/3 oY
Vo —2 1 3 2 5/3 Oud, Oeigds O e
Vs -2 1 3 2 -1/3 OnNg: O, Oinug
RQ 0 0 3 2 7/3 Olu) Oeluqa Oélufﬁ O(/f
b0 0 3 2 1/3 Oua, Ong, OiNgds Ojnga
Ux 0 1 3 1 4/3 Ol(ql),ONuyoelqd,OlNuqaoeNudaO((/
Uloo0 1 3 1 10/3 Oun
u’ 0 1 3 1 —2/3 OnNd
Us 0 1 3 3 4/3 o

The terminology is the same as in Reference [91], except that we replaced ‘tilde’ symbols
with ‘prime’ symbols. This is because in addition to S; and S| the inclusion of sterile
neutrinos allows for a third SU(2)-singlet leptoquark with fermion number F' = 2 which
we call S7. Likewise, in addition to the SU(2)-singlet vector leptoquarks U; and U7, we
introduce U{'. The list of all scalar and vector leptoquarks and their quantum numbers
is shown in Table 3.1. There are some further interactions possible for these leptoquarks,
namely
L%fz = 515 1GiT2q"S1 + sy guu’S| + s dd°S] 538

+ s35 GTiT2q°Ss + Sop gyuuVy + shp quudCVQ“/. (3.38)
If these and the interactions in Equations (3.36) and (3.37) are present at the same
time, baryon number is violated. In particular, a mixture of these interactions can lead
to proton decay. Here we assume that baryon number is conserved, which rules out
the operators of Equation (3.38) and avoids strong constraints from proton stability.
Generically, the potential of the leptoquarks will include a coupling to the Higgs, i.e. the
non-fermionic part of the leptoquark Lagrangian reads

Lx =-m%X'X +(D,X)'D'X — M\xp X' XH'H, (3.39)
1
Ly =myY,YH— 5(YW)T(YW) —~ \vuY\YFHTH (3.40)

where X is a scalar leptoquark and Y, is a vector leptoquark with the definition

Y = DY, — D,Y,,. (3.41)
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(a) Leptoquark exchange leading to an effective (b) Radiative neutrino mass through S; and R
four-fermion interaction Op,,.

Figure 3.2. Leptoquark diagrams

We will neglect the portal couplings Axp, Ay g for simplicity. If we assume that the lep-
toquarks are heavy, typically with masses around or above 1 TeV, they can be integrated
out giving rise to effective four-fermion SMNEFT operators (or operators of LEFT ex-
tended by right-handed neutrinos below the weak scale). As an example consider the
tree-level exchange of an S7 in Figure 3.2a. This allows us to identify the mass of the
leptoquark with A and to relate the Wilson coefficients of the SMNEFT operators with
the couplings in Equations (3.36) and (3.37). Going beyond our previously published re-
sults of Reference [3], we show the resulting Wilson coefficients in Table 3.2, while details
of the calculation are delegated to Appendix B.1.

From the point of view of neutrino theory, some of these leptoquarks are particularly
interesting. One criterion of interest is to select those leptoquarks which can generate
the neutrino mass radiatively, i.e. by means of a loop diagram. These are the topic of
Section 3.2.2. A second criterion is to focus on those leptoquarks whose quantum numbers
dictate that they couple only to bilinears involving sterile neutrinos, namely S} and U7’ .
This opens the interesting possibility that they could be the mediators between thermal
relic dark matter and the SM. The two candidates are discussed in Section 3.2.3 and later
in the context of dark matter phenomenology in Chapter 5.

3.2.2. Radiative neutrino mass and chirality flipping GNI

Radiative neutrino masses at one loop can only be generated by two particular com-
binations of two leptoquarks, the scalar combination S; (or S3) and R} or the vec-
tor combination U; (or Us) and Vj [90]. This holds for SU(3)c-triplet leptoquarks.
Higher-dimensional representations open new possibilities, e.g. S; and a leptoquark in
the (6,1,4/6) representation [88]. It is also possible to avoid this selection by considering
double copies of some of the SU(3)c-triplet leptoquarks and introducing 3-leptoquark
interactions [90]. We focus here on the simplest minimal scenario S; and R). This
combination works, because the quantum numbers allow for a scalar coupling of the form

L=AsyrS1H'R),. (3.42)

Therefore, one can connect the Higgs vev v to a neutrino propagator by a leptoquark
loop, as shown in Figure 3.2b. This diagram results in a neutrino mass approximately
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Table 3.2. Wilson coefficients of SMNEFT operators defined in Table 2.1 induced at
tree-level by integrating out the leptoquarks in Equations (3.36) and (3.37) and assuming
all leptoquark masses are equal to the EFT scale A.

Wilson Coefficient Leptoquark contributions
(Cl(ql))aﬁw —3(s10)%0(s10)68 + (u1L) o (u1L)8
(C)yeen —3(53)3a(53)55 + (u3)50 (ua)ss
(C’eu)aﬁwS %(Sle)ya(sle)éﬂ + (ul)éa (ul)vﬂ
(Ceq)P — 5 (515 (51)s8 4 (u1e)3q (U1e)4s
(Cna)*P7? —5 (518 )30 (513)s8 + (u])54 (W)
(Cnu )P0 —5 ()2 a(s1)ap + (W1 )sa (u1n)4s
(Cye)*Pr0 5(rar)as(r2r)f, — (V2R)h (V2R) g5
(C'Nq)aﬁms %(7'/21%) 8(raR)3a (UQR)%('UQR)&B
(Cpu)*P° %(TQL)EQ(TQL)’YB — (v31)va(v5L)3s
(Crq) ™7 3(751)50(Thp)v6 — (v2L)ra(v2r)}s

(Cenua)P® —3(510)%a(518)s8 + (t1e) 50 (1N )48
(Cetga)*??° —2(v2r)sp(V2R) 50 — 2(u1L)yp(U1e),
(Cetug) ™ 5(s10)58(s10)%0 + 3(T2R) 50 (120) 48

(Cerug)™™?° ~5(12)p(s10)30 + §(r2m)ia(r20)
(Cinga)™” 5(s12)50(s1n)sp + 5 (T’éR)vﬁ(T’éL)Ea

(Cqud)a’Bw —%(SlL)i (s18)68 + 5 (Thr)v8(rhL)sa
(Cinvug)*"?° —2(vyp)e8(v3L )5 — 2(U1L)EQ(U1N)75

given by [86,92]
mad rg3sto g MSHRY
V2 1672 m?
where we assume the bottom quark to run in the loop and that mg, ~ m r, & m. To
explain the neutrino masses of order m, ~ 0.1eV for Aggr ~ v and m ~ 1TeV one needs
couplings 75,51, < 1072-1073.

On the other hand, these two leptoquarks can also generate the phenomenologically
very interesting operators Onqq and O] Nad which induce simultaneously charged-current
and neutral-current (pseudo)scalar and tensor GNI. In Section 4.3, we discuss how both of
these can be detected by different experiments. Besides generating neutrino masses, these
leptoquarks could be responsible for B physics anomalies at the same time [92], which
we do not discuss further here. The vector combination for radiative neutrino masses
Uy and V4 is discussed in detail in Reference [87]. We note here only that these two
leptoquarks can generate another very interesting operator Oy, which induces charged-
current and neutral-current GNI at the same time. We summarize that it is precisely the
leptoquarks generating radiative neutrino masses which generate the SMNEFT operators

(3.43)

OeNuds OiNugs (’)l(;\), gd which in turn induce the charged-current sterile neutrino GNI on
the right-hand side of Table 2.7.
Let us slightly extend the discussion in Reference [3] on these operators. In Section 4.3.3
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we show that current bounds from beta decay, pion decay and coherent elastic neutrino-
nucleus scattering demand that if only one of the three operators is present at a time, we
have

O] < 4.0 x 107* - V8GpA?,

; 3.44
15l <24 %1077 V/BGRA®. (3.44)

With the identification in Table 3.2 we thus have for S| and Rs

1 1 _
—(s12)}e(s18)1e + = (ryr)1e(rhp )i < 1.3 x 1072,

2 2
2 2 (3.45)

—g(le)Te(SlN)le + g(réR)le(TéL)Te <7.9x107",

where we assumed for simplicity A = mg, = mpg, = 1TeV which as we mentioned fits the
radiative neutrino mass scenario in Reference [92] when sy, 5, ~ 1072-1073. This gives
us an idea of the coupling magnitude that would be needed for an effect that is close but
below the current sensitivity, namely sqy or 7 of order 1. This would be an example for
a mixture of Scenario 1 and Scenario 3 in Section 4.3.3.! Depending on the signs of the
couplings and potential cancellations in Equation (3.45) we could in principle even have
tensor and (pseudo)scalar interactions close to the detection limit at the same time. Let
us finally comment on Scenario 2 of Section 4.3.3. Here we need Cjngq and Cinyg to be
of opposite sign and approximately equal magnitude. From Table 3.2 we conclude that
we then need either Sy or R) and either V3 or U{ with appropriately matching couplings,
which is possible but cannot generically be expected.

3.2.3. Two potential dark matter mediators

Our second focus is on S] and U{, because these leptoquarks couple only to fermion
bilinears involving a sterile neutrino. Besides the sterile neutrino, they couple to either
ur or dr. The absence of any strongly-constrained four-charged-fermion interactions
hence makes these leptoquarks attractive candidates to explain sizable new neutrino
interactions. As a particular example, we consider S and Ui as the mediators between
WIMP-like sterile neutrino dark matter N and the SM in Chapter 5. The remaining
part of this section accordingly follows Reference [4] on which Chapter 5 is based. The
corresponding Lagrangians of the two dark matter models we consider read

Ls1q=—m%iStS+ (D"S)'D,S + x, 15N S + af ()Nt ,
1
LyLq = m%]U;ﬂU“ - §(U‘“’)TUW — igsk U;TAUVGﬁV (3.46)
+ 2 bpy Nr U + 2} U Npy,br

where we renamed the leptoquarks to S and U and the couplings to x; and x; for com-
pactness, and

Uuw = DU, — D,U,, Dy = 0y +ig TG} . (3.47)

1Strictly speaking those bounds are obtained assuming only one Wilson coefficient at a time, but we
assume here that the combined bounds are comparable.
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The parameter k is fixed by the UV origin of the vector leptoquark and is either one or
zero, see e.g. Reference [93]. In these models the crucial SMNEFT operators responsible
for the coupling of dark matter to the thermal bath until freeze-out are the tree-level
generated Op,, for the case of S{ and Onq4 for U{. Following Table 3.2, the effective
interaction Lagrangians are given in terms of couplings and masses by

2
T — _
Ly = _;T%(NRVMNR)(tR’YNtR)a
o & (3.48)
x N _
Ly = mLQU(bR’YﬂNR)(NR'YubR)~
In the language of SMNEFT, we identify
1
O3 = —§]a:t|2 for A =mg, (3.49)
O = |2|? for A = my . (3.50)

Additionally, in the context of direct detection, the loop-induced operator (’)E\?}I becomes

relevant, since it generates a Higgs portal between the sterile neutrino dark matter and
the SM. The effective Higgs coupling for an S leptoquark which couples only to the top
quark and Majorana dark matter has been calculated in Reference [94]. In our SMNEFT
language? it reads

C](\E}J y?‘xt|2””\7 S m3
- _ F =G —XNH 51
A 64m2m? < (r) + m? () + m? (T>) ’ (3:51)

in the limit of /s, my < mg, where y; is the SM top Yukawa coupling, r = m% /m? and
the functions F(r), G(r), and H(r) are given in Eq.(10) of Reference [95]. These are all
the operators up to dimension six which play a role in our discussion of dark matter in
Chapter 5.

3.3. Loop-induced interactions

Much like neutrino masses can be induced radiatively by some of the leptoquarks discussed
in Section 3.2, it is possible that GNI are generated as a loop effect. In both cases there
lies theoretical appeal in the fact that the observed smallness of both neutrino masses
and GNI would be well-explained if they are loop-suppressed. Following Reference [1],
we focus here on neutral-current NSI of the form €y and eg s, where f = e,u,d. As
discussed in Section 4.1, these are most relevant to the coherent forward scattering of
active neutrinos in matter which is important for the correct interpretation of neutrino
oscillation experiments. When discussing experimental constraints, we will, however,
deviate from Reference [1] and work based on the results of Chapter 4.

2Compared to Reference [95] we identify gy, /v = ZCS}I/A‘
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The approach taken in this section can be described as “bottom up” compared to the
“top-down” explicit models of Section 3.1 and Section 3.2. This means that we start from
the question which scalar interactions can induce the neutral-current NSI Lagrangian®

L=V8Gr Y Y & anuPLvs) (' Pxf). (3:52)

f=eu,d X=L,R

Noting that the fermionic currents in Equation (3.52) are all (axial) vector currents,
we conclude that for a tree-level scalar exchange to induce this interaction there has
to be a Fierz-transformation (see Appendix A.3) which translates from scalar currents
to vector currents. Upon Fierz-transforming the Lagrangian in Equation (3.52) using
Equations (A.26) and (A.27), one finds that only for X = R the result involves scalar
currents,

L =—2UaPrf)(fPLvg). (3.53)

If this Lagrangian is induced by a scalar exchange, this scalar must carry the same charged
as (UoPrf). Moreover, if f = u,d, it needs to be colored, i.e. we recover the leptoquarks
discussed in Section 3.2. An example of a model with a color-neutral scalar that induces
the leptonic interaction of the type Upegegrvy is the type-II seesaw model as explained in
Section 1.2. Recall that in these models neutrino masses are explained by a heavy SU(2) -
triplet scalar A, whose charge-1 component AT serves as the charged scalar to produce
the leptonic NSI [41]. The fact that these charged scalars and leptoquarks are strongly
constrained typically leads to very constrained matter NSI for the active neutrinos. It is
therefore interesting to ask if larger NSI can be obtained by loop processes, in particular
with neutral scalars, which we discuss next.

Two possible types of one-loop Feynman diagrams leading to NSI are shown in Fig-
ure 3.3. The first diagram, which we call the triangle diagram, relies on a modified
coupling of neutrinos to the Z boson. This modified coupling is generated by a triangular
loop involving a scalar and two mediator fermions 1) whose common charge is dictated by
the charge of the scalar. Such a diagram is logarithmically divergent. In a UV complete
theory it must either be possible to absorb this divergence in a counter term in the La-
grangian, or in the sum of all contributing diagrams the divergent parts must cancel. The
second diagram, which we call the box diagram, involves two scalar propagators and two
fermionic propagators which can again be different depending on the charge of the scalar.
This diagram is UV finite, since in the loop there is an additional propagator compared
to the triangle loop. In all cases, our notation is that the interaction Lagrangian of ¢
reads

Lo=) YathViad +ysd'fo+He., (3.54)

where the second Yukawa term is required only for the box diagram.
First we consider the triangle diagram. In the case that the divergences cancel, the
effective Z coupling with the SM plus the loop contribution in the limit m, < mz,my

3Note that we use here projection operators Pr, = (1—~°)/2 and Pr = (1+~°)/2, while the original GNT
operators in Table 2.4 were defined with 1 —+® and 1 4+ ~° instead. To keep the definition consistent,
we compensate for the two factors of 1/2 by replacing the prefactor Gr/v/2 with v8Gp.
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f Vo
—_— = 7¢7 _— -
4 G
¢
f ve
(a) Triangle diagram (b) Box diagram

Figure 3.3. One-loop diagrams inducing neutral-current matter NSI involving a new
scalar ¢. Which fermions v and 1)’ are depends on the scalar’s charge.

reads

9 v —
Lzy= _EZ#(QL(;&/@ + g%)(va’m(l —7")vg), (3.55)

where

1) Yaysmy

o8 = 1625 |/(1)9L + h(r)gp|. (3.56)
¢

Here g% = 3 is the Z-charge of the left-handed neutrinos, f(r) and h(r) are finite complex
functions of r = m2Z / mi The left and right Z-charges of e, u and d have been collected
in Equation (1.16). The model is renormalizable, i.e. the divergences cancel, if ¢ carries
a Z charge g% as well such that

9° =gh— g% (3.57)
After integrating out the Z boson and calculating the finite box diagram, the induced
NSI coefficients in the generic case read

Lxst = V8Gr Z Z ((el;(,f)aﬁ + (69(7]‘)&5) (fy*Px f)(WaruPrvs) , (3.58)
f=eu,d X=L,R

where
* 2
8 N jew  Yaysm v
(x.p)™ = —2955)%0(? =- 80;2/8 m%gﬁ( [f(T)QL +h(r)gh!, (3.59)
¢
() = vayslysP V2 1 yayslysl® ¢y my (3.60)
XJ 16m2  Gp 16m2 3212 g2 m2’ '

again in the limit of all fermion masses including ¢’ being negligible compared to m, and
myz. We now review three example choices of scalars and which experimental constraints
come into play for them.
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3.3.1. The minimal charged Higgs model

The minimal charged Higgs model is our only example with a charged scalar and serves
partially to demonstrate how the two diagrams are generated and how the strong con-
straints on charged scalars imply strongly constrained NSI. The scalar ¢ is an SU(2)p-
singlet with hypercharge 2 and therefore the gauge-invariant Lagrangian reads

Ly=Lsm+ Dol —m3lof* = V(e H) + | D waple(ima)lgé+He. |, (3.61)
a7ﬂ

where V (¢, H) denotes all quartic scalar interactions involving at least one factor of ¢.
This model has previously been studied in References [96-98], but we focus here on the
loop-induced NSI. The important point is that there is only one Yukawa interaction term
and it is antisymmetric in flavor space, because

E(i’l‘g)lﬁ = ﬁaeLg — %QI/LB = ﬁaeLg — ﬁﬁeLa = —l%(i’i‘g)la, (3.62)

and so Yo = —¥Ygo. For convenience, we write out the Yukawa Lagrangian in components,

Lyukawa = 2Yep (EML - VTCL@L) ¢+ 2yur (VﬁTL - E;UJL) o)

il il (3.63)
+ 2y (Ve — VEm) 6+ Hec.

We assume that mg > myz to avoid strong constraints on charged scalars. Therefore, it is
instructive to apply the SMNEFT framework directly on Equation (3.61) and confirm the
equivalence to the calculation on the basis of Equation (3.63) performed in Reference [1].
Integrating ¢ from Equation (3.61) while ignoring the scalar potential yields,

0 6
Cp = —cpt? = —2Y536Ypry » (3.64)
identifying A% = mi as we show in Appendix B.2. This relation also ensures that the
four-neutrino and four-charged-lepton interaction terms generically implied by Oy vanish,
since their strength is proportional to C*#7% 4 C*978 =, see Equation (2.16). Note that
this definition also automatically ensures Hermiticity,

CoPt — (Cheory (3.65)

The leptonic NSI can then be read off from the first entry of Table 2.6 adjusted for generic
A,
1
6046')/(5 _ _Caﬁ'yé -9 5 * )
Lie 1 YBsYary \/gGFA2
These are the tree-level NSI. For the interactions with electrons, where v = § = e, there
are only NSI of neutrino flavors uu, pur and 77. This changes once we proceed to the
loop level.
Considering the diagrams in Figure 3.3, we can identify ¢ with e§, u§, 77 for (a, ) =
(1, 7),(7,€), (e, p), respectively. In the triangle diagram, f can be a charged lepton or a
quark, while in the box diagram the required direct coupling of f to ¢ requires f to be

(3.66)
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a left-handed charged lepton. To ensure the correctness of applying Equation (3.59), we
check for the correct Z charge of ¢ to ensure renormalizability of the triangle diagram. It
can be read off the gauge-kinetic term in the Lagrangian after performing the Weinberg
rotation,

, Y, . g ,
D,¢ =0, — Zg'BlL?(ﬁ ¢ =0, — ZJ(—S%V)ZH¢ —igswAup, (3.67)
so that g% = —s%,. We then have the renormalizability condition (3.57) satisfied, since
¢ v v 1 1
QS)_gL:(_gi)_gL25_52 —5=—siv=9"" (3.68)

Therefore we can use Equations (3.59) and (3.60) to conclude

* 2
YasYss M
(6.)"77 = =gk 3 PR 2L f(r)gy + h(r)(—g5)] (3.69)
L
2 2 2
o 1 N YasYss My 2 | Ciy 5 my
MK 2 g 2 3 [3 ~ (1= 25w) (l"gm - ”)] (70
5 ¢ ¢
for f = e,u,d, X = L,R, and where we sum over ¢ corresponding to the internal

fermion lines of ¢ = e¢; which has one contribution if o # 3 and two contributions
if a = . The approximation follows the asymptotic limits of the functions f(r) and h(r)
for r = m% /mé < 1 provided in Reference [1]. The factor of 2 in the identification of
the couplings yo = 2yas, Yg = 2yps is due to the factor of 2 difference in Equation (3.63)
and Equation (3.54).

In the box diagram, ¢/’ must be identified with the two neutrino species with flavors
different from f. Explicitly, for f = ey, pur, 71, there are contributions from ¢’ being v,
and v;, ve and v;, or v, and v, respectively. Formula (3.60) then implies the matter NSI

o \aB Za y*5y55 \/5 1 2 2
(EL,G) - T#Gip'mié (|yeu’ + ‘yer‘ ) . (3.71)

More generally, we could have any flavor indices for the charged leptons, i.e.

apys Yoolpp V2 1
(6%,6) Brvs _ Zpl(;:;ﬁpg;mi Z (yWPy;p) . (3.72)

p#Y,6
We observe that there are a lot of NSI generated at the same time, depending on the
flavor structure of the Yukawa couplings.

This model radiatively generates charged lepton flavor violation (CLFV) as can be seen,
for instance, from the box diagram. Since CLFYV is experimentally strongly constrained,
it turns out that these are the strongest constraints on this model and therefore also on
the NSI. This is a common feature which we will explore further in Chapter 4: When
flavor-changing neutrino interactions are generated from new physics above the weak scale
which is invariant under the SM gauge symmetry then usually also lepton flavor violating
interactions between charged leptons are generated with couplings of similar magnitude.
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Hence the strong CLF'V constraints then also strongly constrain the neutrino interactions.
In the case of the minimal charged Higgs model, the most important constraint comes
from the radiative decays e, — egy and e, — egeg€s whose rates obey

2

)

I'(ea — €p7) _ 1 9253, | 25 YasYjs
I'(eq — egravp) 1672 12

2
my G (3.73)

I'(eq — egepea) _ @ }2 1) e|?
I'(eq — egralp) g2 JopIL

We will discuss some more details about CLFV in Section 4.2, but here let us simply
quote the current bounds on these processes for the different flavor combinations. These
are [36]

Br(p — vyeve) ~ 100%,

3.74
Br(r — vyeve) = (17.82 £ 0.04)%, Br(t — vrpvy) = (17.39 £0.04)%, (3.74)
for the SM branching fractions, and for the lepton flavor violating ones*
Br(p —ey) <42x 1078, Br(u — 3e) < 1.0 x 10712,
Br(r — ey) <3.3x107%, Br(r — 3e) < 2.7 x 1078, (3.75)
Br(r — py) < 4.4 x 1078, Br(r — 3u) < 2.1 x 1075,
From these we can derive bounds on g((xlg defined in Equation (3.56) of
(m—ey): lgWl<77x1078, (u—3e): g <1.3x1075,
(r—=ey): g9 <5.0%x107°,  (r—=3e): |¢g)] <5.1x1074, (3.76)

(r—=wy): g5 <6.0x107°, (1 —=3p): |gl)| <4.5x 107"

The values on the left-hand side depend logarithmically on m2Z / mi For definiteness, we
have fixed mg = 500 GeV. Since the bounds from e, — eg~y are generally stronger, we
apply those bounds to the NSI coefficients of Equation (3.59)

(X )] < 2.2 % 1077 gﬁ}, |(6)D(’f)“e| <1.7%x107°,
(ex.p)l < 1.4 x 107 gk (€5.5)7) < 1.1x 1072, (3.77)
(&)™ < 1.6 x 1074 g%, (€ )™ < 1.3 x 107,

where for the box parameters on the right-hand side we assume |ye,|?, [yer|> < 1. These
values confirm that even loop-induced NSI are very strongly constrained for a new charged
mediator. Note that direct bounds on neutrino-flavor changing NSI are typically much
less stringent, namely of the order 107'-1072 as we discuss in Section 3.3.2 and more
broadly in Chapter 4.

4The bound on y — ey has mildly improved from the value of 3.7 x 107% used in Reference [1]. We
present here the results for the updated value.
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3.3.2. Neutral scalar bosons

For this model we introduce a neutral instead of a charged scalar singlet. The generic
Yukawa interaction Lagrangian below the weak scale then reads

LoD ylslavsd+ Y ylsfalfsd+He (3.78)
PY=e,u,d

This Lagrangian is defined in terms of the fields in the broken phase of the electroweak
symmetry. As it stands, it is not gauge invariant under the full SM gauge group and
therefore clearly not UV complete. Rather, it should be considered as part of a more
complete model. Upon integrating out ¢ at tree level one obtains no matter NSI, but
the chirality-flipping GNI of scalar type. Namely, the effective tree-level GNI Lagrangian
reads

Lo = 751 Vonﬁf'yfé ) (3.79)
¢

from which we identify

%
€aP10 _ gabd _ Vi, V2 . (3.80)
2 G F mé
Of course there are similar scalar interactions induced for the charged fermions. For
considering loop diagrams it is necessary to distinguish Majorana and Dirac neutrinos.
Indeed, in the case of Dirac neutrinos the interaction term would be of the structure
vrvr¢ and therefore in Figure 3.3a ¢ would have to be v which has no coupling to the
Z boson. Therefore there are no NSI from the triangle diagram. In the Majorana case
the interaction would be of the structure v¢vr¢ where v§ does couple to the Z boson. In
this case one could even assign a lepton number to ¢ if the couplings to charged fermions
vanish. Such new interactions which only affect the neutrino sector are called secret
neutrino interactions. Let us first consider the case of secret neutrino interactions and
Majorana neutrinos taking y/ = 0 and then the less secluded case with charged fermion
interactions and Dirac neutrinos.

Secret neutrino interactions

In the case of secret neutrino interactions, the interaction Lagrangian (3.78) becomes
Ly D YapV§ Lo + Hee. (3.81)

The box diagram and the tree-level scalar GNI (3.80) are absent because the scalar does
not couple to charged fermions. However, the triangle diagram gives a contribution which
reads

()T = ok QZywyaﬁ ~h(r)], (3.82)

where v = 1,2, 3 and the divergent part of the dlagram is neglected. In a complete model,
this divergent part must be canceled by other diagrams which should also influence the
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final result for €. However, we can work with Equation (3.82) as an order-of-magnitude
estimate. As we discuss below, this leads to the model being constrained by the invisible
Z decay width and neutrino-electron scattering.

The only way to access the secret neutrino interactions directly is through the effective
Z coupling from the triangle diagram. Consequently, two important channels to test this
are the invisible Z decay width and neutrino electron scattering, which is mediated by
W and Z bosons. We will discuss the latter in detail in Section 4.4 and only quote the
results here. To calculate the invisible Z decay width I'z;,, we have to add to the SM
coupling of neutrinos the loop-induced coupling, resulting in

Lz, = %gzwzu(m@m), (3.83)
where
o gD
Mg = L2 | 5.5 (3.84)
g 9

The measured invisible decay width is [36]
I'zinv = Nz, N, =3.0026 + 0.0061 . (3.85)

Since the decay width I'z_,, is proportional to the absolute square of the vertex coupling,
in the generalized case we have I'z iny tr[AAT], from which we can infer

Ny =t =D Aol (3.86)
aMB

Due to this trace there can be cancellations of large gsg even with N, = 3. Therefore,
a more precise test of the model are the tests of neutral current NSI at energies where
the Z is integrated out. For instance, leptonic GNI are constrained by neutrino-electron
scattering data from TEXONO [99] (Zee — Te) and CHARM-II [100, 101] (7,e — ve)
and (v,e — ve). As we discuss in the dedicated section Section 4.4 and Appendix C.2,
the strongest bounds from these experiments on flavor-off-diagonal leptonic NSI with

electrons are
Pl < 011, fiR IR < 010, (3.87)
€L el? + e <027, €hel” + leff [* < 016,

and so these apply to the secret neutrino interactions. We do not quote here all explicit
bounds on semi-leptonic neural current NSI, but they are typically of the order 1072, as
collected in Reference [25].

Neutral scalar with charged fermion couplings

In the case of non-secluded interactions given by Equation (3.78) and Dirac neutrinos,
the triangle diagram vanishes. However, triangle diagrams for the charged fermions do
exist and lead to corrections to the Z boson couplings. By this we can constrain the



48 3. Theoretical origins of new neutrino interactions

charged fermion Yukawas yi 3 from the Z boson partial decay widths which we discuss
below. Note that we have to assume a cancellation of divergences in the complete model
here as well. We can safely state that the off-diagonal Yukawas yiﬁ will be much more
strongly constrained since the measured Z-couplings are flavor-conserving to very high

precision. Therefore, we consider now diagonal yga = y/. The box NSI parameters read

0 yasvr _ 1 V2P y

d=e,u,T

Considering all experimental constraints for this rather broad class of models is beyond
our scope. However, we make some estimates for the case that f = e. We can again use
the bounds on neutrino electron scattering. In this case, the strongest bound on Yukawas
is from the tree-level GNI of Equation (3.80),

€32l £ 0.6, (3.89)
see Equation (C.12) and (C.13). This implies that
Mo >318GeV. (3.90)

V1Yapy©|
With this, we check if the partial decay width of Z to e can be consistent with such a
bound. Modifying Equation (3.56) to describe the correction to the left-handed coupling

g{ to Z we have

Lot = g3 Z,y" P,

er) _ lyel? my
L 1672 mi

[f(r)gi + h(r)g&l (3.91)

Uyl m3
™~ 1672 |yap| (318 GeV)?
where we assume that all y,s are all of the same order of magnitude. Further, we used
that |f(r)| < |h(r)| for r < 1 and |h(r)| < 0.1 for mg 2 300 GeV. A similar expression
can be found for the right-handed coupling with g7 and g% swapped. With this we
estimate the effect on the partial decay width of electrons using Tee ~ (9%)2 + (9%)>

[0.1-g%],

ar,, (9i+ 92‘”)2 + (g5 + 92(1))2 = ((92)* + (9%)%)

~

e (97)2 + (9%)? (3.92)
o1yl omy o 4gigh
1672 |yas] (318GeV)2 " (g5)% + (97)*

This value is bounded by the relative error of the Z — ee branching fraction which reads
1.25 x 1073 [36] such that we find

Vel < 19, (3.93)
|ya5‘

According to this estimation, the loop suppression would be strong enough e.g. for the
configuration .5 ~ ¥ ~ 1, mg > 318 GeV. As we noted before, if the loop calculations
hold to this degree depends on the UV complete realization of the model.




4. EXPERIMENTAL TESTS OF NEW
NEUTRINO INTERACTIONS

In this chapter we discuss various experimental constraints on GNI arising from low-
energy experiments. By this we mean experiments with interaction energies at or below a
few GeV. Besides these analyses without assumptions on the origin of new interactions,
we investigate what we can learn from the connections between different observables
that are forged when one assumes that the new physics is of high-energy origin and
manifests itself in the form of gauge-invariant operators of SMNEFT. The roadmap for
these connections is constituted by the EFT matching relations between SMNEFT and
GNI operators which we discussed in Section 2.4. From these we infer which combinations
of GNI should occur simultaneously or which should not occur at all if they originate
from SMNEFT at dimension six. In Table 4.1, we summarize the experimental channels
discussed in this chapter, and which types of GNI parameters they are sensitive to. An
overview of additional ways to constrain the subset of interactions categorized as NSI can
be found in Reference [25].

Since they are of outstanding importance in the field of neutrino physics, we first very
briefly discuss neutrino oscillations to the extend that we understand their sensitivity
towards neutral-current GNI in Section 4.1. This discussion illustrates that complemen-
tary tests of GNI are valuable as cross-checks for the interpretation of flavor transitions
in terms of mixing angles and the charge-parity phase. In the remaining sections, we
discuss such complementary searches for GNI, not all of which are affecting neutrino
oscillation experiments. We compare indirect and direct tests of lepton flavor violating
GNT in Section 4.2. By indirect tests we mean searches for charged lepton flavor violation
which imply bounds on neutrino flavor violation if we assume that both originate from
the same SMNEFT operators. Most of the direct tests are either beta decays or neutrino
scattering off leptons or nuclei. Therefore, the following sections are dedicated to inves-
tigating such processes. In Section 4.3 we briefly review and compare the constraints
on (pseudo)scalar and tensor GNI involving right-handed neutrinos from coherent elastic
neutrino-nucleus scattering (CEvNS), beta decays, and pion decays. Afterwards, we turn
to two more detailed phenomenological analyses. In Section 4.4 we focus on neutrino-
electron scattering which is an important direct probe of leptonic GNI. After reviewing
the detectable influence of GNI on the cross section, we present the results of a sensitivity
study for neutrino-electron scattering at the DUNE near detector which show that one
can expect significant improvements to current bounds. Finally, we discuss the sensitivity
of neutrino mass experiments to GNI in Section 4.5.

Throughout this chapter, we presuppose that the right-handed neutrinos are light. In
particular, we assume that they are either particle-antiparticle conjugates of left-handed
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Table 4.1. Classification of experiments discussed in this work which can probe different
types of GNI. X = L,R,S,P,T, Y = A,S,P,T. CLFV refers to charged lepton flavor

violation.

GNI type Direct probes Sec. Indirect probes Sec.
e?ﬁfe v-osc., v-e scattering 4.1, 4.4 CLFV 4.2
10yt CLFV 4.2
e{'}iﬂ v-osc., v-N scattering 4.1, 4.3 CLFV 4.2
e{'}iﬂ v-osc., v-N scattering 4.1,4.3 CLFV 4.2
6;@11 v-N scattering 4.3 CLFV 4.2
e;ﬁdn v-N scattering 4.3 CLFV 4.2
eg‘(ﬁicll Beta and Pion decays 4.3, 4.5 CLFV 4.2

active neutrinos in the Majorana case or independent right-handed partners of active
neutrinos in the Dirac case. In this way we have a clear notion of flavors e, p and 7 for
the right-handed neutrinos. This choice is made for convenience of interpretation rather
than out of necessity. Most results can also be interpreted as bounds on the interactions of
hypothetical light sterile neutrinos. Only in Section 4.5, where we discuss neutrino mass
experiments, do we consider an additional fourth neutrino of mass up to 40eV besides
the right-handed partners of active neutrinos.

This chapter partially relies on the contents of References [2,3]. Specifically, Section 4.2
and Section 4.3 are mostly based on Reference [3]. Moreover, the contents of Section 4.4
are published in Reference [2], except that we have added a discussion of the scattering
cross sections and constraints in the case of electron neutrinos.

4.1. Neutrino oscillations

Neutrino oscillation experiments have been essential in understanding the neutrino sector
of the SM as well as we do today. Currently, the three-neutrino picture with (compared to
the CKM matrix) large mixing angles and tiny (compared to the other fermions and the
weak scale) neutrino masses and mass-squared differences describes excellently the global
data [43]. Here we would like to focus only on understanding how GNI can be probed
by neutrino oscillations. For this we highlight some key points about the propagation
of neutrinos in matter as compared to vacuum. Understanding this propagation is key
in interpreting the results of oscillation experiments. In particular, the upcoming long-
baseline experiments T2HK [18] and DUNE [19], which aim to measure the leptonic
charge-parity phase, feature neutrino paths of up to 1300 kilometers through the Earth’s
crust from production to detection. Therefore they will be sensitive to matter interactions
which can result in a misinterpretation in the presence of GNI [102-104].
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We follow here loosely the discussion in Reference [35]. In a simplified quantum me-
chanical picture,! we consider a neutrino created at time ¢ = 0 with momentum p in the
flavor eigenstate

Vo) = Z Uqj lvj) (4.1)

where |v;) are mass eigenstates. The flavor evolution of this neutrino can be described
by the Schrodinger equation

.d
i—

lvalt) = I lva(®)), (42)

with |v4(0)) = |v) and where 5 denotes the Hamiltonian. Since .7 is not diagonal in
flavor space, in general |vg(t)) will be non-vanishing for 5 # a. The transition probability
from flavor o at t = 0 to flavor g8 at ¢ is then given by

Pyosns (t) = | (valva () [ = [agpl®, (4.3)

where we defined the amplitude 13(t). Using the Schrodinger equation (4.2) and as-
suming a constant Hamiltonian we find the evolution of the probability amplitude to
follow

.d .d
g ¥as = 15, (rsl1a(t)) = (vs| Hva(t)) = > Hantan(t), (4.4)
n
or, as a matrix equation,
d
— W, = HY 4.
ig; Yo HY,, (4.5)

where ¥, = (Yqe, Yau, @DM)T and H is the 3-by-3 Hamiltonian matrix whose form we
discuss now. In the mass basis, the vacuum Hamiltonian matrix #;, (the prime refers to
mass basis) is diagonal and satisfies

(H0)i vi(P) = 6i5E;(p) vj(p) = \/P? +m3 v;(p). (4.6)
Therefore we have in the flavor basis

(Ho)as = Y _ UsrUsk B (4.7)
k

If the flavor evolution takes place in matter (electrons, up, and down quarks), however,
there is also an interaction Hamiltonian H; to take into account. In the SM this Hamil-
tonian describing the coherent forward scattering of neutrinos in matter reads

(Hl)aﬁ = Vada,ﬁ 5 (4.8)

including flavor-universal neutral current interactions and electron-neutrino exclusive
charged current interactions

1
Voo = VacOae + Ve = V2Gr(Neboe — 3N (4.9)

! A more accurate wave packet treatment is found in Reference [105].
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with N, and N,, the number density of electrons and neutrons respectively. This formula
assumes neutral matter and therefore that the proton density IV, is equal to the electron
density. Considering the ultra-relativistic limit, we approximate

m2
E; E+2E, p~E, t~uz (4.10)
This can be used to find
s @) = (04 ™2 4 Vo) o) + 3 e (U MUT 4 A)pybg(a). (4.11)
ldx aB\Z) = | P o NC ap\T n2E BnPan T), .
where
0 0 0 Ace 0 0
M?2=[0 Am3, 0 , A= 0 0 0], (4.12)
0 0 Am3 0 00
with
Acc = 2EVee = 2V/2EGEN, . (4.13)

The first term on the right-hand side of Equation (4.11) is irrelevant for the transition
probability, since it generates a phase equal to all flavors. Hence the flavor-universal
neutral-current interactions are irrelevant for the flavor evolution. If we consider now our
more general interaction Lagrangian including new physics in Equation (2.11), there is a
new contribution for each flavor combination which is governed by [25]
N, N,
_ _afee u afll d afBll

Egnﬁ = 6‘/76 Fe V,u Eﬁwd 5 (414)

where ey = €7, +€r and N, and N; denote the number densities of up and down quarks in

the matter. Other types of GNI do not affect the propagation in unpolarized matter [106].
This implies that A becomes [107]

ee ep er
1+€X en €

A= Acc ey et el (4.15)
€r €m €T

showing how the flavor evolution in matter is now distorted by new physics. Note that
we have defined the coefficients to satisfy Equation (2.13) such that €5 = (ea®)* which
ensures that the Hamiltonian is Hermitian. Moreover, by the same argument which
renders the SM neutral current interactions irrelevant, it is possible to subtract a diagonal
element from A, e.g. et such that from neutrino oscillations we can only constrain €€ —ept'
and €77 — eht'. More details about constraints from neutrino oscillations can be found in
Reference [25].

The discussion to this point suffices to illustrate how neutrino oscillations are sensitive
to GNI. Oscillation experiments are important tests of matter NSI, but suffer from some
degeneracies, in particular between flavor-diagonal interactions. Moreover, they are not
sensitive to the chirality-flipping (pseudo)scalar and tensor GNI. Since we derive our
knowledge of neutrino mixing and leptonic charge-parity violation from those experiments
it is imperative to perform complementary tests of GNI to ensure that these properties
are inferred correctly. In the following sections we discuss such other test of GNI.
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4.2. Charged lepton flavor violation

In this section we discuss implications of the assumption that lepton flavor violating GNI
are induced by SMNEFT operators according to the matching discussed in Section 2.4.
Recall that if we assume that GNI are generated by heavy new physics beyond the weak
scale and that therefore SMNEFT at dimension six is the appropriate EFT to describe
these new physics above the weak scale, then the mapping between SMNEFT and GNI
is given in Tables 2.6 and 2.7. We can see that lepton-flavor off-diagonal leptonic and
semi-leptonic? GNI of left-handed neutrinos are generated by the flavor off-diagonal Wil-
son coefficients of the operators involving the lepton doublet [. But as we have already
discussed in Section 2.4, GNI are not the only interactions generated by these operators.
Instead, the fact that neutrinos appear in lepton doublets generates the additional in-
teraction terms among four charged fermions in Equation (2.16). Therefore, we can use
tests of charged lepton flavor violation (CLFV) to constrain these SMNEFT Wilson coef-
ficients, which in turn implies a constraint on neutrino interactions. As one would expect,
it turns out that these bounds on CLFV are several orders of magnitude stronger than
those on neutrino interactions. Before discussing the bounds we should note that they
are generally obtained at low-energies (S 2GeV), while our EFT matching is, strictly
speaking, only valid at the weak scale. In between there is some extent of RG running
which we do not calculate here. However, calculations in References [108,109] indicate
that typically the renormalization of individual coefficients amounts to an order-1 factor
and that the mixing of Wilson coefficients is a subleading effect.

There are several experiments trying to detect flavor violation from u to e, the main
processes being u — eee, p1 — ey, or i — e conversion in nuclei [110,111]. Similarly there
are searches for 7 — pup and 7 — eee. We discuss in turn all these processes, which
experiments currently yield the strongest bounds, and which SMNEFT and indirectly
GNTI coefficients are affected by this limit under our assumed EFT matching.

e 1 — eee: This process is mediated in SMNEFT by O}, 0/°°° and O;;*“. The
Wilson coefficients are constrained to be smaller than about 107% by the results
of SINDRUM [111,115].3 We can expect an improvement of up to two orders of
magnitude from the planned Mu3e experiment [116,117]. This can be estimated
from the fact that the branching ratio of this decay scales with C?, where C is
one of the corresponding Wilson coefficients and that phase two may reach an
improvement of the upper bound on the branching fraction from 10719 to 10716 at

90% CL [116].

e 4 — e in nuclei: The SINDRUM-II collaboration [118] has measured an upper
bound of the conversion u~Au — e~ Au which has been evaluated in SMEFT lan-
guage to constraints of the order 10~® on the semi-leptonic coefficients Cle é‘ llul in Ref-

erence [119]. In their “Method 1” they have applied the formulas of Reference [120].

2By semi-leptonic operators, we mean operators with one lepton bilinear and one quark bilinear.

3Numerical values given in Reference [111] for C, are normalized with respect to A = 1 TeV. To translate
these to our convention of A~2 = \/gGF7 one needs to multiply the numbers by (\/gGFTeVQ)*1 ~
1/33.
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Table 4.2. Single-parameter bounds at 90% CL on general interaction parameters that
are related to CLFV. The second column lists direct bounds from neutrino experiments,
while the third column features bounds from CLFV searches under the assumption that
the interactions are induced by one of the operators in the fourth column.

|eeHee| or |eeHtL| Direct CLFV Operators
€Le 1.1 x 1071 [52] 1.4 x 1076 Oy
€Re 1.0 x 107! [52] 1.0 x 1076 Ole
€Lu 2.3 x 1072 [112] 3.3 %1077 O1y1)> Olg(3)
€Ld 2.3 x 1072 [112] 3.3x 1077 O(1)> Oq(3)
€Ru 3.6 x 1072 [112] 6.0 x 1078 O,
€R.d 3.6 x 1072 [112] 5.3 x 1078 Ou
€Lud 2.6 x 10~ 2[113] 6.6 x 1077 Ouy(3)
Re(€s ud) 8 x 1073 [114] 3.0x 1078 Oelqds Oetug
Re(epud) 4 x 1074 [114] 3.0x 1078 Ocigds Oeiug
| Direct CLFV Operators
erece 2.7 x 1071 [52] 2.8 x 1074 Oy
€qee 2.7 x 1071 [52] 3.9x 107 Ole
€sTe 3.9x 1074 Ope
e’ 5.5 %1076 Ope
ettt 5.5 % 107° Ote
ere 3.0x 1077 Ope
€ro 3.0x 1077 Ope
er et 2.4x 1074 Ou
egfgi‘ 3.3x 1074 Ole
e 3.3x 1074 Ope

By the same method, we can apply these formulas to constrain additionally the op-
erators Cy(1), Ciq(3), and the coeflicients of scalar operators Ceigq and Cejyq with
index structures eull. They all turn out to be bounded from above by 10~7. Even
stronger bounds can be expected from the future Mu2e experiment [121].

p — evy: The strongest constraints on this process come from the MEG experi-
ment [122]. According to Reference [111], they imply upper bounds on C/#H<HH#
and CI""““"™" which contribute to the decay at one-loop level at the order of 10~°-
1077,

T — ppp: Similarly to g — eee, the contributing Wilson coefficients are CJj**,
CHTH! and CY*MT, which are individually constrained to be at most of order 104
by the results of Belle [111,123].

T — eee: Analogously to the previous cases, the contributing coefficients are C};*,
C7ee¢, and Cpf™, which are constrained to be at most of order 10~ also by the
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results of Belle [111,123].

These quite strong constraints on SMNEFT coefficients can be compared to the directly
measured bounds on neutrino interactions which we summarize next:

o ¢/°“ and ¢/yc°: The strongest bounds come from neutrino-electron scattering. Cur-
b k)

rent bounds from CHARM-II [124,125] are at the order of 107!, while we ex-
pect significant improvement from the first phase of DUNE as we will discuss
in Section 4.4. Bounds on NSI from CHARM-II have been calculated in Refer-
ences [52,126] in differing parametrizations. Adapting the bounds from Refer-
ence [52] to our parametrization yields slightly stronger bounds as we discuss in
Appendix C.2. In Table 4.2 we show the adapted bounds from Reference [52].

epll epll epll epll, _9 .
® €Ly €Ru > €Lg + ERa - Lheseare bounded at the order of 107 by neutrino-nucleon

scattering data from CHARM and CDHS [25,100,114, 127].

o [Re(eg, I |Re(e;’2;)|: The scalar and pseudoscalar coefficients are constrained at

least at the order 10~ from pion decay [114].

o ;¢ ere®: The strongest direct bounds on these 7-e flavor violating neutrino
K K

interactions are at the order of 10~! coming from efe~™ — Dvy data taken at
LEP [126].

e For the other coefficients in Table 4.2 with rather exotic flavor combinations we are
not aware of any analyses of direct bounds.

In Table 4.2 we summarize the directly measured bounds on GNI parameters together
with the strongest upper bounds on them from CLFV. In conclusion, in all cases where
direct bounds exist they are at least four orders of magnitude less stringent than the
CLFV bounds. Therefore if lepton flavor violating GNI are generated by the SMEFT
operators involving lepton doublets, there is practically no hope in detecting them. How-
ever, turning this argument around we can conclude that if any upcoming experiments
detect such GNI, then they are not connected to dimension-six SMEFT and would there-
fore hint towards new physics below the weak scale. Another conclusion is that GNI with
right-handed neutrinos are interesting from a high-energy physics perspective, since they
are not connected to any strongly constrained charged fermion interactions. In the next
sections, we therefore discuss some further experimental channels to trace neutral- and
charged-current interactions of right-handed neutrinos.

4.3. Coherent scattering and beta decays

In this section we subsume two distinct topics, since from the point of view of neutrino
interactions generated by SMNEFT they are partially sensitive to the same operators.
As discussed in Section 2.4, three operators with right-handed neutrinos, Ojnug, Oingd
and O] Nad induce simultaneously neutral- and charged-current semi-leptonic GNI. To
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summarize here again, the matching in Tables 2.6 and 2.7 implies the following single-
operator scenarios,

6 6 8
Egﬁj = —6%&7 = —V,Y,,(Cﬁ\?u;)* 5
OlNuq : ’6‘04/5'75 _ ’6‘-01,3’76 _ 7L aBvys (416)
S,ud Pud ny& INugq
afyd _ _aBys _ Bady
€sd —€pd = _(Cqud)* ]
Oqud : ~afBvyd _ ~afvyd V’yu Caﬁu6 (4'17)
€Sud = TCPud T 7 YiINgd -
o7
aByd 1Bady
/ €rad — _(Cqud )",
Oqud : ~affyd &C/ozﬁuﬁ (418)

€ = .
T,ud INqd
U Vs WNa

Our main motivation for this section is to compare the bounds from CEvNS on the above
neutral current GNI and beta decays on the above charged current GNI, even though they
can of course constrain various other types of GNI as well. In this comparison we assume
that the masses of the right-handed neutrinos that are produced in the scattering or
decay can be neglected. Alternatively, one could consider sterile neutrinos of finite mass in
CEvNS which is possible as long as the mass is below the initial neutrino energy [128,129].
For an evaluation of the constraints from CEvNS for all LEFT operators with right-
handed neutrinos see Reference [55].

While we neglect the so far uncalculated RG running of these particular coefficients
between the weak scale and low energies we try to find a very rough estimation. In
Reference [109] the running of €g 4, €puq and er,q from the weak scale down to 2 GeV
has been calculated. These coefficients are connected to the SMEFT operators Ogqq,
Oeug and Oéluq in a structure very similar to the right-handed neutrino counterparts
in Equations (4.16)-(4.18). For the SMEFT operators it is found that the three epsilon
coefficients mix, but the mixing can be neglected to leading order. Therefore, we expect
such a situation also for €g 4, €puq and €r,q. Another subject of caution is that the
magnitude of individual coefficients is renormalized along the way, e.g. E%EZV ~1.72-€5Z,.
However, in terms of order of magnitude our evaluation should still give a good indication.
We now summarize the relevant aspects of CEvNS in Section 4.3.1, of beta decays in
Section 4.3.2 and then compare the two in Section 4.3.3.

4.3.1. Coherent elastic neutrino nucleus scattering

CEvNS is a SM process which was first predicted decades ago [130], yet has not been
observed until rather recently by the COHERENT collaboration [131]. Compared to in-
elastic neutrino nucleus scattering, this process takes place for relatively small neutrino
energies which leads to an enhanced cross section due to the neutrino scattering coher-
ently on all nucleons in the nucleus instead of individual nucleons. Concretely, the SM
differential cross section reads [53]

do  GEM
dT 4rx

[N — (1 4s}) 2] F*(Q?) <1 - Ti{) , (4.19)
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where T and M denote the kinetic energy and mass of the recoiled nucleus, N is the
number of neutrons, Z the number of protons, and F(q) denotes the nuclear form factor
as a function of the energy transfer Q2. Due to the (1 — 4s%,) ~ 0.045 suppression,
the cross section is mostly controlled by N2. This enhancement with respect to the
scattering off individual nucleons is what makes the cross section relatively large. The
largest cross sections are obtained for small Q? where F?(Q?) ~ F?(0) = 1. What we
mean by small depends on the nucleus, but for the typical detector materials argon,
germanium or xenon the form factor becomes rapidly small for T in between a few tens
of keV and 200keV [132]. This immediately tells us the major challenge in detecting
this process. The cross section is large, but it is required that we can detect a very
small nuclear recoil in the order of keV which is why the process has not been detected
until 2017 [131]. Besides COHERENT other experiments such as CONUS, CONNIE and
many others [133-137] are running or planned with the aim to detect the process at other
energies and with other target materials, which underlines that this process is considered
an exciting new probe of neutrino interactions.

In Reference [53], the sensitivity of future reactor neutrino experiments such as CONUS
towards general interactions has been studied. These have the advantage of a large flux
of low-energetic reactor neutrinos for which F(Q?) ~ 1 to great precision. The price
to pay for this, however, is that a very low detection energy threshold is required. In
Reference [54] this framework has been applied to the first COHERENT results [131]
assuming neutrino flavor-universal GNI. Here we only focus on the (pseudo)scalar and
tensor interactions described in Equations (4.16)-(4.18) and rely on References [53, 54]
for details of the analyses.

If we consider nuclear reactors, which are a source of electron antineutrinos, the ex-
periments are sensitive to epsilon coefficients of flavor Sell and the (pseudo)scalar and
tensor interactions are described by

ALYG = =8 3 (i Nt =40 (50) = e (Va(L = 4°)we) (5°0)) + e
B

PY=u,d

(4.20)

ALKC = — Z (€755 (Voo (1 = 7)) @™ (1 = 4°)9) ) + Hee. (4.21)
w ud

Since we cannot distinguish the final neutrino flavor, we may set 8 = e for simplicity. Note
that we can only compare the reactor neutrino results with the bounds from COHERENT
from Reference [54] if we assume that e®!! = e##!1 because most neutrinos detected at
COHERENT are of muon flavor.* Following Reference [53], the contribution to the
CEvNS differential cross section of these scalar and tensor interactions read

do  GiM [ ,MT T MT
_ 1 - 42 4.22
AT~ 4x <§S 252 & ( Toe | 4Eg>> ’ (422)

4If we assume this relation and tensor interactions, they are incompatible with Majorana neutrinos, see

Appendix A.5. However, instead one could have e&“'" = 2" which would give the same results but

would be compatible with Majorana neutrinos.
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where E,, denotes the neutrino energy and we neglected terms of higher order in T'/E,,.
The effective parameters £g and & are defined as follows.

¢ = (C% + D}), (4.23)
& =8(C3+ D3), (4.24)
with [54]

Cs=Y oY [N Mn e F,(Q) + Zm”f%qu@?)] , (4.25)

P— Myq Myq
Dp= 3 DY [N g1 R (@) + 222 7, Q). (4.26)

P— Mg Mg
Cr = N(57C% + §3CE Fa(Q%) + Z(51C% + SECH) Fp(Q7), (4.27)

where F),, and F), are the appropriate form factors of neutron and proton (typically as-
sumed to be equal), and f%q and fglq parametrize the effective fraction of nucleon mass
the given quark type contributes. These quantities are calculated in chiral perturbation
theory [138]. Since we consider the results of Reference [54], we use the same values,

fh,=0019,  fP =0041,

4.28
fRo=0023,  fR,=0.034, (4.28)

which are taken from Reference [139]. For the tensor charges dy, 6% we also take the same
values as in Reference [54], namely

5P = 0.54, & =—0.23,

(4.29)
§"=-023, 60 =0.54,

taken from Reference [140]. We remark that there are relatively large uncertainties on
these parameters, such that the values we extract below should be interpreted as esti-

mates. The interaction parameters Cj(q), D](.Q) are equivalent to combinations of epsilon
parameters,
9 _ ~ DY — e
5 =€sgte€sg, p = i(€sq—€sq), (4.30)
C’%q) = 2(6T7q + ET,q) ’ DC(Z?) = 2i(6T7q - ET#I) ’

where we suppressed flavor indices. The full mapping between the C' and D parame-
ters introduced by Lee and Yang [51] and our epsilon interaction coefficients is given in
Appendix A.4. We neglect Dy in our calculations since it contributes only to the spin-
dependent part of the cross section which is suppressed for heavy nuclei such as caesium
iodide (CsI, COHERENT) and germanium (Ge, CONUS) [54]. For the same reason the
pseudoscalar coefficients are absent from Equation (4.22).

We can use the bounds from the COHERENT experiment from Reference [54], if we
adopt their assumption that electron and muon neutrino interactions with the nucleon are
the same. We remark that these results are derived assuming equal Helm form factors for



4.3. Coherent scattering and beta decays 59

proton and neutron which introduces some uncertainties for large momentum transfers
@ > 20 MeV as is the case of COHERENT, but not for reactor neutrino experiments [56].
We quote

€s|/NF(Q?) <0.62  at 90% CL,
&s|/NF(Q?) < 1.065 at 99% CL, )
7| /NF(Q?) < 0.591 at 90% CL, '
&0 /NF(Q?) < 1.072 at 99% CL.

If one relaxes the assumption eg‘fél = e’é“ 1 hade in Reference [56], this bound gets

weakened since the neutrinos at COHERENT are mostly muon flavor. This is not the
case for the projected bounds from future reactor neutrino experiments calculated in [53]
which are

5|/ NF(Q?) <0.21 at 3o,

l&r|/NF(Q?) < 0.25 at 30. (4.32)

4.3.2. Beta decays

Beta decays in general are excellent processes to make precision tests of fundamental
physics, since one can often prepare the parent particle in a controlled setup and detect
decay products with high accuracy of direction and energy. This is also the reason why
the current best terrestrial bound on the neutrino mass comes from the beta decay of
tritium at the Karlsruhe Tritium Neutrino Experiment (KATRIN) [44], where from the
very precise measurement of the endpoint of the electron spectrum an upper bound on
the neutrino mass can be derived. We dedicate Section 4.5 to a discussion about the sen-
sitivity of such an experiment to GNI. In this subsection, we only refer to Reference [109]
for a detailed review on the subject of testing GNI with beta decays and quote the best
limits on the (pseudo)scalar and tensor interactions. These are

[Re(eF )|, T ug)| < 2.8 x 107 [114],

“E;;}A <6.3x1072  [109], (4.33)
0.006 < [e5 1y < 0.024, [109],

at 90% CL, where the first bound is obtained from the ratio between the rates of pion
decay to electron and to muon [114], and the second and third bounds are taken from a
global fit of nuclear and neutron beta decay data. Note that eg?qlil becomes compatible
with zero at 20. A roughly two times stronger bound on €g,4 can be derived from CKM

unitarity tests [109].

4.3.3. Comparison

In this section, we compare the current and future bounds of tests of the (pseudo)scalar
and tensor GNI in Equations (4.16)-(4.18) to see if there are any prospects of a com-
plementary test of the SMNEFT operators Ojnuq, Oinga and O] Nad: We consider three
scenarios:
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1. Only one scalar operator Oy, or Ojngq is present.
2. Both scalar operators Oy, and Ojyg4q are present and correlated.

3. Only the tensor operator O, Nqd 1S present.

Scenario 1

We take only C’fﬁ,fq to be non-vanishing. Then we can conclude from Equation (4.16)

1 1 1
ik = ik = — Ol = o () = () (430
u (1 U

Assuming F,, = F,, = F, Equation (4.25) can be simplified to

Cs = CSOF(@Q?) [N fp, + 272 g2 | (4.35)
my my
and likewise for Dg). Since generally eesflltl = (Ees":il)*, see Equation (2.13), we can use

Equation (4.30) to identify
%) =2Re(eglh), DWW =2Im(egl!). (4.36)

For the case of CsI (COHERENT) we have N = 78, Z = 55 for caesium nuclei, and
N =74, Z = 53 for iodine nuclei, implying

& 1 oy p@e) [y T |
i X (6 087) 2o+ 22,
’ (4.37)

2

1 m m

_ eell |2 Tt en P oep

- 4‘€S»U ‘ Z F |:N1mufTu + ZlmufTu:| :
1=Cs,I = ?

For the future reactor experiment we take N = 40, Z = 32 (germanium) as an average of

stable isotopes, as well as F2(Q) = 1, which is sufficiently accurate for reactor neutrino
energies and keV-scale energy transfers. Thus we obtain

2
2 eell)2 | a7 on Mp 4p
=4 N— Z— . 4.38
& = Al [N, 4 22 gy (439
Using the bounds on ¢2 from Equations (4.31) and (4.32) we deduce

e6at | <1.5x 1072 90% CL (COHERENT),
lega!| <26 x 107 99% CL (COHERENT), (4.39)
el < 6.4 x 1073 30 CL (future reactor-based exp.).

These can be compared to present beta decay constraints given in Equation (4.33) to
conclude that already now constraints from CEvNS are comparable to the traditional
beta decay constraints, which underscores the value this experimental channel has for
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probing new physics. If we consider, however, that our scenario is linked to the operator
OiNug, We have to compare this to even stronger constraints on €p,q from pion decay in
Equation (4.33). Hence, applying Equation (4.34) with |V,4| = 0.97370 [36] we conclude

|Cinugl < 1.5 %1072 90% CL from CEVNS,

4.40
|Cinugl <3.9x 107 90% CL from pion decay, (4.40)

where we quadratically added the bounds on real and imaginary parts of €p for the second
inequality. We conclude that Scenario 1 is experimentally disfavored and one cannot
expect any signals soon at CEvNS experiments. This conclusion will also apply to the
other single operator Ojn4q since it also leads to scalar and pseudoscalar interactions of
equal magnitude. Namely, we have in this case

Bgrth = —estly = Opkly = —(eiri)” = —(e5)" (1.41)

Therefore Equation (4.37) is modified in the form of simply replacing u by d,

2

N2F2(Q?) S A N2 [T T T '

and analogously for Equation (4.38). From this we can derive

le§fa'l <1.7x107%  90% CL (COHERENT),
€53 <3.0x107  99% CL (COHERENT), (4.43)
’665(?51| <79%1073 30 CL (future reactor-based exp.),

and hence, using Equation (4.41),

|Cingal < 1.7x 1072 90% CL from CEvNS,

4.44
|Cingd| < 4.0 x 1074 90% CL from pion decay . ( )

One way to circumvent this would be if both SMNEFT operators are contributing such
that together they cancel the contribution of €p, which leads us to Scenario 2.

Scenario 2

Observing that if we consider both operators from Table 2.7 contributing to €g,q and
€pud at the same time, the following scenario could be viable,

~ ~ 2
ClNuq ~ _VudCqud = €Pud ~ 07 €S,ud ~ _TdClNuq . (445)
u

Such a relation, however is not guaranteed to hold at all energies, even if true at some
scale, due to RG running. Nonetheless let us consider this scenario briefly. We find

2 2 2
11\* 11 \* 11 11 11 11
(ges(fud) ~ _V* (Cle]%uq) g - 666 i _2665(fd — _26%;[ . (446)
ud

= ‘VudPGS’u _’Vud‘Q Pu
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This time we identify, again with Equation (4.30),

C§) = 2Re(egl!) = ~2Re(VuaCivug) . DY = 2Im(egl) = 2Im(VuaCinug)

CS) = 2Re(egl!) = 2Re(V'Cinvug) DY = 2Im(e4") = —2Im (V! Cinug) -
(4.47)

Using Equations (4.31) and (4.32) we obtain

|C1Nugl £1.8x1072  90% CL from CEvNS,

4.48
|CliNug| < 3.7 % 1072 90% CL from beta decay . ( )

Therefore, this scenario is still possible with Wilson coefficients around 1072, which cor-
responds to NP scales of around 1.7 TeV. Applying the projections from Reference [53]
we conclude that it could be tested down to

ICinvugl = [V €& = [Via €6y < 2.0 x 1077 (4.49)

U

by future CEvNS reactor neutrino experiments. If this interaction would be observed in
both coherent scattering and beta decays, then it would constitute a clear hint towards
the operator structure of O;nyq and Ojngq-

Scenario 3

Here we consider Oﬁ\%}l which is the only SMNEFT source of semi-leptonic tensor GNI

to be non-vanishing, which implies
11 11 ‘eell
69}3(1 = _(E%e,ud)* = _(Cl]e\/eqd)*‘ (4.50)

Since there are now only neutral-current interactions with down quarks, Equation (4.24)
is simplified to
& = 8C3 = 8F2(Q) (CHANSY + Z31)? (4.51)

With Equations (4.24) and (4.30), we conclude

7 2
E2/N?F2(Q%) = 128 Re(eifpf};)Q (53} - Nag) : (4.52)

From this form, we can again use the constraints on &% from Reference [54] given in
Equation (4.31) and the projections from Reference [53] given in Equation (4.32) to find

[Re(e55i) | = [Cl5lal < 9.8 x 1072 90% CL (COHERENT),

Re(e4') | = |C]¥aql < 1.8x 107" 99% CL (COHERENT), (4.53)
Re(e5!) | = |Cl’]e\?;é| <6.2x 1072 30 CL (future reactor-based exp.) .

The current bounds from beta decays in Equation (4.33) are stronger by a factor of 4
than the bounds from COHERENT. However, a future reactor-based CEvNS experiment
will be competitive with beta decays. This makes the tensor interactions an interesting
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candidate to check for GNI from a high energy origin expressing itself through the operator
OlNwd-
qd

We conclude this section about CEvNS and beta decay by noting that we have identified
two viable scenarios where SMNEFT operators give rise to detectable signals in both
types of experiments in the form of neutral current and charged current scalar or tensor
GNI. These sort of complementary measurements could be suitable to favor or disfavor
a common high energy origin of both interaction types. In any case, both experimental
channels continue to be, as we have seen, essential in future efforts to search for new
neutrino interactions at the precision frontier not only for scalar and tensor interactions,
but all types of GNI.

4.4. Neutrino-electron scattering

Neutrino electron scattering is mediated in the SM by the exchange of a Z or W boson.
Therefore, at low energies, the process is suppressed by the Fermi constant Gp. It is
relatively clean in the sense that at tree level no nuclear physics contributes. Therefore,
it has been a crucial process in confirming the validity of electroweak interactions, for
instance weak neutral currents and the electroweak mixing angle Oy, [141]. The currently
strongest bounds on GNI in neutrino-electron scattering, judging from the precision of
their determination of ¢y, come from the TEXONO experiment [99] for 7.-e-scattering
and from the CHARM-II experiment [100,101] for v,-e and 7,-e-scattering [52,142]. More
recently, constraints from solar neutrinos detected by the Borexino experiment [143],
which involve all three flavors, have been derived [144,145]. We do not consider radiative
corrections here, since our aim is merely to project the sensitivity, but they become
important if one reaches percent-level precision [141,146]. Moreover, we assume that the
mass of neutrinos in the final state can be neglected. Current constraints on the case of
massive final states have been evaluated in [145].

In this section, we proceed as follows. In Section 4.4.1 we discuss the differential cross
section of v,-e scattering in the presence of GNI and identify the observable effective
parameters. Then, in Section 4.4.2 we explain the setup of DUNE with focus on the near
detector and discuss the projected sensitivity of the experiment to new physics. We note
that other future possibilities to probe neutrino-electron scattering such as the nuSTORM
facility [147] are being discussed, albeit at less concrete stages of planning.

4.4.1. The differential cross section

In the SM at tree level and at energies well below the weak scale the relevant Lagrangians
induced by integrating out W and Z in Figure 4.1 read

2 2
Ly = — . 5~ (TayuPrea)(@svulryp) = _LQ(PaV#PLVfB)(éBV#PLeO‘) ' (4.54)
2myy, 2myy,
2
g . _ —
Lz = —5—5 91 TamuPrva) [97 (€57 Pres) + 95 (€ 7uPres)] (4.55)

2
4chZ
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Figure 4.1. SM contributions to neutrino electron scattering at tree level.

where in the first line we used the Fierz transformation (A.27), and the Z charges were
given in Equation (1.16). Using m%c, = m¥, and g?/8mj, = Gr/+/2 while fixing the
charged leptons to be electrons, we can describe the full interaction by a Lagrangian
similar to the neutral current GNI Lagrangian (2.11), where we identify SM values for €y,
and €g,

€276 = BacOpe + 29795 dap Chesn = 20197 ap (4.56)
For the numerical values of g7 and g%, we use the value 812/1/ = 0.22343 (which is obtained in
the on-shell scheme) [148]. We consider two scattering channels which play an important
role at DUNE. These are, as we discuss in Section 4.4.2, v,e~ — vge™ and U,e” — Uge™,
where 8 denotes any flavor. From inspecting Equation (4.56), we conclude that in the
SM case only the Z-contribution is non-vanishing, and only for 8 = u. However, since
the final neutrino flavor is not observed, we cannot exclude the presence of also v, and
v, final states if new physics plays a role. Effectively, we thus have to sum over the cross
sections of all neutrino final states. For compactness of notation, we will henceforth drop

the unnecessary indices and write

e’ = e (4.57)

throughout this section. The differential cross sections for the general interaction La-
grangian (2.11) are derived in Appendix C.1 (see also References [2,52]) and read

dl/ 14 2 2
Tunvy _ Gpme A+QB(1—T>+C<1—T) 4 plel

dr ™ EV EV El% 7
| ) ) (4.58)
O-U‘u,*)vlg GFme T T meT
= 2B(1— — All—— D
dT = |¢F < B)" E) TVE |

where E, > m, denotes the energy of the incoming (anti-)neutrino, 7" < E,, the kinetic
energy of the recoiled electron, and the coefficients are given by

1 %
A= 2ell’ P+ (P + 1 2) + 8lef’ — 2Re ((es + ep) e ) |

1

= — (15”17 + ") + 81”2,
1 (4.59)
C = 2+ (1’ + e 2) + 86572 + 2Re ((es + ep)* e ) |

1
D = —2Re (e’i’ge‘éﬂ*) + §|e‘§'3|2 — 8|e:’,fﬁ|2.
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In these expressions we have absorbed the SM contributions given in Equation (4.56) in
the definition of €7, and egr. Immediately, we see that most contributions are proportional
to squares of the absolute values of epsilon parameters. There is one exception in the
coefficients A and C, namely a term mixing eg and ep with ep which therefore vanishes
unless there are both (pseudo)scalar and tensor interactions at the same time. In the
definition of coefficient D there is furthermore a mixture of L and R coefficients. However,
the contribution of D to the differential cross section is suppressed by a factor of m./FE,
which we discuss below to be of order 1074, This also shows us that eg and ep will be
practically indistinguishable. This formula is consistent with the SM result

Asm =2(97)°, Bsm=0, Csu=2(g%)", Dsm=—2970% (4.60)

To see what the parameters determining the shape of the spectrum are, we sum over
final states 8 = e, u, 7. First we consider the chirality-flipping interactions S, P and T
Neglecting the (pseudo)scalar-tensor mixed term, it is clear that we are only sensitive to
the effective parameters

hlP= > 1P, X=SPT, (4.61)
B=e,u,7

and not to individual flavors. Therefore, we will use e{b with j = S, P,T for fitting the
spectrum and later translate bounds on this parameter to bounds on |éi’|, [if|, and
el | assuming only one of them contributes to €%. Concerning the NSI-type interactions
j = L, R, the fact that €7, and er can be split into SM plus new physics contributions,

wB _ _upB uB wB _ _upB uB

€, =€rsm T €LNsts €rR = €rsm T ERNsI (4.62)
leads to a contribution of new physics already at the linear order. Namely, when neglecting
the suppressed D-term, taking the sum over g results in

2 2
Z ’9)(5%3 + 6§5,NSI‘ = (gX + 6%\181) +leknsil?s X =L.R, (4.63)
B

where we used that ey is real and defined the effective parameter analogue of e for
j=L,R as
2 _ 2
e’ = Y 1, X=L,R. (4.64)
ﬁ:e77—

Notice that the flavor-diagonal contribution is left out of the sum on the right-hand side.
Therefore, the flavor-diagonal coefficients €/ and €/ contribute to the cross section at
linear order, while all others contribute at quadratic order. The contribution of D includes
further superpositions of L and R parameters,

> Re (5%56%B*> = 9LgR + 9LeG st + IReFNsT T Y Re <€l£,ﬁNSI€IIiZ?;ISI> : (4.65)
B B

However, these are subleading since the whole term is suppressed by m./F, as noted
earlier. Therefore we set the new physics in this term to zero unless we consider explicitly
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Table 4.3. Parameters that influence the scattering of electrons with muon
(anti)neutrinos (first line) and the fundamental new interaction parameters that can
be constrained from the respective measurements (second line).

fup I 7
Observable €L/ RNSI IEL/R,NSI’ ‘ES/P/T’

fip pe T pe fip T
Bound on €L/R,NSI |€L/R,NSI| ) |€L/R,NSI| |€S/P/T‘ ) ‘ES/P/T| g |€S/P/T‘

the simultaneous presence of flavor diagonal L and R coeflicients in which case we use

Z Re (€%ﬂ€%’8*) = 9L9R *+ gLEFNs1 + IRETNs1 + EzlfNSIe%fNSI ‘ (4.66)
B

To summarize, we consider the seven parameters shown in Table 4.3. In the second line we
show on which GNI parameters they depend. We note that, as shown in Appendix A.5,
all seven parameters are allowed in both Dirac and Majorana neutrino case, unless one
assumes flavor conservation in which case |e}| = [€3*| = 0. We translate previous bounds
on muon-neutrino GNI from CHARM-II to bounds on these seven parameters in Ap-
pendix C.2 [52]. The results are shown in Table 4.4 together with the new expected
bounds from DUNE which we discuss in the next section.

For completeness, we comment on the neutrino-electron scattering of other flavors than
muon. If we consider, as suitable for TEXONO [99], the scattering U.e — Uge, we can still
use the cross section (4.58) with p replaced by e. However, according to Equation (4.56),
the SM value of €7, and eg are different due to the additional charged current interaction,

Asm=2(1+91)%, Bsm=0, Csu=2(9%)", Dsu=-2(1+gi)gf.  (4.67)

Besides this modified SM part, we have the same dependence of the cross section on seven
parameters, namely

6ie,NSI ) ffi,NSI‘ ) f%iNSI ) ‘G%,NSI’ ) ’€§| . lepl, el (4.68)
where
‘E.EX,NSI’ - \/‘E?NSIP + IG%NSIP’ X = L,R,
(4.69)
5] = \/I€SE[2 + 5212 + |es7 2, X=SPT.

In Appendix C.2 we derive constraints on these parameters from the previous GNI anal-
ysis in Reference [52].

4.4.2. Sensitivity of the DUNE near detector

The Deep Underground Neutrino Experiment (DUNE) is a planned experimental facility
set to observe neutrino oscillations at a long baseline of 1300 km [149]. Its ambitious
scale and versatile liquid argon detector design admits a rich physics programme both at
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the near detector and far detector which includes besides neutrino oscillations and the
test of leptonic charge-parity violation the possibility to observe supernova neutrinos and
to probe the proton lifetime [19]. We have discussed some aspects of GNI in neutrino
oscillations in Section 4.1. In this section, however, we focus on the opportunity to test
neutrino-electron scattering at the near detector. The influence of NSI (embedded in
SMEFT) on the total cross section has been considered in Reference [150] for the DUNE
near detector. Asin the corresponding publication (Reference [1]), we include here instead
all types of GNI and apply the differential cross section. The tremendous advantage of
using spectral information becomes clear when considering two important points. Firstly,
the spectral shape (in contrast to the total event numbers) can be used to distinguish
different types of new physics. Secondly, the neutrino-electron scattering channel is due
to its theoretical simplicity one of the ingredients to determine the normalization of the
beam intensity [19] which means that the neutrino-electron scattering spectrum itself is
expected to have a large systematic uncertainty concerning the normalization. This is
less of a problem if we fit the shape of the spectrum. We note that matter NSI will
also be tested in the study of oscillation physics at DUNE [107,151-153]. This concerns,
however, only interactions of the type ey = €f, + €g and a sum of electron, up, and down
quark interactions as defined in Equation (4.14), since other types of interaction play no
role for the coherent forward scattering of neutrinos in (unpolarized) matter [154]. In
this sense, our study is complementary to the oscillation tests, in particular since we can
identify various types of GNI specific to electrons. Below we numerically compare the
expected constraints from the oscillation analysis to our results.

To assess the sensitivity, we need besides the cross section mainly the expected neu-
trino flux and some properties of the detector. We take the simulated fluxes from Ref-
erence [155], which we plot in Figure 4.2. There are two beam modes corresponding
to mainly muon neutrinos or muon antineutrinos, respectively. The composition in the
neutrino mode is approximately 90-95% muon neutrinos, 5-10% muon antineutrinos and
about 1% electron (anti)neutrinos. In the antineutrino mode, the fractions of muon neu-
trinos and antineutrinos are reversed, as shown in Figure 4.2. In Section 4.4.1 we stated
that v,e — vge and V,e — Tge scattering were most important, and here we can see
the reasons: The electron and tau (anti)neutrino components are by design very small
compared to the muon (anti)neutrinos and we therefore neglect them as initial particles
in our study. In principle, we could also consider v,e — vgu scattering. However, the
threshold energy of this process is £, = fmi /2me ~ 10.9 GeV and the fraction of such
high-energy neutrinos is very small. Therefore we consider the flux only up to energies of
10 GeV. Hence, the full energy range we consider is 0.125-10 GeV. Concerning the inten-
sity we assume for the first phase of operation a 1.2 MW beam of 120 GeV protons [149].
For the second, later phase the plan is to double the beam power. Considering the first
phase as operating for 5 years (2.5 in each beam mode) and assuming 1.8 x 107 seconds
per year operating time we obtain 1.123 x 102! POT/a (protons-on-target per year) or
2.809 x 10%! POT per channel in total.

At the time of this analysis, published in Reference [2], the near detector design was
not yet determined. However, it was clear that the core part would be a liquid argon time
projection chamber (LArTPC) akin to the far detector, although naturally significantly
smaller in volume. This is still valid, even though it is now clear that the near detector
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Figure 4.2. Simulated neutrino fluxes from the optimized design published in Refer-
ence [155] for both neutrino and antineutrino beam. Figure adapted from Reference [2].

design will be modular and also involve a high-pressure gaseous argon time projection
chamber as well as the possibility to move the liquid and gaseous argon detectors off
axis (DUNE PRISM) [19]. Our sensitivity study assumes a LArTPC with 84 tons of
fiducial argon mass [156]. From this we estimate the number of target electrons as
18 - 1.2663 x 1030 = 2.2793 x 103!. We assume full 47 solid angle coverage and for the
energy resolution we take 0.06/v/E, ~ 0.06/+/T (in GeV), which should be valid in our
region of interest up to 10 GeV [157].

The expected number of events in a given energy bin [T;,T; + AT of size AT for a
given type of neutrino X = v,,v, reads

AT-i

Emax
N;(€) = AtN, dT/ dE,©(T — E,)
AT-(i—1) 0

)
X (B, T8

- B, @)

where At is the time of data taking times the beam-specific POT (per time), N, is the
number of electron targets, Fmax = 10 GeV is the maximal neutrino energy, d®x /dE,
is the differential neutrino flux of type X in units of neutrinos/GeV/m?/POT (i.e. as
plotted in Figure 4.2). We require the Heaviside step function O(T — E,) to assert the
kinematic condition 7' < F,. The differential cross sections dox /dT have been given in
Equations (4.58). The dependence of the cross sections on the seven independent new
physics parameters have been included in the form of the shorthand notation

- L,NSI _R,NSI LNSI‘ GRNSI‘ ’65‘7 ’65|7 ‘GED (4.71)

€= (euh » € €

To account for imperfect resolution, this spectrum is further convolved with a Gaussian
function,

AT Fmax dox 4 X
N;(€) = AtN, dr dE, St JT =0 g (B t.§ g (By), - (472)
AT-(i—1) 0 dT

where )
_ (-
FT—t)= — ¢ 52w, o(t) = 0.06v/VGeV . (4.73)
2mo(t)
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Figure 4.3. Expected electron event numbers from neutrino-electron scattering in neu-
trino channel (blue) and antineutrino channel (red) at each 2.5 years of exposure assuming
SM parameters. Figure adapted from Reference [2].

Assuming SM € = 0 and a bin size of AT = 0.5 GeV, we obtain the event numbers shown
in Figure 4.3 from which we conclude that one expects good statistics. As an illustration
of the effect of new physics on the shape of the spectrum, we show in Figure 4.4 the ratios
of expected event numbers N/Ngy, where N = Nxpsy includes one of the parameters in
€. For these we take values approximately at the magnitude of current bounds. Figure 4.4
illustrates nicely why the shape information could prove to be crucial in distinguishing
the source of new physics, if observed.

To quantify the sensitivity for new physics we perform a y? test. Due to relatively
low statistics (< 100 Events) above T" = 5GeV, we cut off the spectrum there. The
obtained bounds do not sensitively depend on the precise choice of this “cutoff’, as we
have explicitly checked. Our x? function is defined as

s (14 )N (@) — NM)
X 7@ |

2
a

XQ(g):7+ E
O—G/

X=vu,v, =1

(4.74)

where N;¥ denotes the number of events in the i-th bin of the channel X (either neutrino
or antineutrino), and aiX denotes the uncertainty, which we assume to be statistically
dominated,

(&) = /NX(@). (4.75)

The parameter a is crucial in order to obtain realistic results since, as we previously
discussed, the v-e scattering is used to normalize the flux and therefore we need to
take into account relatively large uncertainties o, on the normalization. To illustrate
the dependence of the sensitivity on this normalization uncertainty, we consider three
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Figure 4.4. Expected event number spectrum N = Ngy4np in the neutrino channel for
different new physics parameters tuned away from zero compared to the SM spectrum
Ngnm- The sample values are of the order of magnitude of current bounds, see Table 4.4.
Figure adapted from Reference [2].

scenarios, namely

A (“ideal”) : (0a,Tin) = (0,0),
B (“optimistic”) : (0a, Tin) = (1%,0), (4.76)
C (“conservative”) : (0a,Tin) = (5%, 500 MeV) ,

where Tip, denotes the threshold energy for detecting a recoil electron of this process.

Results

We investigate two kinds of configurations which are frequently used to express projected
GNI bounds in the literature. The first is switching on a single one of the seven parameters
in Equation (4.71) and compare the simulated event numbers NV; with the ones simulated
for the SM case NZSM using the x? function (4.74). From this we can deduce upper bounds
at 90% CL which DUNE is expected to cast assuming the SM is the true theory. The
results of this procedure are shown in Table 4.4, where they are also compared to present
bounds from CHARM-IT and TEXONO from Reference [52] whose adaptation is discussed
in Appendix C.2. The second configuration we consider allows for two parameters at the
same time. The resulting 90% and 95% confidence regions are shown in Figure 4.5.
As discussed below Equation (4.58), e and ep cannot be distinguished at the current
precision and therefore we do not show the results for ep. The same holds true for off-
diagonal L and R coefficients which is why we show only the more constrained €/ and
eid’. In the case of 65 or 65 and 6;7; non-zero, we assume real parameters for simplicity.
We conclude that the single parameter bounds on €;* and €}/* can be expected to be
improved after the first phase of DUNE by about an order of magnitude, even in the
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Table 4.4. Expected bounds (90% CL) on electron GNI after 2.542.5 years of DUNE
operation assuming three different experimental scenarios specified in (4.76), compared
with current bounds from CHARM-II. For convenience, we list mass scales A/v/C =
(V2/Gre)t/? associated withe the future bounds. In the lower section we show bounds
on electron GNI from T.-e scattering at TEXONO. See Appendix C.2 for details.

Observable NP Parameters Scen. Future DUNE CHARM-II A/ VO [TeV]

et et A +0.0014 [—0.06,0.02] 9.3
B +0.0028 6.7
C +0.0038 5.7

NSt LS 1B NS A 0.028 0.11 2.1
B 0.039 1.8
C 0.046 1.6

NS €N A +£0.0017 [—0.06,0.02] 8.6
B +0.0027 6.8
C +0.0031 6.3

PNt NS fENST ) 0.027 0.10 2.1
B 0.035 1.9
C 0.037 1.8

e el €Sl les,l, les | A 0.10 0.4 1.1

el leml, 1] B 0.12 1.0

C 0.14 0.9

ef |6Z#|, |egﬂ\, \eZT\ A 0.008 0.04 4.0
B 0.012 3.1
C 0.020 2.4

Observable NP Parameters TEXONO

e et [—0.31,0.24]

6£7NSI €£ﬁNSI| 7 g;NSI‘ 0.27

e eee™S! [~0.24,0.31]

6é%,NSI 6ZZNSI’, efiNSI\ 0.16

€ €2l ledul le2r 0.6

& CANCANTA 07

EZ |€ge ’ |EZM|> |€£7' 0.08
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conservative configuration. The bounds on chirality-flipping (pseudo)scalar and tensor
interactions are expected to improve by at least a factor of 1/2. This corresponds to
probing energy scales up to several TeV if we identify the interaction energy scale in
an EFT-inspired way as A/vV/C = (V2/Gpe)'/2. We can compare the bounds to the
expected bounds on matter NSI from the neutrino oscillation analysis. Matter NSI have
been defined in Equation (4.14). In the case when matter NSI are only constituted by
interactions with electrons (and not quarks), we can compare results from Reference [107]
with our conservative bound on the parameters contributing to matter NSI,

leV | <0.051, [el | <0.031 [107],
L,NSI euL NSI R,NSI MTR NSI (477)
|eLNST|, €L NST| | ELNST| | eloNST) < 0,039 Table 4.4.

In this case the bounds are comparable in magnitude. However, the complementarity
allows, for instance, to distinguish electron from quark matter interactions. Moreover,
flavor-diagonal matter NSI of different flavors cannot be measured independently in the
oscillation amplitudes and we see that v-e scattering can help breaking this degeneracy,

e, — €, € (—0.7,40.8), €, — €}, € (—0.08,40.08) [107],
s (4.78)

LNSI|eNSI| € (—0.0027,0.0027) Table 4.4.

€ i

In addition, constraints on neutrino-quark NSI are also expected to greatly improve on the
one hand due to neutrino-nucleus scattering at the DUNE near detector [150], but on the
other hand also from coherent elastic neutrino nucleus scattering experiments [53,54,158],
as we discussed in Section 4.3. There are some interesting further insights to draw from
the two-dimensional exclusion regions in Figure 4.5. In particular in the L-R plot we see
the large degeneracy of the flux uncertainty with particular directions in parameter space.
These are the directions for which the shape of the spectrum is nearly unchanged. It is
worth noting that for the chirality-flipping interactions this effect is less pronounced due
to the shift in shape with respect to the SM spectrum which we have shown in Figure 4.4.
In summary, we found that the spectral information of the differential cross section
is suitable to reduce the vulnerability to flux normalization uncertainties. The expected
bounds on GNI from the first phase of DUNE are summarized in Tables 4.4 and 4.5.

4.5. Neutrino mass experiments

Neutrino mass experiments like the Karlsruhe Tritium Neutrino Experiment (KATRIN)
are of obvious interest and importance at a time when the absolute mass of neutrinos is
still undetermined, making them the only SM particles for which this essential property is
unknown. In this section, we consider the question if and how GNI can be tested as part of
an extended physics programme at such experiments. This question has been previously
addressed in Reference [57], where effects of GNI on the differential electron spectrum
from the beta decay of tritium have been calculated. There are two major obstructions
to actually detecting those modifications to the spectrum, as we will see explicitly in the
following. Firstly, to reduce systematic errors and gain the best possible sensitivity from
the data, on has to treat the normalization of the electron spectrum as a free fit parameter
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Figure 4.5.

Projected two-parameter exclusion plots after 2.54+2.5 years of DUNE

operation. Solid and dashed contour lines correspond to 90% and 95% CL, respectively.
The red, blue, and green regions correspond to experimental scenarios A, B, and C
specified in (4.76). We only show flavor-diagonal components of e“NT and e®N5 single-
parameter bounds on the off-diagonal parameters are given in Table 4.4. Figure adapted
from Reference [2].
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(shape-only fit) [44]. This implies that effects that mostly just increase or decrease the
amplitude but not the shape of the spectrum are undetectable. Secondly, the main goal
of KATRIN is to determine very precisely the endpoint of the electron spectrum and
therefore the setup is optimized to detect only a small part of the spectrum, even though
there are upgrade plans to make the entire spectrum accessible [159]. This means that
even if new physics changes the shape of the spectrum it can only be seen if it changes the
shape significantly close to the end point. For these reasons, neutrino mass experiments
are not considered prime candidates for detecting GNI in beta decay [109]. Nonetheless,
constraining new physics from as many channels as possible is valuable which is why we
analyze here in detail which types of scenarios can be constrained by KATRIN. These
considerations could also inform us which types of upgrades to the experiment would be
fruitful in this endeavor. The section is structured as follows. In Section 4.5.1, we present
and discuss the differential decay rate of tritium in the very general case of admitting both
GNI and a sterile neutrino with a small mixing to the active neutrinos. In this setup there
are in general right-handed partners of active neutrinos and a fourth, potentially heavier
sterile neutrino. From this we identify the few parameters which determine the shape of
the spectrum and how they depend on GNI and the mixing matrix. In Section 4.5.2, we
then apply this to KATRIN and discuss which new physics scenarios can be constrained
by the present experimental setup.

4.5.1. Tritium beta decay in the presence of new physics

In Appendix D.1 we derive the effective beta decay Lagrangian in the case of 341 neutri-
nos and in the presence of GNI, where we account for the fact that the measured CKM
matrix prefactor V,4 = 0.97420 4 0.00021 is measured in such a beta decay and therefore
already contains some of the new physics. The effective Lagrangian reads

Gq ‘7 10
Log=— %‘d 3 & (@0;ve) (W0;d)

J=1

(4.79)

= 10
GFVud (~MNY _
— \/§ E <(51er4+ 3 > (BOjN) (u(/);d) + H.c.,

=1

where U denotes the (extended) PMNS matrix, N denotes a hypothetical sterile neutrino
and

- 1 1
er=1—ep— §]Ue4\2 — 5K,
(4.80)
/6\]:(;7) (I—EL—ER), .7227
with
K =2Re(er(er +€Rr)) + 2Re(Ue4(eg + eg)*) + |eg + eg|2 . (4.81)

We have suppressed indices €; = eji}dl and introduced GNI parameters with the super-

script N for the sterile neutrino mass eigenstate. The operators O; and (9;- are as usual
given by Table 2.4. Note that we assume here a 4-by-4 leptonic mixing matrix, where
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the fourth neutrino is only weakly mixed, such that |Ue4| < 1. In this picture, the 3-by-3
submatrix mixing the first three mass eigenstates is the measured PMNS matrix and is
unitary up to tiny corrections. Since both the epsilon parameters and |Ug4| are small,
we have chosen to write Equation (4.79) in a form that is valid up to quadratic order in
these small parameters. Without going at least to quadratic order, we would not be able
to describe the usual 3+1-mixing sterile neutrino search in the absence of GNI.

To calculate the decay rate, we follow the relativistic treatment of tritium decay in
analogy to the neutron decay [160], i.e. we assume the nuclear matrix elements to be
the same, just with nucleon-specific form factors. The nucleon-level form factors can be
summarized as [109]

o -

<P(pp)’E’Yud In(pn)) = Ep(pp) [9V(Q2) Y+ Zng;\);]?) UWQV + g;(\?N) Qu]Un(pn) )
o -

(o) " d (o)) = T py) [gA<Q2m+ ST, + I Q“]f’“"(p") ’

(p(pp)|ud|n(pn)) ~ gs(0) Up(pp) un(pn) + O(Q*/MR),
(P(pp)| T d [n(pn)) = gp(0) Tp(pp) ¥° tn(pn) + O(Q*/MY)

(p(pp)| W0 dn(pn)) = g7(0) Up(pp) oun(pn) + O(Q/MN),
(4.82)

where My denotes the approximately equal mass of the parent and daughter nucleus. In
Reference [160], only the vector and axial nuclear matrix elements were considered, since
new physics is required for the others to play a role. However, the form factors gg, gp,
and gr become relevant in the presence of exotic new physics. Only the zero-point values
gx = gx(0) are required due to the low energy transfer in the decay. We leave those form
factors as undetermined variables in all formulas, such that any future corrections to
these values can be substituted. Whenever we calculate explicit numbers instead, we use
the values from Table 4.5. The ratio ga/gy was explicitly calculated for tritium [161].
However, it is compatible with values from lattice QCD for the neutron ga/gy [109].
We neglect gs and gp(a), since they correspond to so-called second-class currents which
vanish in the isospin limit.®

Details of the calculation of the differential decay rate are delegated to Appendix D.1.
The following results are organized such that they are valid up to quadratic order in
small interaction parameters |Ug4| and 6§~N) and up to leading order in the following
dimensionless kinematic parameters [57]

ma—m E+m m m
e=—a_ B T e s,k (4.83)
ma ma mAa ma
where m 4 is the mass of the parent nucleus, mp is the mass of the daughter nucleus, £
is the kinetic energy of the electron, and my is the mass of the neutrino, either my or

°In the limit of vanishing mass difference between neutron and proton, and in analogy between tritium
and its decay product helium-3, the pairs can be considered as the same particles in opposite isospin
states in the context of strong interactions.
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Table 4.5. Current best limits on nuclear form factors for ¢ — 0 of either tritium or
neutron. CVC stands for the conserved vector current hypothesis.

Coupling Value Reference, Comments

gv 1 [160], (assuming CVC), tritium
ga/gv 1.2646 + 0.0035 [161], tritium

gs 1.02£0.11 [162], MS, neutron

gp 349 £9 [162], MS, neutron

gr 0.987 £ 0.051 £ 0.020 [163], lattice, MS, neutron
Jrv) 6.106 [160] (assuming CVC), tritium

the effective electron neutrino mass

3
|Uek‘2 2
4.84
Z 1-— |Ue4|2 ( )

All the masses and momenta can be reduced to these four parameters and m4. These
are excellent expansion parameters, since they are all smaller than 2 x 10~ for tritium.
Furthermore, we introduce the symbol Ej as the non-relativistic kinetic endpoint energy
for mg = 0 which is also used by the KATRIN collaboration. In contrast, the exact
relativistic endpoint energy for mg = 0 reads

2 2 2

my+mg—m
Efl=—4~4—<° B 4.85
; S (435)

At leading order they are simply related by
2 2 _ 02
B = TAT e T (e~ §)ma = Eo. (4.86)
2ma

The neglected corrections of quadratic order in small parameters amount to a shift of
the endpoint by approximately 3.4eV. This is of course non-negligible if the experiment
aims to reach a sensitivity of around or below 1eV. However, it can be accounted for
when treating Fy not as a prediction but a fit parameter, as is the case for KATRIN. We
discuss this further after presenting the formula for the differential decay rate.

We distinguish the separate decays of tritium into v, and N and give their rates indi-
vidually, since we would like to entertain the possibility that the experiment may resolve
the sterile neutrino. Variables associated with the v, decay are henceforth labeled by £
for the standard beta decay, while variables associated with sterile neutrino decay are
labeled by N. We find, to leading order in the small parameters, the differential decay
rate for k= 6, N

dr. _ GV

dE o3 (E—I—me)2_mg(E—i—me)(Eo—E)\/(EO_E>2_mz

(4.87)

me / mp memy
X 1+ —b - ,
SO e T B Tt mo) (B - B)
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where

& = gv (|eL +€rl” + |0 + €rl*) + g5 (les|® + [€s]?)

o, - (4.88)
+39% ([eL — €rl® + [eL — €rl?) + 487 (lex | + [er]?) |
Eabs = gvgs 2Re [(€r, + €r)es + (€ + €r)(€5)"] (4.89)
— 394971 8Re [(€L — €r)(er)" — (€L — €r)(eT)"], '
£pbls = gvgs 2Re [(EL +eR)es +es(er + gR)*}
o\ (4.90)
— 39497 8Re [(E\L —€R) <2T> — (er — gR)(eT)*} ,
£scs = 2Re [9\2/(& +€Rr) (?L —I-/E\R) + g% 65(25)*} o)
% 491
+ 2Re [—Sgi(E\L — E\R) (gL - gR) + 48_@% GT(’EVT)*} ,
and, similarly,
&N = 9v ([Uea + €L + €rl* + [€L + €r[%) + & (les|* + [€s[?) (4.92)
+ 39124 (|Ue4 +e€r — 63’2 + ’gL — ERP) + 48g% (‘6T|2 + ’gT‘Q) ,
Enbn = gvgs 2Re [(Uea + €1 + €r)(es)™ + (€L + €r)(€5)"] (4.93)
— 39497 8Re [(Uea + €1, — €r)(er)" — (€1 — €r) ()], '
be%, = gvgs 2Re [(Ue4 +er + GR)(gs)* + GS(gL + ZR)*] (4.94)
— 39497 8Re [(Ues + €1 — €r)(er)” — (€L — €r)(er)™], '
Eveny = 2Re [g‘Z/(Uezl + €5 + ER)(gL + ER)* + g?g 65(25)*] (4 95)

+ 2Re [—39124(Ue4 +e€r — ER)(gL - gR)* + 489% ET(gT)*] .

Here we omitted the indices N on the e-coefficients to avoid cluttering. We remark
that the definitions of &, b, b’ and c are inspired by the literature of beta decays, see
e.g. Reference [164]. However, we chose to define them as dimensionless. The first
important point about Equation (4.87) is that the kinematic prefactors in the first line
are the same as in the usual SM calculation. Therefore, in the absence of new physics,
b = b), = ¢, = &y = 0 and we recover

&M =gt + 394, (4.96)

with which Equation (4.87) becomes identical to the standard formula, see e.g. Refer-
ence [160]. As usual, it is the factor ((Eg — E)? — m?)"/2? which ensures that the rate
drops to zero at the endpoint. Now let us discuss the new terms proportional to by, b},
and ¢ in the second row of Equation (4.87). These involve couplings of electrons or
neutrinos with opposing chiralities and are therefore proportional to either electron or
neutrino masses, or both.5 Therefore b’ and ¢ can only appear in the presence of right-
handed neutrinos, e.g. Dirac partners of active neutrinos in the case of b’ﬁ and cg, or a

SConsider for instance €7€s in the £gbg-term: The GNI proportional to €z, involve left-handed neutrinos
and left-handed electrons, while the GNI proportional to €s involve left-handed neutrinos and right-
handed electrons. The opposite chiralities for the electron require an electron mass insertion.



78 4. Experimental tests of new neutrino interactions

sterile neutrino in the case of b'N and cy. This can be seen from the fact that ¥’ and ¢
vanish if all € vanish, which are precisely the GNI connected to right-handed neutrinos,
see Table 2.4.

We can estimate what the effect of the new physics terms on the spectrum will be. The
electron energy along the full spectrum varies within F € [0, Ey + mg]. For mg ~ 0 and
Ey ~ 18575¢eV the factor m./(E + m.) multiplying b; varies between 1 and 0.965 and
thus gives only a very small distortion of the spectrum. Along the currently accessible
range [Ey — 40eV, Ey] close to the endpoint, the variation is only on the level of 1075.
Therefore, in summary the b-term increases or decreases the amplitude of the spectrum
by an approximately constant factor of (14 0.965 - by) close to the endpoint. The second
new term my,/(Eo— E) proportional to b}, can vary more strongly along the full spectrum,
e.g. for my, = 1eV between 5 x 107> and 1. In the 40eV interval close to the end point
the variation is still between 0.025 and 1. Therefore, this term has a significant energy-
dependence and so changes the shape of the spectrum. However, in the case that my
is very small it is still strongly suppressed. The third new term proportional to ¢ is
basically is just the product of the factors of by and b). Therefore, the energy dependence
is approximately the same as that of the bj, term.

For completeness we can write down the total differential decay rate, which is simply
the sum over the rates of decay into electron or sterile neutrino

dr . dFB dI"N
5 = qp OFo —mg — B) + =0 (Ey —my — E)
GEVin -
= ZE0 /(B + me)? = m2(E + me) (Ey — E) kzﬁ:N JE—Ep —m?
mi MMy

Me ’
1+5 —-b —
O T B M E o mo)(Bo— B)

]Q(Eo—mk—E) ;

(4.97)

where we include explicit Heaviside theta functions to ensure that the total rate is well-
defined up to energies £ = Ey — min(mg, my).

4.5.2. Sensitivity of KATRIN to GNI

In this section we discuss the sensitivity of KATRIN to the new physics contributing to
the tritium decay rate in Equation (4.97). In their usual fit, the KATRIN collaboration
uses the SM limit of the leading-order result (4.97), i.e. {g = g% + 3¢g% while bg = V); =
cg = &n = 0. The endpoint is left as a free parameter in order to reduce systematic
errors. In this way the minuscule shift of the endpoint between the exact and non-
relativistic endpoint is accounted for in the fit. Moreover, a Fermi function F(E + me, 2)
incorporates the electromagnetic interaction of the emitted electron with the daughter
nucleus. Finally, one has to account for the fact that the tritium source is constituted by
a several molecular states, which before and after the decay may be in an excited state.
This is accounted for by modifying the available endpoint energy Ej, which is reduced by
an excitation energy V;. There are a number of further correction factors summarized in
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Reference [165] which have to be accounted for but which we do not comment on here.
Applying the above modifications to the decay rate (4.97), we arrive at the formula

dl'gka  G7V2
A = TP P(E 4 me, V(B m)? — m2E+md) Y Gy - mp
j k=B,N
Me ; M MeMy
<& | 1+bp— ke TCTE 1 Qe —m
3 "Et+me F 6 k(E—i—me)Ej] (€5 k)

(4.98)

This assumes a set of probabilities (; to produce the daughter molecular system in certain
excited states with excitation energies V;. Depending on these final states, the neutrino
energy reads €; = Fg— E — V. Notice that if we ignore those different molecular systems
and assume just one unexcited daughter nucleus, i.e. V; = 0 with (; = 1, we repro-
duce Equation (4.97). Below we explore different new physics scenarios which all follow
particular limits of this master formula.

The expected count rate is given by [44]

dI'ka
dFE

Reae((qU)) = Rug + ANy / (B) - foure(E — (qUY)dE, (4.99)

where Ry, is the background rate, A, is the signal amplitude, Nt is the effective number
of tritium atoms in the source, and f.,ic is the detector response function. In the absence
of new physics, the fitting procedure has in total four parameters. Besides m% and Fy,
also A and Ry, are fitted which corresponds to a shape-only fit. Due to these limitations
it is important to analyze which types of new physics can be constrained from a fit of the
endpoint of the spectrum. Since any effect on the signal amplitude As will be absorbed,
we have to distinguish the effects of new physics on the amplitude and on the shape of
the spectrum. In turn, we discuss &, b, ¥, and ¢ for active and sterile neutrinos to see if
they sufficiently modify the spectrum. Then we consider scenarios from the perspective
of GNI parameters which is of course ultimately what we are after in this work. In the
SM limit of the eight parameters &g, bg, by, cs, TN, by, by, and ex only £s is non-
vanishing. Therefore we discuss now scenarios with select parameters besides g assumed
as non-vanishing.

Without sterile neutrino

e Only £3: A modification of {3 through GNI results only in a modification of the
amplitude, not the shape. This can only be observed when Ay is not a completely
free fit parameter.

e Only &g and bg: As already discussed above Equation (4.97), the effect of this term
on the shape is negligible while the effect on the amplitude will be absorbed in Aj.
Therefore this type of new physics is not observable with the current setup.
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e Only £ and b’ﬁz As already discussed, in this case the rate gets multiplied by an

energy-dependent factor

(4.100)

dI'ka dl'ga ;M3
10,8
dE  dE ( B

Neglecting the molecular excitations, we have have discussed that this factor varies
between 1 — bj; - 5 x 107° and 1 — by along the whole spectrum for mg = 1leV.
Therefore in this case it would be very beneficial to measure the entire spectrum.
However, even in the 40 eV-interval around the endpoint, the factor would still vary
from 1 — bb -0.025 to 1 — bg. Unfortunately the neutrino mass must not be too
small in order to detect this, because in the limit mg — 0 this shape modification
vanishes. As long as no neutrino mass is observed, we can thus only obtain bounds
on b’ﬁ for given assumptions about mg.

Only £ and cg: This case is analogous to b’ﬂ and the shape change of the spectrum
is practically the same. This is because the spectrum gets modified by the factor

dl'ka . dl'ka <1 Me 'm/3> ,

- 4.101
dE ' dE CE+me ¢ (4.101)

and we already discussed that m./(E + m.) changes only at the 10~° level close to
the endpoint. Therefore, the constraints on b’B and cg give the same effect on the
shape.

Mixed scenarios: As discussed above, bg cannot be detected and b% and cg are
indistinguishable. So the only reasonable scenario to search for with the current
KATRIN setup is assuming without loss of generality bg = 0, bg # 0 and cg = 0.
Then one can constrain be depending on the assumed real neutrino mass. The
resulting bounds on b’ﬂ are then equally valid for cg.

With sterile neutrino

e Only g and {y: This is the minimal scenario with a sterile neutrino. If my > mg

can be resolved, the additional addend in the rate (4.97) deforms the spectrum. In
particular, if the contribution of the sterile neutrino decay rate to the total rate is
large enough, one would expect to observe a dent in the spectrum at the endpoint of
the sterile neutrino subspectrum. Therefore, {x can be constrained from the shape-
only fit if the endpoint of the my spectrum lies within the fit range. If one could
measure the whole spectrum, this would allow us to test up to keV-scale masses of
sterile neutrinos which are interesting candidates of warm dark matter [166-168].
At present, however, the endpoint fit only allows to test masses up to about 40eV.
In this scenario, the shape-only fit effectively measures the ratio /&g for a given
value of my. In these scenarios it is handy to set mg = 0 since we already know
that the data is consistent with this assumption. If we neglect GNI and consider
the case of purely mixing-mediated decay, this is equivalent to the usual fit of |Ue4|
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as can be seen from Equations (4.88) and (4.92) together with the definitions (4.80)

57N _ |Ue4|2 _ |Ue4|2
& [el* 1—|Uel?’

(4.102)

where in the last step we neglected higher orders of |Ug4| since our definitions (4.80)
are only valid at quadratic order in |Ue|. Therefore, we may use immediately
the usual sterile neutrino fit which constrains the parameter space my-|U4| and
generalize it to a constraint on the (my-{n/&s)-space.

e Only &3, {n, and by: In analogy to bg, by also mostly affects the amplitude of the
sterile neutrino decay rate. Its effect is therefore indistinguishable from the effect

of fN.

e Only &g, &n, and bly: If the sterile neutrino has a relatively large mass, e.g. 1keV,
mn/€; could be very large close to the endpoint of the sterile neutrino part of
the spectrum. This can, to some extend, compensate for a small value of V.
However, even for my < 40eV there could be an interesting effect. The maximal
effect is expected for by = —1, as we show below. To constrain this scenario, one
can fit, as in the previous scenario, my vs. {n/&s at a few fixed values by =
—1,-0.75,—0.5,—0.25.

e Only &3, {n, and cy: The situation is analogous to &g, v, and V)y by the same
reasoning as in the active neutrino case.

To summarize, there are two viable scenarios to constrain GNI with the current setup of
KATRIN:

1. Constrain bb for fixed values of mg.

2. Constrain the two parameters my and &y /&g for fixed values mg = 0 and by, =
—1,-0.75,—-0.5,—0.25,0. The assumption by = 0 corresponds to the usual 3+1
fit but with generalized relative normalizations of the electron neutrino and sterile
neutrino decay rates.

To interpret the results in terms of GNI, we construct scenarios with a minimal number
of GNI coefficients. To produce b, we need at least one GNI parameter, e.g. €5, which

interferes with the SM vector interaction. In this case we have € = 1, ?s = ¢g and
therefore

o= g% + 3¢5+ gAles?, by~ TS 9ReEs ~ 0.35Res (4.103)

9y +39%
Equivalently, we could produce cg to which there is an equal sensitivity. In this case we
need only €y = €, + €g, such that €, = 1 and €y = € and therefore

9v

~ —Y——2Reéy ~ 0.34Redy . 4.104
7+ 35 (4.104)

=gy +30a+ovlevl’, s
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Turning to the sterile neutrino scenarios, the simplest way to generate £y is by the mixing
matrix. However, any GNI could also instead mediate the decay. Accordingly, a bound
on ¢y /&3 implies a bound on single GNI parameters. For these single parameter bounds
we set Ueq and all other epsilons to zero. Then we find, from a constraint {5 /s < ¢

| < Va/C, (4.105)
where
Cz%%l for €Y or €} ,
1—3lef?
C=1 for € or €y ,
2 4.106
= % for €g or gg, ( )
9y +39A
48¢7 -
= 27%2 for ¥ or &Y.
gy + 394

This shows that the bound on |Ue4| implied by the 3+1 fit is immediately applicable to
eg , eg , Eg , and Eg . For the others, a rescaling involving gg and g7 is necessary. Finally
let us discuss the minimal requirements for &y # 0 or ¢y # 0. Clearly we need one € or
U.4 and one €. All combinations are possible and we will now see that the largest possible

value is || = 1. An optimal scenario is €}y together with €. Then we have

En = gi eV + g3lES P = wl® + |27, (4.107)

Enby = gvgs 2Re [eg(gjg)*] = 2Re(wz"), (4.108)
where we defined w = gy eg ,and z = gg Zéy . Consequently, we find

wz* +w*z
by = ———— . 4.109
N PP (4109
It turns out that this fraction can only take values in the range [-1,1]. Indeed, writing
w=r71-exp(P1), z =19 - exp(p2), and assuming without loss of generality that rq < ro,
we obtain
lwz* +w*z|  |2r172 cos(¢1 — ¢2) 21179 2r2 2

= = <1. 4.110
|w|? + |2|? e+ 13 s T4 140302 T ( )

For illustration, we could use the case of real w and z to find the extremal values

, 2wz {jzl if w=+z, (4111)

by = ——m— ~
N7 w2422 0 ifw>z.

Note that the conclusion is the same for other representatives. In less optimal cases |by/|
can only be smaller than 1 as we show in Appendix D.2. Hence, there are many scenarios
in terms of e-coefficients which we do not all discuss. However, the GNI framework
informs us about the possible values by, can have.
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Figure 4.6. Expected count rate for the measurement of the endpoint of the tritium

decay spectrum at KATRIN for the SM expectation and including sterile neutrino con-
tributions. Figure adapted from Reference [169] at a preliminary stage.

4.5.3. Preliminary results

An analysis of the constraints on new interactions of a sterile neutrino from the KATRIN
data is to be published in the near future. For illustration, we present some preliminary
results from Reference [169]. In Figure 4.6 we show the expected differential decay rate
around the endpoint region for a sterile neutrino of squared mass m?v = m3 = 10eV?
and different values of £x and by, compared to the SM expectation. The shape difference
can be understood from our previous analysis of the spectrum. In the case of by = 0, the
spectrum agrees with the usual 3+1 scenario. The additional contribution of the sterile
neutrino decay drops out at the endpoint of the sterile neutrino spectrum and therefore
at higher electron energies there is no dependence on V). At lower energies, the value of

'y can enhance the count rate if by, < 0 or reduce it if b}y > 0. As explained above, if
one fits {y/€z and my for fixed values of by, one can obtain bounds on pairs of epsilon
parameters, for instance e{)f and Eg . The results of such a fit can be illustrated as a
two-dimensional exclusion plot for given values of my. Such a plot is shown in Figure 4.7
for m?\, = 100eV?2. Details on the statistical inference of the exclusion regions will be

found in Reference [169].
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Figure 4.7. Exclusion plot for a fixed value m?v = m3 = 100eV?, assuming that

the decay into sterile neutrinos is mediated by the GNI parameters eg and Eg . Figure
adapted from Reference [169] at a preliminary stage.

4.6. Summary

We have discussed a number of direct and indirect experimental tests of GNI. The comple-
mentarity of different searches for such interactions is particularly valuable for resolving
ambiguities in the extraction of fundamental neutrino parameters from neutrino oscil-
lation data, as we have illustrated in Section 4.1. For convenience, we summarize in
Table 4.6 the current constraints on leptonic single GNI parameters, and in Table 4.7
the constraints on semi-leptonic single GNI parameters. Concerning leptonic GNI, we
find neutrino-electron scattering to provide the strongest direct bounds, see Section 4.4.
Currently, these are drawn from the CHARM-II and TEXONO experiments. After the
first phase of operation, significantly improved bounds can be expected from near detec-
tor data of DUNE. In the case that flavor-changing leptonic GNI are linked to SMNEFT
operators, very stringent constraints can be deduced from the searches for charged lepton
flavor violation, as discussed in Section 4.2. Turning to semi-leptonic interactions, we
can distinguish charged-current and neutral-current GNI. The strongest direct bounds
on flavor-conserving charged-current interactions are currently derived from nuclear beta
decays and pion decay, see Reference [109] and Section 4.3.2. Direct bounds on flavor-
conserving neutral-current interactions can be derived from coherent elastic neutrino
nucleus scattering. The values given in Table 4.7 rely on the assumption €'l = e##11
made in Reference [54], see Section 4.3.1. Following Reference [53], we additionally es-
timated that in future reactor neutrino experiments, significant improvements on these
bounds can be expected. In the case that neutral-current interactions of (pseudo)scalar
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or tensor type are connected to the SMNEFT operators Ojnug, Oingd, Oy o> the bounds
on charged-current interactions from beta and pion decay impose strong indirect limits
on the neutral-current interactions. Direct bounds on flavor-changing semi-leptonic inter-
actions are derived from a combination of different sources in References [112-114], while
indirect bounds are implied by the non-observation of y — e conversion in nuclei and
rely on the assumption that the GNI originate from SMNEFT operators, see Section 4.2.
Investigating the suitability of KATRIN to test GNI in Section 4.5, we found that the
main strength lies in the possibility to test the interactions of potential eV-scale sterile
neutrinos which cannot usually be resolved in other beta decay experiments.
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Table 4.6. Current direct and indirect bounds on leptonic GNI discussed in this chap-
ter. A summary of their origins is provided in the main text. For convenience, we list

associated mass scales A/v/C = (v/2/Gpe)/2.

NP Parameter Direct Indirect A/VC[TeV]  A/VC [TeV]
direct indirect

egece [—0.31, 0.24] 0.6,0.7]

et [—0.06,0.02] [1.4,2.5]

€] 0.11 1.4 x 1076 1.0 294

el 0.11 1.0

leqTee 0.27 2.8 x 1074 0.7 21

egsee [—0.24,0.31] 0.6,0.7]

He [—0.06, 0.02] [1.4,2.5]

€xe | 0.10 1.0 x 1076 1.1 348

G 0.10 1.1

|egree 0.27 3.9%x 1074 0.7 18

EAREA 0.6 0.4

ledels lelel leg] 0.4 0.6

eFels |€F, 0.7 0.4

|e§3‘fe , |e%’fe , \e‘;{e| 0.4 0.6

el €7l 0.08 1.2

AN AN 0.04 17

legsre 3.9%x107* 18

[ 5.5 x107° 148

|ege 5.5x 1076 148

rel 3.0 x 1077 636

(5% 3.0x 1077 636

[Sipaal 2.4 %1074 22

e ot 3.3x 1074 19

[=oall 3.3 x107% 19
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Table 4.7. Current direct and indirect bounds on semi-leptonic GNI discussed in this
chapter. A summary of their origins is provided in the main text. For convenience, we

list associated mass scales A/vVC = (v/2/Gpe)'/2.

NP Parameter Direct Indirect A/VC [TeV]  A/VC [TeV]
direct indirect
[Re(€ o)l Mm(ex iyl 2.8 x 1074 21
€5 na 6.3 x 1072 1.4
G 0.006 < |¢| < 2.2
0.024
legeat 1.5 x 1072 3.8 x 107 2.8 18
I35 3.8x1074 18
ezt 1.7 x 1072 4.0x 1074 2.7 17
legsit 4.0 x 1074 17
[Re(egelh)| 9.8 x 1072 0.006 < || < 1.1 2.2
0.024
e 2.3 x 1072 3.3x 1077 2.3 606
st 2.3 x 1072 3.3 x 1077 2.3 606
et 3.6 x 1072 6.0 x 1078 1.8 1422
lespit 3.6 x 1072 53 %1078 1.8 1513
e 2.6 x 1072 6.6 x 1077 2.2 429
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5. HEAVY STERILE NEUTRINOS AS
DARK MATTER

In this chapter, we investigate how the framework of SMNEFT introduced in Chapter 2
can be applied to dark matter. To prepare this, we begin in Section 5.1 with an in-
troduction to dark matter and the most important observables from a particle physics
viewpoint. In Section 5.2, we then propose to identify dark matter as a sterile neutrino
with a mass of at least a few GeV which interacts with the SM through dimension-five and
dimension-six operators in SMNEFT. We demonstrate that viable scenarios exist which
predict the observed amount of cold dark matter and are consistent with observational
evidence from direct and indirect detection experiments. To validate the robustness of
the EFT assumptions, we consider three example models which are represented by this
EFT in Section 5.3 and show how they can be distinguished by producing the mediator
at the LHC before concluding in Section 5.4. The contents of this chapter have been
published in Reference [4].

5.1. Overview of dark matter observables

Identifying dark matter with a new particle requires that we can explain how it is produced
in the observed abundance. The production mechanism usually implies ways to detect the
dark matter directly or indirectly, or to even produce it artificially at a particle collider.
Therefore we devote this section to a minimal overview of dark matter observables from
the perspective of a particle physicist.

The energy content of the universe can be separated into dark energy, baryonic and dark
matter, radiation and curvature. It is well-established by astronomical and cosmological
evidence that the dark energy component dominates our universe, while radiation and
curvature are negligible today [29]. We focus on the density of dark matter ppyr, which
dominates the matter component over baryonic matter of density p,. We follow the usual
convention of expressing these quantities in terms of the density parameters defined by

Pz ;2 Pz 2
Qh?=2p2= 2 p2, for z = b,DM, 5.1
¢ Pe 3ME HZ (5:1)

where p. denotes the critical density, Mp; denotes the Planck mass and
Hy = h-(100kms™'Mpc ™) (5.2)

denotes the Hubble constant. The precise value of the dimensionless parameter A is
not relevant to our discussion, but for completeness we quote the value obtained by the
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Planck Collaboration [29] which is A = 0.67440.005. The values of the density parameters
identified in the same publication read

02 = 2h2 = 0.0224 £0.0001,  Qpyh® = Z2Mp2 = 0.120 £ 0.001 . (5.3)

Pe Pc

The baseline requirement of a theory of dark matter is that it has to predict this
observed dark matter density. A second requirement, however, is that dark matter should
be cold, which means that whatever the production mechanism is, most of the dark matter
particles must be non-relativistic during the era of structure formation. The degree to
which this should hold is dictated by the observed large-scale structure of the universe,
which can only form for sufficiently slow dark matter [170]. This requirement is also
satisfied by warm dark matter which is not exactly but close-to non-relativistic and may
even explain certain puzzling observations at smaller-scale structures [167]. Fermionic
dark matter is affected by a third requirement known as the Tremaine-Gunn bound.
The argument relies on the phase space distribution of a single species of fermionic dark
matter in a galaxy and amounts to a lower limit my > 0.4keV [167]. These requirements
allow for two frequently considered scenarios of sterile neutrino dark matter. The first
is realized by GeV-scale sterile neutrinos which are produced thermally. By this we
mean that they are initially in thermal equilibrium with baryonic matter mediated by
some new interaction, but freeze out once the temperature of the universe drops below a
certain value Tye.. In this scenario, the sterile neutrino appears essentially as a weakly-
interacting massive particle (WIMP), one of the prime dark matter candidates from a
theoretical perspective [171]. There must, however, be some mechanism to circumvent
the decay of this type of dark matter. The second scenario is realized by keV-scale
sterile neutrinos which cannot straightforwardly be produced via freeze-out. For new
interactions analogous to the ones we introduce for GeV-scale neutrinos, the freeze-out
would result in relativistic dark matter if we require the observed relic abundance to
be obtained. Typical production mechanisms considered for this dark matter candidate
are thermal freeze-in, warranted by a tiny mixing to active neutrinos, out-of-equilibrium
decay of heavier new particles, and energy-dependent new interactions [166,167].

We will consider only the thermal relic dark matter whose freeze-out is controlled by the
dark matter annihilation cross-sections ¢ = onyn_ X, X,... Where X are SM particles. In
this scenario, a balance of annihilation and creation processes in the thermal bath of the
early universe holds the dark matter in thermal equilibrium. For a thermal distribution
of particles, we can express the velocity-averaged dark matter annihilation rate as

'~ (ov)ny, (5.4)

where (v) denotes the average velocity and ny denotes the number density, both of which
depend on temperature and mass. One can imagine that as the temperature in the early
universe decreases, also the annihilation rate decreases. On the other hand, the Hubble
rate H describing the expansion of the universe increases during this epoch, such that at
some point the annihilation and creation processes are no longer frequent enough to keep
the dark matter in thermal equilibrium. At this point the dark matter freezes out and is
no longer coupled to the thermal bath. The distribution afterwards simply gets diluted
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and redshifted along with the expansion of the universe. In practice, we will calculate
this process using the computational tool MICROMEGAS [172-175] which numerically
solves the required Boltzmann equations. In essence, the two quantities deciding about
the successful freeze-out are the velocity-averaged annihilation cross section (ov) and the
dark matter mass. For a given mass, the coupling to the SM must be strong enough in
order for the particles become non-relativistic before decoupling. If the coupling is too
strong, however, the decoupling takes place too late and the dark matter density is too
low. On the other hand, if the coupling is too weak, the decoupling takes place too early
and dark matter is overproduced.

Predicting the correct relic density of non-relativistic dark matter is, however, not the
only hurdle a successful theory needs to pass. We consider three important further consis-
tency checks which concern direct detection, indirect detection, and collider production.

e Direct detection: If dark matter of a mass in the multi-GeV range interacts with
quarks or gluons, the most promising channel to detect it is by the scattering off
heavy nuclei which have a similar mass. This scattering of WIMP dark matter
is being searched for at experiments such as XENONIT [176]. The dark-matter-
nucleon interaction can be induced at tree-level or at loop level. For the models
we consider below, we use the tool RUNDM [177] to calculate the RG running from
our effective operators at high energies to the nuclear scale and to map coefficients
to the nucleon-level EFT. Since no signal has been detected so far, usually the
XENON collaboration releases upper limits on either the dark-matter-nucleus scat-
tering cross section or on Wilson coeflicients of the non-relativistic nucleon-level
EFT. These bounds depend on the distribution of dark matter in our galaxy in
order to predict the incident flux in the detector.

e Indirect detection: If two dark matter particles can annihilate in the early uni-
verse into SM particles, in principle the same can happen today where ever there is a
sufficiently large concentration of dark matter. In particular, one can survey dwarf
spheroidal galaxies (dSphs) for signs of such annihilations in the form of a gamma
ray flux, since they combine a large dark matter density with a low background.
Of course, the signal depends on the exact annihilation products, but can be simu-
lated and compared to the data. If such a signal is detected consistently for several
objects, one could claim the indirect detection of dark matter. The non-detection
of an excess gamma ray flux enables us to exclude some dark matter models or
parts of their parameter space. We note that the velocity-averaged annihilation
cross section (ov) which controls the freeze-out, is also responsible for the indirect
detection signal. However, the average dark matter velocity today is much smaller
than during freeze-out and so the averaged cross section may be different, as we
discuss in Section 5.2.

e Collider production: For WIMP dark matter of a mass in the multi-GeV range,
typically an interaction strength comparable to the electroweak scale or weaker
is required to ensure that the freeze-out produces the observed relic abundance.
Therefore, one would expect a mediator between dark matter and the SM to be of
a mass in the 100 GeV to 1 TeV range. In this case it would be possible to produce
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the mediator at the LHC. However, no new particles have been observed so far,
which allows us to constrain models of dark matter. In our EFT approach, we will
consider new-physics scales A which are comparable to LHC energies. Therefore,
the assumption of a decoupled mediator, which works well for direct and indirect
detection, breaks down at collider energies. There exist approaches to extend the
application of an EFT framework into the collider regime by including mediator
particles as additional degrees of freedom [178]. We choose to remain more general
at the cost of being unable to apply the EFT at collider scales. However, we will
show that if we pick concrete models which are represented by the EFT, the LHC
searches are suitable for distinguishing these different models and mediators.

5.2. Third-generation vy DMEFT

In this section we apply the framework of SMNEFT with one sterile neutrino N of
super-GeV mass to explain dark matter. To ensure stability, we assume a Zy symmetry
under which only N is charged. Therefore, N cannot decay but pair-annihilate into SM
particles. In particular, we consider the case when four-fermion interactions dominate
and annihilations are given by NN — ff with f some SM fermion. If we assume that N
couples to the first or second generation of SM fermions, there are very strong constraints
from direct detection. However, these can be less stringent if we assume that the four-
fermion couplings are only present among dark matter and third-generation fermions. In
this case, the coupling to nucleons is mainly generated by loops and therefore smaller.
Hence, we decide to only consider couplings to the third generation in this chapter in
order to reduce the pressure from direct detection constraints.

Let us list the relevant operators from Table 2.1. These are

Cng ~— C
Lyg = ﬁ(NWPRNMWPng), Lx1 = Sy (VPN (A Prly),
Cr
L= Nt (N, PrN) (7" Prt) | L= AN2 (N4, PrN)(7y*Pgr),  (5.5)
C
Lo = 1y (N3 PrN) (07" Prb)

where we omit the explicit flavor indices of the third generation and relabeled the Wilson
coefficients for brevity. Due to the relevance to direct detection and the explicit models
considered later, we also include the dimension-five operator

(5)
L, = CXH NeNp H'H  (Majorana) . (5.6)

Generally we consider N as a Majorana fermion, but occasionally also discuss how the
bounds are affected if we assume it is a Dirac fermion. In this case, the dimension-five
operator must be replaced by

5 0(5)045
£, =2 NO_NNH'H  (Dirac) (5.7)
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in order to have the same numerical bounds from direct detection on the Dirac and Majo-
rana Wilson coefficients. Apart from this replacement, we consider the same dimension-
six operators (5.5) even though in the Dirac case one could have additional couplings to
the left-handed component of N.

We will consider energy scales A/+v/C, where C' denotes one of the Wilson coefficients
in Equation (5.5), in the range of 10>~10*GeV which is to a large extent accessible at the
LHC. Therefore, we cannot treat collider constraints in the EFT framework. However,
relic density, direct detection and indirect detection observables can be calculated entirely
in the EFT framework. For this reason we now consider more explicitly the present
constraints on the operators Oy, ;) under the assumption that one of them dominates
the interaction of dark matter with the SM. We show the results in Figure 5.1 for the cases
of Majorana and Dirac dark matter. These three operators are just chosen for simplicity,
but in principle any combination of the operators in Equation (5.5) could be valid. One
example with multiple operators is the U(l)( B—1); model introduced in Section 3.1.2,
which we discuss as one of the UV complete examples in Section 5.3.

As stated in Section 5.1, the dark matter mass my and the velocity-averaged anni-
hilation cross section (ov) are the two quantities which fix the relic abundance within
the freeze-out mechanism. However, they also govern indirect detection signals. We note
that the annihilation cross sections for Dirac and Majorana dark matter are different for
the same operator Oyy. Namely, we find for Majorana dark matter

2 4 2,2 4
M |Cnyl? my o 16my —23mym; +10m5
<Uvrel>Nf = 87‘[‘A4 NC 1-— mi?v mf + 24(m?\[ — mi) Urel (58)

up to first order in average squared relative DM velocity v?el. For Dirac dark matter the
annihilation rate for the same operator reads

|0Nf|2 2 m?‘
<O'Ure1>g = Ne myy |1 — —-. (5.9)
F 7 16mAd m3;

The color factor N is 1 for f = 7 and 3 for f = t,b. To obtain the operators Oy with
f =1,q, one can simply add the cross sections for ¢ and b or for v, and T respectively.
For instance, the Dirac annihilation cross section in this case reads

b |Cngl? 9 m? m?
<0'Ure1>Nq = 167TA4NC mpy 1_7717%\[—'_ _mi%v . (5.10)
In the lepton case f =1, we set N, = 1 and replace the masses my with m, and m; with

m,, = 0.

We should explain why we kept the first term of order U?el only in the Majorana case.
Before the freeze-out of non-relativistic dark matter, the average velocity is determined by
a thermal Boltzmann distribution and therefore we have approximately viel ~ \/T'f/ms ~
10~ for a WIMP-like scenario. In contrast, the typical velocity of dark matter in today’s
astrophysical structures is v ~ 1073 [178]. Now in the Dirac case, the leading order
term is proportional to m?\,, whereas in the Majorana case it is m?c which is often much
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smaller than m?\, Therefore, the second term proportional to ’Ufel becomes relevant in

the Majorana case. Indeed, for mff < m?\, we obtain

2 2 4

M |Cngl? my o5 |2 9 T oo\ My My
r R Ney /1 — = +11 +0 . (511
{ovre)n s 8rAt ¢ m2; N | 3l 94 Urel m2; miy (5.11)

We conclude that the contribution proportional to vfel is not always subleading in the
Majorana case. This also shows that the Dirac annihilation cross section is practically
always larger for the same value of C s/ A2, For the relic density, which is controlled by
(0Vrel), this means that in the Dirac case a larger value of A/\/Cn is required than in
the Majorana case to obtain Qpyh? = 0.12.

Relic density

Implementing the models via FEYNRULES [179] and subsequently using MICROMEGAS,
we can calculate the relic density for a given mass my and energy scale A/\/Cyy for
f = 7,b,t assuming A > my to be consistent with the EFT framework. In Figure 5.1,
we show the slice in parameter space for which the correct relic density is produced as a
black line. Above (below) the black lines, dark matter is overproduced (underproduced).
Note that a larger interaction scale leads to a weaker coupling and thus to an earlier
decoupling of dark matter, resulting in a larger number density. Additionally, one can
observe that the difference in the annihilation cross section between Dirac and Majorana
dark matter indeed leads to larger scales A//Cny being required in the Dirac case.

Direct detection

As we noted before, the WIMP direct detection experiments search for dark matter
scattering off nuclei. Thus, in order to compare the parameter space of our EFT scenarios
with the regions excluded by direct detection experiments, we must find the effective
couplings to nuclei. To do this, we use the tool RUNDM [177] which allows to calculate
the RG running to the nuclear scale and maps the interaction to the nucleon-level EFT.
Now there is a crucial difference between Majorana and Dirac dark matter. For the latter,
the effective interactions involve a vector current,

_ _ 1 _ _

(N9 PrN)(fA"Prf) = 5(N9uN + Nvuy* N)(f+" Prf) - (5.12)
This vector current induces a contribution to the operator Op of the nucleon-level EF'T
[177]. The spin-independent scattering mediated by this operator is strongly constrained

by XENON1T. Using [180]
2

ogr = %(Cm)z, (5.13)

with the reduced nucleon mass p, = mymy/(my + m,), we can translate the bounds
on the spin-independent WIMP-nucleus cross section from XENONI1T into constraints
on the Wilson coefficients Cy , of the relativistic nucleon-level EFT. These bounds can
be compared to the results of RUNDM. We find that in the case of 7 and b operators,
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Figure 5.1. New physics scale required by the relic abundance for the third generation
EFT scenarios dominated by On,, Opnp, or Oyt defined in Equation (5.5) (black line),
assuming Majorana (left) and Dirac (right) sterile neutrinos. Regions excluded by indirect
detection from dSphs are shown in blue. The light blue region corresponds to the variation
of the J-factors within their 68% confidence bands. The orange bands show the indirect
detection exclusion when we include the loop-induced annihilation into gluon pairs in a
particular model. Direct detection limits from XENONIT (extrapolated between 1 TeV
and 10 TeV) are shown in teal. The lighter-shaded band represents a realistic range of A.
The weaker bounds correspond to A = 100 GeV (200 GeV in the tt-case) and the stronger
bounds to A = 10 TeV. Direct and indirect detection constraints assume Qpyh? = 0.12
everywhere. Figure adapted from Reference [4].
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the proton coupling with © = p dominates, while for ¢ the neutron coupling with x = n
dominates. However, the results of the running depend not only on A/ v/C but also on
the explicit scale of new physics A identified with the mediator mass because the running
effect is smaller if one starts from a lower scale. To capture this dependence in Figure 5.1,
we show the bounds on A/+v/C' in the range of 100(200) GeV < A < 10 TeV, where the
bracket refers to the ¢t case. For these bounds we assume Qpyh? = 0.12. Additionally,
we calculate the lower bounds on my assuming A > 100 GeV. These read

185 GeV  for 7H7—,
my > 4 126 GeV  for bb, (Dirac case) (5.14)
1002 GeV  for ¢t.

We note that the bounds from XENONIT have been extrapolated between 1TeV and
10 TeV which concerns only the bound on the tt case which is shifted from 1000 GeV to
1002 GeV. Returning to the Majorana case, the N-bilinear in the effective interaction
reduces to an axial current, Ny*y°N. Therefore, only relatively weakly constrained
operators 4, 8, and 9 of non-relativistic scattering theory defined in Reference [181], which
mediate spin-dependent interactions, are generated by the RG running. The numbers for
our parameter space of my and A/v/C are well below current XENON limits [182].
Therefore, there is no excluded region for the Majorana case in Figure 5.1.

So far we have only considered four-fermion operators. Additionally, the dimension-
five operator (’)](\2{ in Equation (5.6) leads to a Higgs portal coupling of the form NNh.
This Higgs portal allows for a tree-level coupling between dark matter and nuclei and
is therefore strongly constrained by XENONI1T. The spin-independent elastic N-nucleus
scattering cross section in the zero-momentum-transfer limit is given by [183]

4
ost = —p3fz (5.15)
T
where
), 2
Jo=mg Am% Z fim“q + §f7x“G (5.16)
q=u,d,s

for x = p,n. To calculate explicit values, we take for f7, and ff. the same values as

Reference [184]. With this, we can derive 90% CL lower limits on A/ C](\‘?})LI from the

XENONIT bounds on the spin-independent cross section [176]. The result is shown in

Figure 5.2. The constraints are quite strong such that A/ C](\?}{ is required to be at least

2TeV or larger. This also strongly constrains the role NN — h annihilation can play
during freeze-out, unless my is close to the resonance my ~ my/2. We do not consider
this sort of resonance here. This result implies that when we consider explicit models
which have the sterile neutrino dark matter effective field theory (V(DMEFT) as a limiting
case, we have to check that this dimension-five operator is consistent with constraints.
We note that the constraint in Figure 5.2 is the same for Dirac and Majorana dark matter
by virtue of the factor of two in the definition (5.7).
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Figure 5.2. Direct detection constraints from XENONIT [176] on the operator (’)](\?}{
introduced in Equation (5.6). The area is excluded at 90% CL. Figure adapted from
Reference [4].

As a final remark on direct detection, we note that an effective dark-matter-gluon
coupling can be present at dimension seven. Such a coupling is typically generated at
loop level from interactions with quarks. In the leptoquark models discussed in Section 5.3
such a gluon-coupling is present in principle but turns out negligible for direct detection
in the region of parameter space suitable for an EFT description.

Indirect detection

The most sensitive search for gamma rays from dark matter annihilation in dSphs was
performed with Fermi-LAT [185]. We first discuss how we calculate a prediction for
the expected gamma ray spectrum. Following Reference [185], the expected gamma ray
flux in the energy range between Fyn and Fpax when allowing for multiple annihilation
processes labeled by j reads

J Emax dN .
¢ Z (Uvrel>j / T dEy 5 (517)
J

- 2
87rmN Emin dE’Y

where (0vye]) ; are the velocity-averaged annihilation cross sections, which for our oper-
ators are given in Equations (5.8) and (5.9). For the Majorana cross section we assume
Urel = 1073 [178]. Furthermore, dN, ;/dE, denotes the photon spectrum associated with
the annihilation j, and J denotes the J-factors for the respective dSph. These J-factors
are determined by the dark matter density in the dSph along the line of sight and the
observed solid angle [186]. Since the precise astrophysical determination of the dark
matter density is challenging, the J-factors are the main source of uncertainty in Equa-
tion (5.17). We consider the 19 dSphs with kinematically determined J-factors in Table 1
of Reference [185]. However, we employ for the J-factors the more recent results from
Reference [187] and take as uncertainties their 68% confidence intervals. For the pho-
ton spectra we use those calculated in Reference [188] which include the relevant particle
showers. To obtain limits, we compare the predictions from Equation (5.17) with the bin-
by-bin likelihoods published by the Fermi-LAT and DES collaborations [185]. To assess
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the uncertainty of the obtained limits, which are dominated by J-factor uncertainties, we
choose to define an uncertainty band in the following way. For each value of my we define
a best-case limit and a worst-case limit. The best-case limit is the strongest out of the 19
limits on (ovye) ; using the upper boundary of the 68% CL region, while the worst case
limit is the strongest out of the 19 limits using the lower boundary of the 68% CL region.
This gives us a relatively broad band between the two limits, in which the true exclusion
curve should lie. We show the obtained exclusion areas obtained assuming Qh? = 0.12
in Figure 5.1. The blue areas correspond to the best-case and worst-case scenarios, i.e.
J-factors at the upper or lower boundary of their 68% CL region. The Majorana case
is more weakly constrained, as we understand from the comparison of the annihilation
cross sections (5.8) and (5.9) which reveals the smaller cross section in the Majorana
case. From the intersections with the lines representing Qh? = 0.12, we can derive for
the different scenarios the lower limits on the DM mass

6-10 GeV for 77—
my > ¢ T (Majorana case) (5.18)
6 - 14 GeV for bb,
and
18 - 41 GeV f T
my > ¢ T (Dirac case) (5.19)
11 - 57 GeV  for bb.

In the ¢t case, the indirect detection constraints are not yet strong enough to probe the
parameter space for which the relic density constraint is satisfied. Therefore, here we
obtain no lower bound.

We only briefly comment on the plausibility of assuming that models exist which can
be mapped to the EFT scenarios where one operator like Oy, or On¢ dominates. Namely,
one would expect a loop-induced coupling to gluons for those interactions with quarks,
which would result in the possible annihilation NN — gg. While we do not consider
all the dimension-seven operators of SMNEFT which would describe such a coupling in
general, we account for the contribution of this annihilation channel in a particular model
which realizes the EFT scenario dominated by On;. This is the S} leptoquark model
introduced in Section 3.2.3 which will be discussed in more detail in Section 5.3. Here we
only note that we can recalculate the indirect detection bounds including the NN — gg
contribution for this model and analogously for the bb case, which results in the orange
continuation of the blue exclusion regions in Figure 5.1. In the Dirac case, the annihilation
cross sections into fermion pairs are significantly larger and therefore dominate, while for
the 7777 case one can expect a much smaller and hence negligible effective coupling to
gluons. We conclude that the gluonic annihilation can be neglected for this model, which
illustrates that our assumptions of an EFT dominated by the operators of dimension five
and six in Equations (5.5)-(5.7) are realistic.

5.3. Models representing the yfDMEFT

In this section we discuss three example models in order to demonstrate the viability of
the third-generation y1DMEFT. These are the gauged (B — L) extension, and the S7
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and U{ leptoquark scenarios discussed in Chapter 3. For each model, we will perform
the following steps. First, we use the mapping of the full model to Wilson coefficients
of the vYDMEFT identified in Chapter 3 to calculate the constraints from relic density,
direct detection and indirect detection and recast them in terms of the model parameter
space. Second, we discuss potential additional constraints which we have to consider once
we have identified the mediator. This concerns mainly the production of the mediator
particle at the LHC. As a result we can constrain the model parameters space and identify
those regions where a consistent explanation of dark matter is possible. Indeed, we find
such consistent regions for all three models.

5.3.1. Flavored baryon minus lepton number symmetry

The gauged third-generation baryon number minus lepton number model has been in-
troduced and mapped to SMNEFT in Section 3.1.2. In this case the heavy vector Z’ is
the mediator of four-fermion interactions. In Equations (3.32) and (3.35), we have sum-
marized the arising Wilson coefficients when identifying A = mys, which we reproduce
here,

2
mymy 1) 9% ¢
C}\?}{:_ 2 )\H@a Cl :CLQ:_7:_77
— 1 _ _9x _ ¢
Crr=c, C(gq)—CQQ— 9 :§,

where ¢ = gg(, LL =1ll,NN,ee,Nl,le,Ne, LQ = lu,ld, Nq, Nu, Nd, ge, eu, ed, QQ =
uu, dd, qu,qd,ud, and flavor indices 3 are implicit. Recall that all the operators were
defined in Table 2.1. These are the only Wilson coefficients to leading order in €, the
kinetic mixing parameter.

EFT constraints

We proceed by calculating the constraints from relic density, direct detection, and indirect
detection for this EFT scenario summarized in Equation (5.20). For small scalar mixing
Are and neglecting a possible resonant Higgs annihilation, the freeze-out is dominated by
the four-fermion operators. We calculate the required scale A/\/c to produce the correct
relic abundance with MICROMEGAS as before. The result is shown in Figure 5.3 in the
same form as the plots in Figure 5.1. In this mixed-operator case, several annihilation
channels contribute to the freeze-out. Their relative importance can be estimated when
considering that my < my and vy ~ 0.1 which leads to both the Majorana annihilation
cross section in Equation (5.8) and the Dirac cross section in Equation (5.9) depending
only weakly on the mass my. One can conclude that

<Uvrel>7-+7-— ~ 2 <Uvrel>v-ru-r ~3 <U7)rel>5b ~ 3 (Uvrd)gt (5.21)

if my > my, and without the last approximate equality when mp < my < m¢. The
factor of 2 stems from the absence of right-handed tau neutrinos and the factors of 3 are
a result of the color factors and (B — L)s-charges.
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Figure 5.3. New-physics scale required by the relic abundance for the third generation
EFT scenario defined by Equation (5.20) (black line) assuming Majorana (left) and Dirac
(right) sterile neutrinos. Regions excluded by indirect detection from dSphs are shown
in blue. The light blue region corresponds to the variation of the J-factors within their
68% confidence bands. The bound from lepton flavor universality tests is shown in green.
Direct detection limits from XENONIT (extrapolated between 1TeV and 10TeV) are
shown in teal. The lighter-shaded band represents a realistic range of A. The weaker
bounds correspond to A = 100 GeV and the stronger bounds to A = 10 TeV. Direct and
indirect detection constraints assume Qpyh? = 0.12 everywhere. Figure adapted from
Reference [4].

The direct detection constraints are evaluated as previously by running the interactions
down to the nuclear scale using RUNDM. In the Majorana case, again only spin-dependent
scattering operators are produced which are not sufficiently constrained to probe the
parameter space. In the Dirac case, as for the single-operator scenarios, the vector current
coupling to quarks leads to a contribution to spin-independent scattering which strongly
constrains the model and leads to a lower bound on the dark matter mass of 146 GeV.
In both cases, we need to consider that the Higgs operator is also constrained by direct

detection. However, it depends on the scalar mixing Arrg and the mass of the heavy scalar

mi Therefore, we recast the bounds on C](\‘?l)q as bounds on mg/v/Age in Figure 5.4.

In the following, we will assume that this bound is satisfied and concentrate on Z’ as
the relevant mediator. Concerning indirect detection constraints we can also repeat the
procedure described in Section 5.2. The result is shown in Figure 5.3 in blue. The bounds
are dominated by the rescaled sum of ¢ and bb annihilations, since the annihilations into
v,v; and 7777 produce a relatively weak gamma ray signal. In the Majorana case indirect
detection leads to a lower limit on the dark matter mass of about my > 7-11 GeV, and
in the Dirac case my > 11-29 GeV. These numbers are comparable to the limits for the
single-operator scenarios in Figure 5.1.

In Section 5.2 we have presupposed an EFT scenario where only operators involving
dark matter are present and therefore direct and indirect detection were the only con-
straints. In the present scenario defined by Equation (5.20) this is not the case since
there are four-fermion operators involving only SM fermion representations. Interactions
among third-generation fermions are not strongly constrained since they do not play a
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Figure 5.4. Direct detection constraints from XENONIT [176] on the mass scale
mg/+/ Ao which controls the Wilson coefficient of the operator O](\?}I The bounds have
been obtained applying Equation (5.20) to the EFT results shown in Figure 5.2. Figure
adapted from Reference [4].

role in most decays. However, we are able to constrain the model from lepton universality
tests, as discussed in Reference [73]. Indeed, the operators Oy, Oj4, Oge, Oeq coupling
only to the third generation will affect the semi-leptonic b-meson branching ratios. We
can calculate this effect by using the formula for Y(15) decay into leptonic final states
[189,190]

R,(0)]?
Py(s)—»e = 4042@1%@-@, (5.22)
my
where o denotes the fine-structure constant, @, = —1/3 the electric charge of the bottom

quark, R, (0) the non-relativistic radial wave function at the origin, and

2 2
K, = <1 n 2m§) 14 (5.23)
my

contains the kinematics which depends on the lepton mass. The SM expectation for the
ratio Ry then depends only on the lepton mass due to the flavor-universal coupling,

Pyasyme Ky

RM’ = = —.
Iyasysee  Ke

(5.24)
This leads to the SM prediction R;, = 0.992 which can be compared to the measured
value R, = 1.005 £ 0.013(stat.) & 0.022(syst.) from BaBar [190]. Adding statistical and
systematic errors quadratically, for simplicity, results in R, = 1.005 £ 0.026, which is
consistent with the SM prediction. Now we can constrain the EFT by calculating the max-
imal value for ¢/A? which is consistent with the BaBar measurement at 68% CL. Adding
all four mentioned operators with the Wilson coefficients dictated by Equation (5.20)
results in the vector-current interaction

c —
Lrpvpr) = —wab?wf (5.25)
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Therefore, we can add this contribution directly to the photon-mediated contribution,
which results in

R,(0)[2 m% ¢\’
r = 40? 2'"71(7 1——X ) . 5.26
T(1S)—7T a’Qy m?r AmaQ, 302 ( )

This contribution is limited to the decay of T into tau pairs and therefore violates flavor
universality. Hence, we find the prediction

m2 C 2
= — 14+ L) . 2
By K, < + 47TaA2> (5:27)

Since ¢ = g% > 0, we conclude that A/ /c > 224 GeV at 68% CL. This bound is shown
in Figure 5.3 in green. From this we can extract that the lowest dark matter mass
which is consistent with the measurements from BaBar and the observed relic density is
my 2 17GeV in the Majorana case.

Constraints on the full model

The EFT bounds shown in Figure 5.3 can be recast as bounds on the full model in the
following way. If we identify A = my and fix my, the value of A/+/c determined by the
relic density can be translated into a required coupling gx = y/c. Then we can plot the
parameter space spanned by my and myz: such that at each point gx is fixed by requiring
the relic density constraint to be satisfied. In Figure 5.5 we show this parameter space
and draw contour lines of constant gx for two values of the kinetic mixing parameter e.
The dashed lines correspond to the EFT limit while the solid lines represent the required
values of gx calculated from the exact model. One can see that the EFT limit gives
an excellent approximation. The validity of the EFT limit is ensured by excluding the
orange region where myz < 3my, since it would violate our assumption my > mpy.
This region can be considered in the full model, but features annihilations NN — Z’
and is therefore not suitable to represent the EFT approach taken in this work. We
refer to Reference [73] for a discussion of this model beyond the EFT limit. We display in
Figure 5.5 which regions of the parameter space are ruled out by the bounds from indirect
detection and lepton flavor universality in the same color coding as used in Figure 5.3.
These are essentially vertical lines, since they amount to a lower bound on the dark matter
mass. Direct detection constraints are weak for Majorana dark matter such that they do
not affect the parameter space of this model shown in Figure 5.3. Moreover, we include
a gray region in the plots to signify where a non-perturbative coupling gx > V41 ~ 3.5
would be required to obtain the correct relic density. In this case, however, our EFT
mapping breaks down because it relies on a perturbative gauge coupling. Therefore, we
can make no statements about this case and visually exclude the region.

There are two more excluded regions in Figure 5.5 which we have not discussed before
because they can only be evaluated assuming the full model. These are the constraints
from collider production of the mediator Z’ in red and from Z-Z’-mixing in purple which
we discuss next.
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Figure 5.5. Parameter range of the gauged (B — L)3 model introduced in Section 3.1.2
for Z-Z' mixing parameters e = 0.01 (left) and e = 0.1 (right). Contours of gx producing
the correct relic abundance are shown in black, while the dashed lines represent the EF'T
limit upon identifying A = mz and ¢ = g% with ¢ defined in Equation (5.20). For a given
value of € the purple areas are ruled out at 95% CL by electroweak precision data. The
area with mz < 3my is drawn to signify where the EFT approach is valid, namely in
the upper left corner. Above g ~ /47 ~ 3.5 the theory ceases to be perturbative. Figure
adapted from Reference [4].

Heavy vector bosons such as Z’ have been searched for at the LHC through different
decay channels. In the case of the third-generation couplings in our model, the most sen-
sitive channel to a spin-1 resonance turns out to be Z' — 7777~ [73,191]. The currently
strongest limits on the pp — Z’ — 777~ cross section come from the ATLAS collabora-
tion [192]. To recast the bounds as limits on myz and my, we simulate the expected cross
section using MADGRAPH [193]. More specifically, we apply 5-flavor parton distribution
functions involving b quarks to simulate the leading-order production channel bb — Z.
The branching fraction of Z’ — 777~ can be straightforwardly calculated from the inter-
actions (5.20), see the appendix of Reference [4] for details. The result of the comparison
of these simulations with the bounds on the cross section from ATLAS is a constraint on
gx for each value of mz/. Using the relic density bound, this can be translated into a
lower limit on mpy for each value of myz which is shown in red in Figure 5.5.

Turning to kinetic mixing, we noted in Section 3.1.2 that ¢ must be determined by
experiment and is constrained by electroweak precision data [74]. These constraints
depend on the mass of Z’ and become weak only in the limit my > myz. Therefore we
can use the mass-dependent bounds from Reference [74] to determine which Z’ masses
are excluded for a fixed € = 0.01 or € = 0.1. For the weaker kinetic mixing ¢ = 0.01, only
a small band around mz ~ myz is ruled out, such that there remains a window below
with mz < 200 GeV. This changes once the kinetic mixing is larger, since this window is
closed entirely if we assume € = 0.1 which implies mz > 320 GeV. To lift all constraints
from Z-Z'-mixing we would have to assume e < 0.005, see Reference [74].

Finally, let us comment on the influence of the interaction with the Higgs field. We
explicitly accounted for the dimension five operator in Equation (5.6) leading to a Higgs
portal coupling. This portal is expected to be the main coupling responsible for direct
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detection and therefore in order for the plots in Figure 5.5 to be valid we have to assume
that the constraint on my/v/Age in Figure 5.4 is satisfied.

We conclude that the EFT defined by the Wilson coefficients in Equation (5.20) can
consistently represent the U(1)p_p,, theory with small kinetic mixing. When considering
the explicit model, LHC data can be used to probe the mediator and in this case rule out
a large portion of the parameter space. However, there still remains room for which the
model provides a consistent description of dark matter.

5.3.2. Scalar leptoquark

We have introduced the scalar leptoquark S} model in Section 3.2.3. As discussed there,
the tree-level EFT mapping up to dimension six produces only the two operators Oy
and (’)](\?)H with coefficients

1
Cne = —§|xt\2,
) _  yilzlPmyms 5 miy (5.28)
CNH - 647r2m% F(T) + migG(r) + m% H(T) >

for A = mg, with 7 = m%/m? and the functions F(r), G(r), and H(r) given in Equa-
tion (10) of Reference [95]. Note that this model is studied in detail also outside the EFT
region in this reference.

EFT constraints

The EFT constraints can mostly be carried over from the discussion of the single-operator
On¢ scenario in Section 5.2. An exception is direct detection. In the Dirac case, as pre-
viously discussed, spin-independent scattering is induced by the four-fermion operators
and therefore the constraints are dominated by this fermion interaction. Hence the con-
straint from Figure 5.1 is carried over to the EFT of S7. In the Majorana case, the direct
detection signal induced by Opn; was negligible. However, we have to account for the
Higgs portal coupling which is not independent from the mediator coupling z; and mass
mg in this model, unlike in the (B — L)3 model in Section 5.3.1 where it was indepen-
dent of gx and my/. Therefore, the bound from XENONI1T in Figure 5.2 holds with the
identification of the operator coefficient according to Equation (5.28).

Constraints on the full model

We use the same reasoning as in Section 5.3.1 to recast the EFT constraints as constraints
on the model parameter space spanned by my and mg. Again for given my and mg,
we can fix the coupling |x¢| such that the relic density constraint is satisfied. Then we
can draw contour lines of constant |z;|. The result is shown in Figure 5.6. We use again
dashed lines for the EFT limit and solid lines for the exact model and observe that the
EFT gives a good approximation. Again, we exclude the non-perturbative regime due to
a breakdown of the tree-level EF'T mapping. In Section 5.3.1, we considered an s-channel
mediator Z’ such that the resonant annihilation NN — Z’ was possible. This forced us
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Figure 5.6. Upper: Contours of |z;| in the my-mg-plane producing the correct relic
abundance for the S7 leptoquark model. Dashed lines correspond to the EFT limit of the
given coupling. Constraints from indirect and direct detection are very weak for Majorana
neutrinos. In the case of Dirac neutrinos, direct detection limits from XENONI1T are
shown in teal. CMS limits are shown in red, perturbativity of the coupling and validity of
the EFT description (mg < 3my in orange, mg < my in light orange) are also indicated.
Lower: Analogous plot for a simplified Z’ model coupling only to the B — L charge of
right-handed top quarks, see Equation (5.30). Contours of gx producing the correct relic
abundance are shown in black, the Z-Z’ mixing parameter € is zero. An almost invisible
ATLAS constraint is included for the Z’. Figure adapted from Reference [4].

to make sure that myz was not too close to 2my. Since S is a t-channel mediator, a pair
of sterile neutrinos cannot annihilate into a single S, but instead into a leptoquark pair.
Therefore, we can apply the EFT framework to a decent accuracy down to mg = my, as
illustrated in Figure 5.6.

The direct detection limit from Figure 5.1 is carried over for the Dirac case and leads to
a lower bound on the dark matter mass of my > 1002 GeV. In the Majorana case we need
to consider the constraint on |z;| and mg through the Higgs portal coupling. As a second
interaction one possibly needs to consider the effective coupling to quarks at dimension
seven. It turns out that in the EFT region mg 2 3my the Higgs coupling dominates, and
so we can neglect the gluon coupling [95]. Fixing the relic density and scanning through
mpy and mg, we find that the constraints are currently not strong enough to probe our
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parameter space. We find that a substantial improvement of the current bounds on the
WIMP-nucleon cross section would be necessary in order to constrain the parameter
space, namely a factor of about 100. In order to rule out the model for masses below
my = 1TeV an improvement of about four orders of magnitude would be required.
Accordingly, we conclude that future bounds from XENONnT will not be sufficient to
probe this EFT region of the model further [194].

Now we turn to the constraints that only come into play once we consider the complete
model instead of the EFT defined by Equation (5.28). Collider searches for leptoquarks
are frequently performed. The possible signatures are classified in Reference [93]. The
main production channel in our case is gg — SST and is determined by the strong gauge
coupling gs instead of x;. This is unavoidable due to the color charge of S and the
covariant derivative coupling to gluons in Equation (3.46). The coupling z; is only rele-
vant to the decay width which must be small enough to ensure that the leptoquarks are
produced on-shell. We can apply the bound from the search for a stop by the CMS col-
laboration [195]. This works because the signature for the decay into a neutral neutralino
(i.e. an invisible massive fermion) and a top is equivalent to our signature. Roughly
speaking, this search excludes mg < 1200 GeV at 95% CL for my < 400 GeV. We show
the exact exclusion contours in in red in Figure 5.6. Clearly, above mg ~ 1200 GeV,
this leaves some open parameter space for dark matter masses my 2 200GeV in the
Majorana case.

Concerning indirect detection, we have already hinted that the gluon coupling which is
responsible for the collider pair production can also lead to the annihilation NN — gg.
From Reference [196], we know that this annihilation channel is relevant in the Majorana
case for certain parameter configurations. We calculated the contribution to the gamma
ray spectrum in our parameter range using the formulas from References [197,198] for
the annihilation of neutralinos into two gluons mediated by tops and stops, replacing
stops by S. Comparing the gamma ray spectra with and without the gluonic channel, we
find that the annihilation into top pairs always dominates in our parameter range where
mpy < 10TeV, as visualized in Figure 5.1 as follows. We show the constraint from indirect
detection without the gluonic channel in blue and with the gluonic channel in yellow. To
translate the bound on mg/|z¢| into a bound on A/y/Cx; we use the identification

A/ Cni = V2mg/|z| . (5.29)

In both cases, the constraint from indirect detection is by far not sufficient to probe the
parameter space consistent with the relic density. The fact that the indirect detection
constraints are dominated by the fermionic annihilation shows that the EFT limit at
dimension six is valid for this model.

To illustrate how the collider constraints depend on the explicit mediator, we include
in Figure 5.6 a plot with a Z’-like mediator for comparison. For this simplified model
(which is not UV complete), we simply assume that instead of by the leptoquark S, the
operator O is generated by a heavy vector boson coupling only to ¢tz and N according
to

1
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We try to estimate the limits on such a vector boson by applying ATLAS searches for
resonant associated scalar production with a subsequent decay into t-pairs, pp — tt¢ —
tttt [199]. For details we refer to Reference [4]. We find a minuscule constraint only in
the low-mass region, as displayed in Figure 5.6.

In conclusion, there is viable parameter space for the S7 leptoquark scenario for dark
matter. In the Dirac case, strong direct detection constraints require my > 1002 GeV,
but in the Dirac case the strongest constraint comes from the collider search for leptoquark
pair production and allows for WIMP masses of a few hundred GeV at mediator masses of
1-3TeV. Again, the collider signal leads to a reduction of the parameter space allowed by
pure EFT considerations, though not as strongly as in the previously discussed (B — L)s-
model. Compared to a simplified neutral vector mediator generating the same EFT limit,
the collider bounds on the leptoquark are much more stringent.

5.3.3. Vector leptoquark

We have introduced the vector leptoquark Ui model in Section 3.2.3. As discussed there,
the tree-level EFT mapping up to dimension six produces the operator Oy with the
coefficient

Cnp = |xb|2 (5.31)

for A = my. For this model we cannot extract from the literature an explicit mapping
to the dimension-five Higgs operator as we could in the scalar leptoquark case in Equa-
tion (5.28). However, it is plausible that the Higgs interaction is not orders-of-magnitude
larger than in the scalar case and we therefore assume that it can be neglected in the
EFT region also for this vector leptoquark.

EFT constraints

The EFT constraints can be carried over from the discussion of the single-operator Opy
scenario in Section 5.2. Namely, we have the relatively strong constraint my > 126 GeV
from direct detection in the Dirac case due to the contribution to spin-independent scat-
tering, and no constraint from direct detection in the Majorana case.

Constraints on the full model

In Figure 5.7, we show the analogous plot to Figure 5.6 with mg replaced by my. The plot
features the usual contour lines of constant coupling |z;| with dashed lines for the EFT
limit and solid lines for the exact model. The EFT is a good approximation as long as
my > my as for the scalar leptoquark, since again the annihilation into U-pairs becomes
relevant during freeze-out when my ~ my. The direct detection limit in the Dirac case
results in a vertical line at the minimal allowed dark matter mass my = 126 GeV.

Now we turn to the additional model-dependent constraints. As in the scalar leptoquark
case, the main collider production channel is pair production gg — UUT whose cross
section depends on the strong gauge coupling and the leptoquark mass [200]. The value
of zp is again only relevant for the decay width, which should be sufficiently narrow to
ensure on-shell production. Assuming on-shell production, we may use the limits from the
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Figure 5.7. Upper: Contours of |xp| in the mpy-my-plane producing the correct relic
abundance for the U; leptoquark model are shown in black. Dashed lines correspond
to the EFT limit of the given coupling. Constraints from indirect and direct detection
are very weak for Majorana neutrinos. In the case of Dirac neutrinos, direct detection
limits from XENONIT are shown in teal. CMS limits are shown in red, perturbativity
of the coupling and validity of the EFT description (mg < 3my in orange, mg < my in
light orange) are also indicated. Lower: Analogous plot for Z’ models coupling only to
the B — L charge of right-handed bottom quarks, see Equation (5.33). Contours of gx
producing the correct relic abundance are shown in black, the Z-Z’ mixing parameter €
is zero. Figure adapted from Reference [4].

CMS leptoquark search in Reference [201]. Unfortunately, the limit on the cross section
for pp — UUT with subsequent respective decays into b or b and an invisible fermion
like N is only available for my = 0. In this case, the exact bounds are my < 1558 GeV
for Kk = 0 and my < 1927GeV for k = 1 at 95% CL, where x depends on the UV
completion as discussed in Section 3.2.3. Therefore at the moment we have to project the
bounds to non-zero dark matter masses. Comparing with the scalar leptoquark bounds
from Reference [201] plotted in Figure 5.6 we conclude that the mass dependence begins
around my = 500 GeV and so we only apply the bounds up to dark matter masses of
this magnitude. The result is shown in red in Figure 5.7, where the light red region is
only excluded when x = 1. We stress again that this is just a projection and should only
be considered as an estimate. A dedicated collider analysis of mass-dependent bounds in
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analogy to the scalar leptoquark would be favorable.

Concerning indirect detection, the process NN — gg may play a role in the Majorana
case. A precise evaluation of this annihilation cross section is unfortunately missing for
this model. We can again try to estimate the effect by calculating the corresponding
cross section for a scalar leptoquark coupling to bg and Ng according to the formulas
of References [197,198] for the annihilation of neutralinos into two gluons mediated by
bottoms and sbottoms. Comparing the gamma ray spectra with and without the gluonic
channel, we find that the annihilation into bottom pairs dominates for my < 200 GeV and
the annihilation into gluon pairs dominates for larger masses, as visualized in Figure 5.1.
As before we show the constraint from indirect detection without the gluonic channel in
blue and with the gluonic channel in yellow, translating the bound on my/|xp| into a
bound on A/+/C by the identification

ANC =my /|y . (5.32)

In the low-mass region of 10-20 GeV, where indirect detection actually probes the pa-
rameter space consistent with the observed relic density, the signal is dominated by the
fermionic annihilation and therefore again the dimension-six EFT is valid for the evalu-
ation of indirect detection constraints in this model.

As in the scalar case we include in Figure 5.6 a plot with a Z’-like mediator for com-
parison. For this simplified model (which is again not UV complete), we simply assume
that instead of by the leptoquark U, the operator Oy is generated by a heavy vector
boson coupling only to bgp and N according to

1
L=gx <—NR’7“NR + 3bR’yMbR> ZL. (5.33)

We try to estimate the bounds on such a vector boson by applying ATLAS searches
for resonant associated scalar production with a subsequent decay into b-pairs, pp —
bbgp — bbbb [202]. For details we refer to Reference [4]. In this case we find the EFT
parameter space to be unconstrained so far. During the final stages of completing this
thesis, preliminary results for the resonant associated production of a heavy Z’ with a
b-pair subsequently decaying into a b-pair, pp — bbZ’ — bbbb have been published by the
ATLAS collaboration [203]. We expect that these would provide more stringent bounds
on this simplified model.

We conclude that even when we extrapolate the collider constraint from CMS to large
masses my = 500 GeV, there is a range of parameter space which can consistently explain
dark matter. Moreover, the EFT limit is sufficient to capture the physics of freeze-
out, direct detection and indirect detection. For Dirac dark matter, the allowed masses
are my > 123GeV and my 2 1TeV. For Majorana dark matter the direct detection
constraints from XENONI1T do not apply and therefore dark matter masses can be as
low as 77 GeV for kK = 0. Compared to a simplified neutral vector mediator generating
the same EFT limit, the collider bounds on the leptoquark are much more stringent.
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5.4. Summary

In this chapter, we have investigated the practical use of a dark matter EFT inspired by
SMNEFT as a model-independent framework for dark matter physics. When making the
assumption that only couplings of dark matter to the third generation SM fermions and
to the Higgs boson are generated in the form of the operators in Equations (5.5)-(5.7), we
could consistently treat the thermal production, direct detection and indirect detection
constraints within the EFT framework. Three example models could be matched to
the EFT which allowed for the application of the constraints calculated with effective
interactions on the model parameter space. This demonstrates that the use of the third-
generation vYDMEFT to evaluate relic density, direct detection and indirect detection
constraints is realistic from a theoretical point of view. To distinguish models which
give the same hierarchy of Wilson coefficients, constraints on the collider production
cross section of the mediator are very powerful. In particular, we found that due to
the unavoidable coupling to gluons, leptoquark mediators can be efficiently tested at the
LHC. In the case of the scalar leptoquark, constraints on the supersymmetric partner
of the top quark can be applied directly, since it has the same coupling to gluons and
the same decay signature. Of course, the are many more possibilities to arrange the
four-fermion operators in Equation (5.5) than we could consider here. For instance, we
have only discussed one EFT scenario including several operators, the gauged (B — L)3
model in Section 5.3.1. An ideal use of the framework would be to identify which Wilson
coefficients are important in the case of observation in direct or indirect detection. The
matching of a given theory to the EFT then provides us with a straightforward check of
its consistency with observations.
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In this thesis, we have pursued a very general approach towards neutrino interactions
beyond the Standard Model of particle physics (SM). Presupposing only the conservation
of the SM gauge symmetry and Lorentz symmetry, a natural framework to consider effects
of new physics associated with a large energy scale is constituted by effective field theories
(EFTs). Discussing the possible operators composed of SM fields and sterile neutrinos
up to mass-dimension six, we have identified General Neutrino Interactions (GNI) and a
subset of the Standard Model Effective Field Theory extended by right-handed neutrinos
(SMNEFT) as the suitable EFTs to describe new neutrino interactions with SM fermions
below and above the weak scale. Assuming that the new physics originates from high
energies, the two frameworks can be connected at the weak scale following a set of mapping
prescriptions.

Moreover, we have identified several ultraviolet complete models which lead to such
effective interactions when considering the exchange of off-shell heavy new mediator par-
ticles. One example featured an additional U(1) gauge symmetry broken at high energies,
which led to a massive vector boson Z’ as the mediator of new interactions. Other ex-
amples included colored, charged, and neutral scalar fields, demonstrating that various
types of neutrino interactions are not only possible but realistic from a theoretical point
of view. In fact, several of these models have been previously introduced to explain other
open questions, for instance the origin of neutrino masses or dark matter, but involve
new neutrino interactions as an additional effect.

In order to understand the implications of the mapping between GNI and SMNEFT,
we have investigated connections between physical processes at energies below the weak
scale, such as flavor-violating charged-lepton decays, coherent elastic neutrino-nucleus
scattering, nuclear beta decays, pion decays, and neutrino-electron scattering. We found
that these types of low-energy experiments probe interaction strengths comparable to
TeV-scale new physics and are therefore excellent complements to collider searches. A
consistent finding is that if GNI originate from SMNEFT operators, current experimen-
tal constraints on new interactions are significantly stronger. The reason for this is that
the left-handed neutrinos appear in a weak doublet together with charged leptons in SM-
NEFT operators. Generically, this results in new neutrino interactions being accompanied
by equally strong charged lepton interactions. The latter are, however, typically much
more strongly constrained. In particular, extremely stringent bounds on charged lepton
flavor violation then apply also for lepton flavor violating neutrino interactions. In other
cases, the doublet structure leads to simultaneous neutral-current and charged-current
GNI, such that the stronger charged-current constraint applies also to neutral-current
interaction. This can be illustrated by our collection of direct and indirect experimental
constraints on GNI parameters summarized in Table 4.6 and Table 4.7, where the in-
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direct bounds rely on the SMNEFT-GNI mapping. Turning the argument around, this
shows that if interactions violating the indirect bounds are detected, this would hint
towards low-scale new physics which would render the SMNEFT approach incomplete.
Considering the most general interactions, we investigated one running and one upcoming
experiment (KATRIN and DUNE) in terms of their potential to test GNI.

As a further application of the framework, we have shown that SMNEFT provides an
explanation of dark matter which is consistent with the observed abundance as well as
direct and indirect detection constraints when we interpret a sterile neutrino as a weakly
interacting massive particle and assume a stabilizing symmetry. We demonstrated that
this EFT approach is realistic by identifying three possible models whose physics of
production and detection is captured by the effective operators. For dark matter in the
range of tens to hundreds of GeV, these models require mediators of masses around or
below 1TeV. Therefore, we find that the EFT description does not hold at the Large
Hadron Collider and instead the explicit models can be constrained and distinguished by
considering the direct collider production of the mediator.

In conclusion, we emphasize that neutrino observables are competitive probes of new
physics at the precision frontier. This supports the current intensive efforts by the com-
munity to enhance the sensitivity and applicability of neutrino detectors and beam facil-
ities to probe nuclear, particle, and astrophysics. Especially due to our limited present
knowledge of how nature has realized neutrino mass generation and if there is leptonic
charge-parity violation, we should be cautious about the interpretation of observations
and account for potential new interactions in a global consideration. We have made the
case that GNI are capable of capturing the low-energy effects of a vast landscape of the-
ories beyond the SM and are therefore a valuable tool in our quest for the missing pieces
in the puzzle of fundamental physics.



A. PROPERTIES OF FOUR-FERMION
INTERACTIONS

A.1. Weyl, Majorana and Dirac fermions

In this section, we follow Reference [37] to introduce the notions of Weyl, Majorana and
Dirac fermions. A free spin-1/2 fermion satisfies the Dirac equation

("0 —m)y(x) =0, (A1)

where v is a four-component spinor field and m is the mass of the fermion. The four
gamma matrices follow the usual relations

{2y =20" 1, A0 =t (A2)
An additional matrix v° is defined by v° = i7%y!~243 and satisfies
(=0,  APT=2"  (F)P=1. (A.3)

With this matrix one can define the left-handed and right-handed projection operators

_1-7
2

_ 1+
- T

PL ) PR (A4)

abiding
P.Pr = PrP; =0, PL+Pr=1, P:=1pp, P% = Pp, (A.5)

which enable us to project the spinor field ¢ into left-handed and right-handed compo-
nents

Y = (Pr+ Pg)Y = Ppyp+ Pryp = + YR (A.6)

Moreover, one can define a a particle-antiparticle conjugation, which exchanges the par-
ticle creation and annihilation operators with the antiparticle creation and annihilation
operators in the mode expansion of 1,

bt =Cp, g =—yTCt, (A7)

where C can be defined as
C =iy (A.8)

and obeys
CltCc = —#T ¢ WWec=-T, (cl=c'=-C"=-C. (A.9)
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Crucially, this operation maps a left-chiral spinor onto a right-chiral spinor and vice versa,

Pr(yr)®= (o), Pr(Yr)® = (Yr). (A.10)
Two subsequent applications map back to the original field, (¢)¢ = 1.
For distinguishing Weyl, Majorana, and Dirac fermions it is convenient to choose a
particular representation for v* called the Weyl representation given by

0 __ 0 ]12 i 0 O'i 5 —]12 0
7_(]120’ T\t o) T TLo0 1) (A.11)

where o' are the Pauli matrices. In this representation we can write

b= @ > P= <(§> . Prp= @ , (A12)

where ¢(z) and £(z) are two-component (Weyl) spinors. Substituting them into the Dirac
equation yields two equations coupled by the mass

(i8y —id - V)p —mE =0,
(i0y +iG - V)E —mp = 0.
In the limit m — 0 the two equations decouple and become the so-called Weyl equations
which describe massless two-component spinors with negative (¢) or positive (§) helicity.
If we consider now a massive fermion 1, there are two options. 1 and g can be

independent or they can be linked by ¥ = 9§ . In the latter case it immediately follows
that

(A.13)

Vo= (YL +91)° =vp + W) =19, (A.14)
i.e. particle and antiparticle are identical. If this is the case the field is called a Majorana
fermion.
In this thesis we only consider four-component spinors. Therefore, when we say that
¥y, is a left-handed Weyl fermion, we mean that its free Lagrangian is given by

Lw = Y (i7" 0u) L, (A.15)

and likewise for a right-handed Weyl fermion 1 r. For a Majorana fermion, we instead
have

Lot = Dr(iv' )b — o (FEvn +uvs) (A.16)

where the factor of 1/2 is needed to compensate that the mass term is quadratic in y.
For a Dirac fermion

Lp = (z)(iv" 0 — m)(x) . (A.17)
It is important to appreciate the following distinction concerning charges. If 1) conserves
U(1) charges associated with the transformation ¢ — exp(ia)t, then the Lagrangian
must be invariant under such transformations. This is clearly only the case for the Weyl
and Dirac Lagrangians and thus Majorana fermions must be neutral. Another interesting
fact is that when m — 0 we can see that the Majorana Lagrangian reduces to a Weyl
Lagrangian, while the Dirac Lagrangian reduces to a Lagrangian of two Weyl fermions,
one for the left-handed, and one for the right-handed component. Therefore, all fermion
types reduce to Weyl fermions in the limit of vanishing masses. Moreover, one can show
that two Majorana fermions with the same mass are equivalent to a Dirac fermion.
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A.2. General properties of four-fermion operators

Here we discuss how to obtain the most general Lorentz-scalar Lagrangians involving four
fermions which explains the structure of the operators in Tables 2.1 and 2.4. The space
of all 4-by-4 matrices in spinor space is generated by the following useful basis [35]

where

Al (4.19)

Hence, all matrices M in spinor space can be written as a sum of these 16 matrices. It is
useful to classify the transformation properties under the Lorentz group of bilinears built
of two four-component spinors ¢, and ;. Namely,

Sab =V, Vh =0 "y, TH =,0" Y,

AY =y 0, Pap = a7
behave like a scalar, vector, rank-2 tensor, axial vector, and pseudoscalar, respectively.
Knowing this, we can construct all possible Lorentz scalars involving four four-component

fermions ;, i = 1,...,4. When fixing that 1 is contracted with 1o and 3 with 14, the
possible Lorentz scalars are given by

L5 (11, b, 3, ¥4)

ot =

(A.20)

P1v2) (Usiha)

= (
LY (1,92, 13,00a) = (bryutha) (Ysyeba)
LT (1,2, 93,104) = (Yrowib2) (Y30 1hs) (A.21)
LA(1, 2,3, 0a) = (P17 ¥2) (P3yF%a)

LE (1,92, 3,94) = (P17°12) (P37°4) -

In this thesis we are dealing with SM fermions whose chiral components 17, and ¥r exist
in different representations of the gauge group. Therefore, it is useful to consider the
possible Lorentz scalars for chiral fields. To obtain these, we will apply a number of
useful identities which are straightforwardly derived. Let ¢ and yx denote two generic
four-component spinors, then

YrXR = YXL = YRV XR = V17X =0,
Yro" xR = %ot X1, = Yro" Y XR = Yro"y XL =0, (A.22)
VRY'XL = YY" XR = Y'Y XR = YRV XL = 0.
Therefore, the scalar, pseudoscalar, and tensor bilinears require combining spinors of
opposite chirality, and the vector and axial vector bilinears require combining spinors of

equal chirality. If we apply this to the Lorentz scalars in Equation (A.21), we find in total
ten independent contractions in terms of chiral components L; and R;,

L3(Ly, Ry, L3, Ry),  LY(L1, Lo, L3, Ly),
L3(Ly, Ry, Rs,Ly),  LY(Li,La,Rs,Ry),  LT(Li,Ro, L3, Ry),
L3(Ry,Ly, L3, Ry),  LY(Ry, Ry, Ls, Ly) LT(Ry, Lo, R3, Ly)
L3(Ry, Ly, Rs,Ly),  LY(Ry, Ry, R3,Ry),

(A.23)

)
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Table A.1. Table of Fierz coefficients appearing in Equation (A.24).

Y
S 1% T A P
S —1/4  -1/4  -1/8 1/4 —1/4
vV oo 1/2 0 1/2 1
X T -3 0 1/2 0 -3
A 1 1/2 0 1/2 ~1
P -1/4 1/4 —-1/8  —1/4  —1/4

which are equivalent to the ten types of GNI defined in Equations (2.11) and (2.12)
together with Table 2.4. By applying the Fierz transformations, one can show that
LT (L1, Ry, Ry, Ly) = LT(Ry, Ly, L3, Ry) = 0 and hence these two combinations do not
appear. Moreover, £4 and L' are redundant for chiral spinors since 7R = R and
L =—L.

A.3. Fierz transformations

The Fierz transformations are a set of identities concerning the Lorentz-scalar functions
of four four-component spinors v;, i = 1,...,4 in Equation (A.21). They are expressed
as a set of coefficients C'xy summarized in Table A.1, such that

LX(1 o, 3, 00a) = Y Cxy LY (11, ¥a, ¥3,42) - (A.24)

Y=S,V,T,A,P

Notice that the positions of ¥y and 4 are swapped from one side of the equation to the
other. For the purpose of matching various four-fermion operators onto the precise form
of the operator basis in Table 2.1 it is very convenient to know the transformation of
chiral fields. Therefore we calculate them here once and can apply them to the chiral SM
fields whenever needed. Again, we denote a left-chiral field by L; and a right-chiral field
by Rz

£5(Ln, Bo, Ly, Ra) = —3 £5(L, R, L, Ry) — éﬁT(Ll,R4,L3,R2) , (A.25)
L%(L1, Ry, R3, Ly) = —%L‘V(Ll, Ly, R3, Ro), (A.26)
LY (L1, Ly, L3, Ly) = LY (L1, La, L3, L) , (A.27)
LT(L1, Ry, L3, Ry) = —6L£%(Ly, Ry, L3, Ry) + %ET(Ll, Ry, L3, Ry) . (A.28)

The remaining identities are obtained by inverting all fields L <> R on both sides of the
equations.
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A.4. Mapping between the Lee-Yang and epsilon
parametrizations of GNI

We have noted in Section 2.3 that there is an alternative parametrization of the 10
independent GNI terms defined in Equations (2.11) and (2.12) which we call the Lee-Yang
parametrization [204]. We define the alternative parametrization only for the neutral
current case, but for the charged-current GNI the definitions are completely analogous.
Recall that the epsilon parametrization is given by

G 10 (~) aBys B B ,
L= _72 JZ:; ( €.f ) (TaOjvp) (£,0;fs) ; (A.29)

with the operators O, (9;- defined in Table 2.4. An alternative parametrization reads,
see e.g. Reference [52],

G _ - o —aBvo .
L=-E S el (AL + D). (As0)
a=S,P,V,A,T

where the five possible independent combinations of Dirac matrices are defined as
Ty € {1,i7°, 4", 4"°, 0"}, (A.31)

and the ten epsilon coefficients have the counterparts C? 6 and

~a
pa, =) Dass fora=5PT, (A.32)
oy Z'DZ,BWS fora=V,A.

Suppressing flavor indices, the mapping between the two parametrizations reads

1

eL:%(CV—DV—kCA—DA), f = (Cv — Dy —Ca+ Da),

eR:%(CV—%DV—CA—DA), ER:%(CV+DV+C’A+DA),

cs = %(CSHDP), & :%(cs—mp), (A.33)
Cep = %(CeriDS), e :%(—Cerz'DS),

e = %(CT—Z'DT), ET:%(CT%—Z'DT).

A.5. Number of degrees of freedom

Here we discuss how to obtain the contents of Table 2.5, i.e. the number of degrees of
freedom of neutral-current GNI under different assumptions such as Majorana nature of
the neutrinos, charge-parity (CP) invariance, and flavor conservation. We only explicitly
prove how the first row of this table is obtained, since the other two rows follow the same



118 A. Properties of four-fermion interactions

line of reasoning. There are a number of identities concerning Majorana neutrinos which
are useful for the proofs. They read

va'vg = =0y Va
V' y vs = Vg7 va

Valg = Vglqy,

— 5 _ 5 (A.34)
VoYV =TUgY Vo,
Uootvg = —Ugot vy,
ﬁaa‘“’75yg = —ﬁﬁa“”'y5ya .
These are straightforwardly proven as follows, applying v¢ = —vTCT = v7C = 7 and the
definitions of the bilinears in Equation (A.20),
Vi = va Cr'vg = —vg () Crg = —viytva = —Vi, ,
Ay = va CY' g = —vg ()1 (4°) Crg = —v5y" v = +45,,
Sap = va Cvg = v5va = +55, ,
_ TpH.5., T 5\T =5 | pu (A.35)
Paﬁ—VaC’y Vﬁ_ya(’y ) CVB_ 37 Va—+P5aa
TS = VICa = (o) vy = o, = ~TS,
Tos = v CoPvg = —ug (") (") Crg = —172750“”1/& =—Th,
where we used
Cy’ =(A)TC, oyt =—(y)TC, [o",4%] =0 (A.36)

and the anticommuting nature of the fermion fields. Now we state the identities that
hold for the epsilon parametrization and for the Lee-Yang parametrization under different
assumptions. Proofs are given subsequently in the epsilon parametrization.

1. In general: (810 real parameters)

Ejafg’yg = 6%0157’ J = 172a3a47
S _ 5% _ *
€aBys = €Badry s 2575 - Cga&y ’ (A 37)
P _ ~Px a — Da* :
€aBys = T €Bady > afvé Bady -
T _ ~Tx
€apys = Bady>
2. CP invariance: (423 real parameters)
EJ/B 5 c R VJ7 Cgﬂ’)/(s € R Va,
;” ; a4 Dig.s €R, a=V,A, (A.38)
eaﬁwé - 6,6’0‘5'7 J=1494%, Dgﬁ,ﬂg c ZR, - S, P, T
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Table A.2. Operators and their conjugates appearing in the Hermitian conjugate of
Equation (A.29).

j Oj ,yoot,yo @; 70(1);T,y0
1 Yu(L —~°) V(1 =77 YL — A7) Yu(l —~°)
2 Yu(L +7°) Yu(L +7°) (1L —~°) Yu(L —~°)
3 Yu(L —7°) V(1 — 75) YL +7°) Yu(1 +7°)
4 Yu(1 +4°) Yl + 7 %) (1 +4°) Yu(1 +7°)
5 (1 —+5) (1 ++5) 1 1

6 (1 +~°) (1 —~°) 1 1

7 (1 —~°) (1+1°) ~v° —°

8 (1 +1°) (1 —~°) ~® —°

9 oM =7°) ow(l+7°) oL -7 o (1+4°)
10 oM +7°)  ow(l—=7°)  o™(L++°) o (1 —~°)

3. Majorana neutrinos: (432 real parameters)

apv5 = Chans

j Y . afy a6

€apys = T Bavs J=L2R a — D4 —SPA

k k afyd — HPayd a=o,15A4, A.39
€apys = €hays k=5P b (A.39)
T _ T afys = Bayd

604575 - _eﬁa’yé :

Dopys = —Dpars,  b=V.T.

4. Majorana neutrinos 4+ CP invariance: (225 real parameters)

Proofs:
1. In general: The Hermitian conjugate of Equation (A.29) involves the expressions
PO (T O = (-0 ) (=20 ), (A40)

and therefore it is useful to determine 'yo(’);'yo and 'yo(’);r'yo in terms of the original
operators. The results are shown in Table A.2. Applying these, we find the result



120

A. Properties of four-fermion interactions

of taking the Lagrangian (A.29) and adding its Hermitian conjugate,

Z (( ?) () ) (o) (70,1

Bady

+ (€555 + Ehasy) (va(%uﬁ) (?ng‘s)

G
52—72 >

a7ﬁ?’y76

+ (EEM jLeg’ok“;7 (1/ Ogv ) (f O f )

+ ( a575 +65a57 (1/ Orv ) (77(’) f5>

+ ( amg +65a57 (1/ Ogv ) (77(9 f‘5)
(7

o)

+ (€agys + €hasn) (ﬁaoltﬂ/ﬂ) (Tyoiof‘s)

+ (6,102575 +E%1;5,y (I/ OQV )

(A.41)

From this, the identities in Equation (A.37) follow for redefined coefficients absorb-
ing the Hermitian conjugates. Concerning the number of degrees of freedom we
have for one epsilon coefficient with four flavor indices a priori 3* = 81 complex
degrees of freedom. For j = 1,...,4 we have €ng,5 = €5 a6 Which means the 9
coeflicients which have o = # and v = § must be real. Of the remaining 81 —9 = 72
complex coefficients, half are determined by the other half such that we have to
subtract 36 complex degrees of freedom. In total, we hence have 9 real plus 36 com-
plex degrees of freedom, adding up to 81 real degrees of freedom for each ¢/ with
j=1,...,4. For the S, P, and T coefficients it is simpler because the coefficients

with the tilde are completely determined by the ones without, leaving €%, €, and

¢’ unconstrained which therefore each have 162 real degrees of freedom. In total

we arrive at 4 - 81 + 3 - 162 = 810 real degrees of freedom.

. CP invariance: Under a CP transformation, the Dirac spinors transform according
to [35]

ba) S A0 (@) = =), (A.42)

) B —yT(@)ehy?, (A.43)

where C was defined in Equation (A.9) and the CP phase is set to one. The five
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covariant bilinears transform as

R L G
AL =0 D
Sab =0ty 5+ Dy, (A.44)
Py =0 o — 0 %,
TW =0y, D — Dot

where the lowering of indices indicates a change of sign of the spatial components.
Let us express the Lagrangian in Equation (A.29) in terms of these bilinears to

make use of these relations. For j = 1,...,4 the epsilon coefficients are contracted
with
CP.

g (Vay £AL) (Ve £ AL)  — 9w (Vi £ A},) (Ve £ AG,) (A.45)
where the left and right & are independent of each other. Therefore €,5,5 = €gasy
which combined with (A.37) implies realness. For j =5,...,8, we have

CP
(Sab + Pab) Scd — (Sba + Pba) Sdc y (A46)
CP
(Sab £ Pap) Pea = — (Sba F Pra) Plc (A.47)
and therefore 62,376 = Egah = 657375 and 65675 = —Egaaw = 65;75, using again

(A.37). For the Tensor coefficients, we define

~l/ P CP _
TH =0,0" Yy —  Py0uy e (A.48)

to obtain

(T;‘b” 4 Tﬁ)”) (Tcdw 4 TcW) CP, (Tg;” - Tg;”) <TdC7W - TdWV) . (A.49)

such that 65/375 = Egaév = EZE,WS implying again realness. Counting degrees of
freedom of the epsilon coefficients with j = 1,...,4, we had in the general case 36
complex entries and 9 real entries. Accordingly, from our CP invariance constraint
we have now 36 real plus 9 real entries totaling 45. For the S, P, and T coefficients
the previously 81 complex degrees of freedom reduce to 81 real degrees of freedom.
In total we hence have 4 - 45 + 3 - 81 = 423 real parameters.

3. Majorana neutrinos: Using Equation (A.34), we conclude that since S and P
bilinears are all symmetric, while 71" bilinears are antisymmetric, so must be their
epsilon coefficients. For V' and A it is slightly more intricate. We have

(Vi = aty) == (Vi ¥ 45,) - (A.50)

such that the identities in Equation (A.39) follow. Turning to the degrees of freedom
we note that compared to the general case the L and R coefficients with a tilde are
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now completely determined by the ones without. Therefore, only half of the 4 - 81
real degrees of freedom for j = 1,...,4 are independent. The symmetry of the S
and P coefficients in the first two entries render 3 of the 9 index configurations of
aff dependent of the others, while leaving the v index configurations unaffected.
Therefore instead of 9 - 9 complex degrees of freedom in the Majorana case one
has 6 - 9 = 54 complex degrees of freedom for S and P each. In the tensor case,
the antisymmetry implies that entries diagonal in af have to vanish, while 3 of
the remaining 6 six configurations depend on the others. Hence, one only has
3 -9 = 27 complex degrees of freedom. In terms of total real degrees of freedom in
the Majorana case, we conclude that it is 2-81 4+ 2-2-54 4+ 2. 27 = 432.

Majorana neutrinos + CP invariance: The number of degrees of freedom can
be counted starting from the Majorana case, where we have identified coefficients
with j = 1,...,4 to have 2 - (36 complex + 9real) degrees of freedom, those with
j=5,...,8 have 2 - 54 complex degrees of freedom, and those with j = 9,10 have
27 complex degrees of freedom. Combining this with the CP requirement that all
of them become real, we just reduce all complex degrees of freedom to real degrees
of freedom and obtain in total 2 - 45 + 2 - 54 + 27 = 225.



B. MATCHING OF MODELS TO
SMNEFT

B.1. Matching from leptoquarks onto SMINEFT operators

Here we derive the SMNEFT four-fermion operator coefficients shown in Table 2.1 ob-
tained by integrating out the leptoquarks whose interactions are described by Equa-
tions (3.36) and (3.37). We assume for simplicity that all leptoquark masses are equal
and identify the mass with the EFT scale A. Replacements for the case of unequal masses
are immediate. First we note that each scalar propagator appears in the Feynman rules

as
i (5p) i
Gy = W) B.1
W0) = o~ ), (B.1)

where we used p? < mg( and d4 stands symbolically for SU(3)c and SU(2); color
indices. The couplings in Equations (3.36) and (3.37) appear each with a prefactor of
(=) in the Feynman rules. We therefore get, from integrating out X, an effective vertex
factor

. b . 1
(0PG50~ (-0) (~ ) G- (8.2
My
This leaves us with the following effective Lagrangians from scalar leptoquarks
ESl = — (‘81L|2 3l Z(Y—l— ‘816‘2 @e}g@u% + |31N|2 %Nﬁdﬁ)
- (lesfe qlepuy + sinsiy U NdG + s1esiy uGer Ndf + H.c.) , (B.3)
Lg = —|s1|* djer erdf, (B.4)
£Sil = —‘8’1/’2 @N NU%, (B5)
Ls, = —|s3|> @ral 1744, (B.6)
o a . ) b

Lp, =— <|7“2R|2 ger €rq + |rarl? URlalauR> + <T2RT2L 7" er (im2)pal ur + H-C-> )

(B.7)

— —— a7 . b
Lp =~ <|T/2R|2 GN Nq + |rh|* dgl® ladR> + (T/ZRT/2L g* N (im2)pal dr —I—H.c.) , (B.8)

where we absorbed a factor of A~! in each coupling constant for brevity and introduced
the notation of a quark doublet dual ¢ = (i72)¢° in analogy to the Higgs dual H. This
ensures that ¢ transforms like ¢ under SU(2)z. Concerning the flavor structure we have
ordered the fermion bilinears such that the first bilinear carries the flavors of the uncon-
jugated coupling and the second bilinear carries the flavor of the conjugated coupling,
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i.e.
Lgr = —(51)ap(51)55 dzaeRp ERs Ay - (B.9)
Let us turn to the vector leptoquarks. Their propagator appears in the Feynman rules as
PupPv
—Guv + T3 ;
b . m 4
G(ya,u)y(P) = i(dab) "~ — g (Oa) - (B.10)

p?—mi +ie m%
Again, with the coupling prefactors of (—i) the approximated propagator implies an
effective vertex factor

(0P Gy (p) ~ (1) 15 (). (B.11)

This leads us to the following effective Lagrangians
Ly, = <|UQR|2 ¢“yuer ERVM° + [varl? ARyl fav“dfq)
+ (vggng “yer I'y"ds + H.c.) , (B.12)
Loy = (105l TN Nya® + oy | iyl T
+ (véRv’Q*L N I*yPul + H.c.) , (B.13)
Lo, = (JurL]® @vul 1v"q + |uie? dryuer erY"dr + luin|? TryuN Ny ug)

+ (u1zuie @Vl erY'dr + wipuiy qyul Ny ur (B.14)
+uteuiy dryuer Ny ug +He.),

Ly; = |t [* Trper ery M ur, (B.15)
Loy = P TN Ny, (B.16)
Ly, = |us|? @7y 1 17", (B.17)

where we again absorbed a factor of A~! in each coupling and the bilinears are ordered
such that the first one corresponds to the unconjugated coupling and second one corre-
sponds to the conjugated coupling.

To get from these expressions to the SMNEFT operators, the remaining step is to apply
Fierz transformations and subsequently use the following useful identities

VEyus = =Py (B.18)
Y55 = Pt (B.19)
) = Pe(—im), (B.20)

to remove the particle-antiparticle conjugation symbols. The resulting Wilson coefficients
are shown in Table 3.2.

B.2. Tree-level matching of the minimal charged Higgs

model

Here we show that integrating out ¢ from the Lagrangian (3.61) leads to the set of
SMNEFT Wilson coefficients given in Equation (3.64). When integrating out ¢, we
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obtain the effective Lagrangian

Lef = Z Z (yaﬂl s+ Ygalsla ) (y%zaflvq + y(}*ﬂ{l})
= Z Z yaﬁ yﬁa) lalﬁ (yj;é - yg’y) Z5l’7 (B.Ql)
oY B>, 0> ¢
4Ya sy’
Y Y MR,
Yy B>a, 5> ¢>
where we used the definition | = (—im)l¢. Now we can write a single addend with

explicit SU(2)y, indices a,b and subsequently apply the Fierz transformation (A.26) and
Equation (B.18) to find

(lalﬁ) (l T y) =
mg :
_ 2Yapy; , S S,
= — P (im)ia (i) () (1Y) (1) (B.22)
¢
anﬁy*(s i iy /70 a
== m?j €ia€jb(Bvula) (Is7"13) -

4ya5y75 4ya5y75

(2 yul?) (T5713)

Therefore we have

2yaﬁy 5 -
L=D_ ) eiaeip(Bule) Us715) (B.23)
ay B>a, 5>y ¢>

The contraction with the antisymmetric tensors avoids a direct identification with a

single 05,5 %" from Table 2.1. However, we note that the sum of two such operators

with different flavor indices precisely yields the structure in Equation (B.23). Namely,
O'yﬂéa - Owa&,@’

= (yudd) (Gs7"18) + @rul2) Iy 1) + (Bld) T5713) + (Brul2) (I5v1)
— () U571 — (Bry2) (5y"12) — (IBlh) (5y"12) — (Byd?) (571 - (B.24)
= (yll) UsM13) + Bryl?) (U5715) — @yl3) (ML) — Bryulb) (157412)
= éiaﬁgb(lwull ) (557‘%) ;

where the first two terms of the second and third row cancel each other after applying
the Fierz transformation (A.27). Defining

Kaﬂq/(s = _23/,353/;73 (B25)
we conclude

eif = Z Z m2 Q/BMS Oﬁé’yﬂ) ’ (B26)

a,d >0, 7>« ¢

such that
Cﬁﬁ’y& _ _Cﬁé’yﬁ — KB (B.27)






C. DETAILS OF NEUTRINO-ELECTRON
SCATTERING

C.1. Differential cross section

The differential cross sections of neutrino-electron scattering in the presence of GNI de-
scribed by the effective Lagrangian Equation (2.11) can be derived as follows. We consider
all neutrinos to be massless, such that their helicity coincides with their chirality. For
the neutrino channel, the Feynman-rule quantity associated with an incoming massless
neutrino of flavor « is u_(p,) while the outgoing neutrino of flavor 5 can have any he-
licity s and is associated with w;(k,). For the antineutrino channel, the Feynman-rule
quantity associated with an incoming massless antineutrino of flavor « is 1 (p,) while
the outgoing antineutrino of flavor /3 is associated with vs(k,). Therefore, the amplitudes
of the scattering voe, — vg s + e,r, and Vo€, — vg 5 + €, read

o5 —35 S €0 (@h) Oju—(py)) (T (ke) Ofur(pe)) , (C.1)
7=1,3,5,7,9
ae = G0 e (00,0 () (1) O ). (C2)

aB
V2 j=1.3.6,8,10

where s, 7, and 7’ denote helicities. The projection operators contained in the definition
of O in Table 2.4 cancel half of the contributions. For instance, O; with j = 2,4,6,8,10
contain right-handed projection operators acting on a left-handed neutrino in the first
amplitude. The scattering amplitudes, averaging over initial electron helicities and sum-
ming over final state helicities are then given by

‘.Auae—n/ﬁe|2 - 3 Z ’ASTT (C?))
|Aﬁae—>ﬁlge|2 - = Z |ATT (04)

Since we have removed operators projecting incoming (anti)neutrinos on the wrong he-
licity in the definitions of the amplitudes, it is conveniently possible to sum also over
initial neutrino helicities to apply the usual Dirac matrix trace identities. Finally, the
differential cross sections are given by

do |A|?

dar ~ 32rm.E2 (C.5)
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To arrive at the final form of the cross section in Equation (4.58), we have to apply
Equation (2.13) in order to replace any of the ¢?*¢¢ in the antineutrino scattering cross
section by (e®fe€)*,

C.2. Adapting the existing bounds on neutrino-electron
scattering

To adapt the bounds on GNI from neutrino-electron scattering calculated in Refer-
ence [52], we must first compare the cross section results. In this reference, only flavor-
diagonal interactions are assumed and thus the formula for the cross section obtained
therein is analogous to Equation (4.58), but with A, B, C', and D having only contribu-
tions from flavor-diagonal coefficients. We can identify A, B, C, and D in Reference [52]
with 24, 2B, 2C and 2D in Equation (4.59) after summing over final flavors 5. The
factor of 2 is a result of the differing prefactor in Equation (4.58) compared to Equations
9 and 10 in Reference [52]. It is then straightforward to arrive at the identifications

4y lefP =
g

42 |e‘1ﬁf 2 -
B

where the coefficients C and D are simply the flavor-diagonal Lee-Yang parameters as pre-
sented in Appendix A.4. Separating the SM and BSM contributions to these parameters
leads to the identities

(Ca—Da+Cy—Dy)?,

(C.6)
(Ca+Da—Cy — Dy)?,

N N

2
(o0t s+ 3 el = (904 J(CX - DY+ G- D)

pmer (C.7)

2
(gR + EII{{NSI + Z ’€R - 2 _ < gr — 7<CNSI DEXISI CNSI NSI)) )
B=e,T

This allows us to transfer constraints on C' or D parameters into constraints on ez, Nst
assuming only one to be non-vanishing at a time. Therefore, for the bound on €}”; NSI»
ef'ygr We may use

ei'ngr = 1/4CY € [—0.06,0.02] (C.8)

for X = L,R. Note that we always state bounds at 90% CL in this section. For the
off-diagonal parameters the (equal) bounds on C’}XSI and D‘1§SI are relevant,

011 for X =1L

1 1 .
oy _ \/_ CNSI+ —(CcNShy2 <« ’ C.9
e il Sl9xICA™ + 57 =4 for X = R, (©9)

where we take the bound on negative CNSI as it provides the strongest constraint. The

(pseudo)scalar and tensor interactions are extracted analogously and we do not have to
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consider a flavor-diagonal SM contribution, which simplifies the procedure. Using the
definitions of Appendix A.4, we simply have

1 1
€6l = 5\/CE+DE <04, |ep| = 54/CE+ D§ <04, (©.10)
2 )
|| = 1 C% 4 D2 <0.04.

Turning to the scattering of an electron neutrino instead of a muon neutrino, we have to
account for the additional contribution from W boson exchange. Hence, the identification
for the NSI reads

2
(gr+1+ensD)? + D e nsl? (gL +1+ - (ONSI DSt - oSt — D{iSI)) ,
B=p,T

2
(or+ iins + Y el = (9n = J(CY%+ DY - 3 - DY )
B=u,7
(C.11)

Adapting from Reference [52] the bounds on individual Lee-Yang coefficients (and neglect-
ing the minima not centered around zero), we find, in the notation of Equation (2.11),
€ € [~0.31,0.24], e[ |eF7ee| <027, [0 < 0.6, e <0.08,

C.12
efre €[-0.24,0.31], [efef], eF | < 0.16, eﬁe@| <0.7, (C-12)

at 90% CL, where 8 = e, u, 7. For completeness, we also state the bounds on GNI of
muon neutrinos from Equations (C.8)-(C.10) in the notation of Equation (2.11),

et € [-0.06,002 et < 041, g <04, || < 0.04,

(C.13)
e%‘:e [0.06,0.02],  [e<c, |ef7< < 010, |ehfee| < 0.4,

at 90% CL, where 8 = e,u,7. In Section 4.2, we noted that NSI constraints from
CHARM-II were also calculated in Reference [126]. For comparison, we quote the results
from this reference here,

|efhee] < 0.03 €', <0.13 el < 0.1
’ Le D ’ L.e ’ (C 14)
€] <0.03,  [€fe], <013, e[ <0.1, '






D. DETAILS OF NEUTRINO MASS
EXPERIMENTS

D.1. Decay rate of tritium at leading order

In this section, we outline the derivation of the tritium decay rate at leading order includ-
ing GNI and a sterile neutrino. To this end, we first have to reparametrize the effective
Lagrangian. Subsequently, we give expressions for the differential decay rate in general
and at leading-order.

D.1.1. Reparametrization of the effective Lagrangian

We consider the charged-current GNI Lagrangian (2.12) with four massive neutrinos vy
and including the SM contribution to j = 1,

G vu .
Lo = -2 ZZ (513 Uer+ EJ) > (eO;v) (UOjd) +He., (D-1)
k=1 j=1

where U denotes the extended PMNS matrix. The coefficients e;?,E;? are defined in the
neutrino mass basis, in contrast to Equation (2.12). Notice how we recover, for Ueq = 0
and in the absence of epsilon coefficients, the usual W-mediated charged-current interac-
tion

Loy = — (1 —~")ve) (W(l —+°)d) + He., (D.2)

due to

|Ve> = Z Uek ‘Vk> . (D3)
k

If we consider a sterile neutrino with £ = 4, we know that the mixing matrix entry Uy
must be very small for a mass in the kinematically accessible range of nuclear beta decays.
Therefore, to search for first signs of new physics it is reasonable to work only to leading
order in small parameters €, Uy at the Lagrangian level. For simplicity, we introduce the
symbol w to denote the order of a given expression in any small parameters. For instance,
expressions proportional to €2, U2, or € U,y are of order w?. As discussed in Section 1.2.2,
the measured splittings between the mostly active neutrino mass eigenstates are at the
level Am3, &~ 7 x 1075eV? and Am32, ~ 2 x 1073 eV2. Hence, they cannot be resolved

at KATRIN and it is convenient to consider the new interactions of the active neutrinos



132 D. Details of neutrino mass experiments

in the electron flavor basis (as in Equation (2.12)), such that

10

GrV, ) (& u
Lo = — f/i > (51j 1—|Ueal* + ¢ > (0;ve) (u0;d)

j=1
c " (D.4)
-GS (st G €0, (@05a) + e

=1

where N = v, denotes the sterile neutrino. For the electron neutrino we use the effective
neutrino mass

3
Uer|?
m% = Z imi , (D.5)

while the sterile neutrino mass is symbolized by my. In Reference [109] it is pointed
out that the CKM matrix element V,4 is measured through vector like nuclear decays.
Therefore the measured value ]Vudl = 0.97370+0.00014 already contains some new physics
coefficients. In our case, when we consider that the sterile neutrino could not be resolved
in these measurements, we must include all contributions to a vector-like interaction

Vadl® = [Vaal? (I 1— |Ueal® + e + €l + [Uea + €} + EQIQ)
= [Vaal® (1 + 2Re(e, + €r) + 2Re(Uea (el + €)*) (D.6)
Her +erl® + e +ei?) + 0 (%),
where V4 denotes the actual CKM matrix element. Now we use this to rescale the

Lagrangian such that the measured ]?ud] is the global prefactor in the following way. The
effective couplings in Equation (D.4) can be written as

nlE\/l_‘Ue4’2+€Lg n{VEU€4+€gv (D7)
N .

n; = €, 7; eév for j > 2.

We would like to replace these by reparametrized coefficients €; which have a prefactor

Vua instead of V4. To do this consistently, we note that the decay rate is proportional
to products of two effective couplings,

dr’ . %
diE ~ Vud‘Qninj or |Vud’2771N773N ’ (DS)

as shown below. Therefore, we aim to define €; such that

Vaalmins = Vaal? &€, [Vaal*nn}™ = [VaaP @)™ (D.9)

If we were only interested in the leading order effects of GNI, we could work to linear
order in small parameters and use

Vud = ‘/ud(1 +eL+ ER) . (DIO)
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However, since we do not want to neglect the mixing matrix contribution, which con-
tributes to the decay rate at quadratic order, we have to work consistently to quadratic
order in small parameters € and |U,4|. Let us collect the products of nin; using Equa-
tion (D.6). For |n1|> we have

Vaa*Im|? = |Vual? (\/1— |Ue4|2+6L> (\/W-FGL)*

(D.11)
= [Voa|2(1 = |Ues|? = 2Reeg + |eg|* + K) + Ow?)
where

K =2Re (ep(er, + €r)) + 2Re(Uea (e} + eN)*) + €Y + X |*. (D.12)

For the other combinations, we find

Vaal*mnj = [Vual® (1 + €1) € + O(w?)
= [Via|%e 7 (1— e, — 2Re(er)) + O(W?),
Vaal*nin; = [Vual*ei€;
= [Vud?ei€} + O(w?)

Va2l 2 = |Vl | Uea + €| (D.13)

= |Via|? |Ues + €} } +0(w?),
Vaani ¥ = [Vaa|*(Uea + €7 )}
‘Vud‘ ( e4+5L) N*+O( )
Vadl* ¥ ) = [Vaal e )
= [Vudl*elY N* +0(w?),

where i, 7 > 2 and the tildes on epsilons with odd index have been omitted for simplicity.
If we define

1 1
—1—en— ~|Uu| - =K,
‘L r =5l =5 (D.14)
¢ =¢€j(l—er —en), Jj=2,

these coefficients obey Equation (D.9), while the coefficients of the sterile neutrino do not
need to be redefined. In summary, we can write the final effective Lagrangian as

G Vg
Lo = — f/;d > % (e0,ve) (u0d)
= (D.15)

s 10
_ GF\’/‘;ud Z <51er4—|—(r6vJ?N> (EO]'N) (ﬂOgd) +H.c.
j=1

There are two important limits here. In the case of no GNI parameters, one recovers the
leading order approximation of the usual Lagrangian for the 3 4+ 1 neutrino scheme,

Lo = —ng“d [(1 - ;|Ue4|2> (€0w) (@O4d) + (Ues) (€01 N) (WOLd) | + Hee. (D.16)
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If new physics is dominated by GNI coefficients, the leading order active neutrino La-
grangian reads
. GFVud
V2
GFVud
V2

Leg = (1 — eg) (€O1ve) (WO1d)

(D.17)

10 (~)
Z €5 (é@jye) (ﬁ(’);d),

=2

as for instance employed in Reference [109].

D.1.2. The exact decay rate

Let us first revisit the decay kinematics discussed in Reference [57]. It has been argued
that the most general form of the matrix element of the decay A — B+ e~ + 7}, in terms
of the total relativistic energies of the electron Fg and the neutrino Ej, which are the
variable quantities of the spectrum, reads

IM|? = A+ B1Eg + ByEy + CERE), + D1E: + DoE2 . (D.18)

This is true if none of the interaction matrices in Equation (4.82) are momentum-
dependent. Therefore, the weak-magnetism term proportional to gry)ou,q” is an ex-
ception. This term, however, contributes only at next-to-leading order, as we will see
below. Nonetheless it is instructive to include potential momentum-dependent terms for
sake of generality at this point. Then the general matrix element can be written as

IM|? = A+ By Eg + ByEy + CEREy + D1 E% + Dy E?

2 2 3 3 (D.19)
+ FIEg By + FoER B + GlER + GQEk .

Following the procedure in Reference [57], we perform the integration over Ej. This leads
to a straightforward general result of the differential decay rate which reads

dly, _ Q(ER)
dERr  32m3my

+(Dy + FRER) (PQ(ER) + ;QQ(ER)) + GoP(ER) (P*(Er) + Q*(ER))|

X [(A + B1ER + D1E% + G1E}) + (B2 + CER + FyER)P(ER)

(D.20)
with the purely kinematic auxiliary functions [57]
ma — Fr)(Erm4 — «
P(ER)E—( ] r)(ER 2)7
my — 2maER +m;
> 212 2,2
Q(ER) = ’pe’\/(ERmA —a+mg)? —mpmy (D.21)
m?% — 2maEr + m? ’
1
o= = (mi—m%—i—mz—i—m%),

2
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where my4 the mass of the parent nucleus, mp the mass of the daughter nucleus, m,
the electron mass, and my the neutrino mass mg or my. The dependence on epsilon
parameters resides entirely in the polynomial coefficients of (D.19). They can be calcu-
lated exactly using e.g. PACKAGE-X [205] according to the prescription in Reference [57],
and thus one finds the exact decay rate given by (D.20). The exact relativistic end-point
energy reads

mi +m?2 — (mp — my)?

ER max = (D.22)

2ma

D.1.3. Expansion in small parameters

The kinematic parameters remaining in the decay rate (D.20) are the masses and ER.
We may reexpress them in terms of m 4 by defining

— E
€:w7 n=—= 5:m6’ p:% (D.23)

ma ma ma ma

These are excellent expansion parameters, since they are all smaller than 2 x 10~* for
tritium. If we expand the bracket in (D.20) in terms of these small parameters, the first
non-vanishing order is quadratic in any combination of small parameters A = €,7, 9, p.
Additionally, the prefactor Q(ER)/m 4 is also of order A\2. Hence, the leading order of the
differential decay rate is A*. From inspecting (D.20), it is clear that we should therefore
consider P and @ up to order A\%. One can use

1

a= imi (26 — € + 0 + p?) (D.24)

to approximate
(L=n)(n—e+e/2-5%/2-p*/2)
1—2n+ 42
= [~Q - —e+e/2—8%2—p*/2)] - (1+2n)+003)  (D.25)

(=) + e =) + 50+ 7 — ) + OF).

P(Er)/ma = —

For @) it is additionally useful to observe that

R,max o 2
= BRmax @0 D.26
Tma ) 2 p p( 5) ( )

Therefore, we have

max ~ 2 2 max 1 -

QUER) /ma = /n? — 52 - v/ (max = 1) + 2(0max —m)p(1 =€) (D.27)
1—2n+ 42

Here we can observe that the rate indeed drops to zero as 7 — Nmax. Moreover, we find

the leading-order approximation

Q(ER)/ma=n?—62-\/(e—n)? = p? + O(N) - (1+O(\)),
= VP =2 /(e =) = P2+ ON?), (D.28)

1
— mipe\/(Eo — B2 —m? + O(\2),
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where F denotes the kinetic energy of the electron and FEjy its value at the endpoint for
myg = 0, i.e. Eg = m4q — mp — me. This approximation leads to a shift of the endpoint
of the spectrum from its exact value to its value in the non-relativistic approximation,
namely from ER max t0 ENR max. For tritium and my < 50V, this amounts to

ER max — ExRomax ~ 3.44¢V . (D.29)

To retain the exact endpoint, Q must be taken at least up to order A3, such that the
square root in the fraction of (D.27) remains exact. For KATRIN, however, this shift is
unimportant because the endpoint is actually one of the fit parameters, as discussed in
Section 4.5.

From the previous considerations, we can recover the usual non-relativistic rate in the
SM limit, as used, for instance, by the KATRIN collaboration. Setting all new-physics
couplings to zero, we find

A= %mAmB (9‘2/ - gi)(mi - mZB + mz + mi) , (D30)

B, = %mA {(gv — ga)*(m% — mE +m2 —m) — 2mamp(gy — 93)} . (D.31)
i

By = 5ma {(gv + ga)*(m% —mE —m2 +m) — 2mamp(gy — 93)} . (D.32)

¢=0, (D.33)

Dy = —7771124(9‘/ - gA)2 ) (D34)

where

v =16 GLV2,. (D.36)

Using the expansion of P and @ in small parameters and Equation (D.20), these coeffi-
cients can be combined to the leading order result

B = 2n3 CFVaam [(97 +363) (en —n°) + O()]
GLV?2
- gﬂgud (gt + 392) pemii(en — n*)\/(n — €)? — p? (D.37)
dary,  GEV2,

=

Sk = S (2 1 363) pev/E+ me(Bo — B)y/(By — B) — .

This agrees with the usual leading-order result [160]. Notice how the rate is proportional
to the factor pe((Eg — E)? — m2)/? coming from Q(Eg). This prefactor is therefore
universal to all interaction types. Now if we consider generic new physics instead, the
polynomial coefficients A, ..., Dy are too lengthy to reproduce here. However, the results
can be summarized effectively when adding all terms proportional to the same kinematic

parameters. Therefore, we present the result including new physics in the form given in
Equation (4.87).
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D.2. Proof that |b)y| <1

Here we would like to show that with one parameter of the set U4, eg , eg , e]‘\/’ , EJX , eg , (—:¥

and one parameter of the set ?g ,Eg ,Eg ,?%Eg ,€¥ non-vanishing, the parameter vy in

Equation (4.94) is in the range [-1,1]. Recall that

N_ N, N N_ _N___N

€y =€ t€R, €A = €L —€R, (D.38)
~N _ ~N | =N ~N _ ~N _~N :
€y =€, + €, €4 =€ —€R .

We have already discussed in Section 4.5 the example scenario where eg and Eg were

non-vanishing. This scenario was optimal in the sense that with eg = ie{\,[ we have
b = +1. For 6% and €¥ we have a very similar situation,

En = 3galed " + 487 [er |* = |w|* + [, (D.39)
Enby = 39495 8Re [EJX(EQJY)*} = 2Re(wz"), (D.40)

where we defined w = v/3g4 eg and z = 4v/3gr ETZY , leading to the same conclusion. One
can check that the same identification is possible for any combination of one parameter
of the set 65, eg, eg, e¥ with one parameter of the set Eg, E%, Eg, Eg, each of which would
give rise to a contribution to by or .

Now we show that if we combine non-vanishing U.y, eg , OT 6% instead of 65 or e% with
one non-vanishing €, then |by| < 1 or |ex| < 1. For instance, picking Ues and €g leads to

En = (9% +392)|Ueal* + g5[€5|* = wf® + [2[* + 34| Uea |, (D.41)
Enbly = gvgs 2Re [e{\/j('gg)*] = 2Re(wz"), (D.42)

where w = gy e{>7 and z = gg Eg . Therefore,

wz* +w*z wz* +w*z
= < <1. D.43
|w|? + 2|2 4 3¢%|Uea|? |lw]?2 + 2|2 — ( )

by

The same reasoning holds for other combinations with L or R instead of V and A coeffi-
cients, since additional positive contributions to £y can only decrease the absolute value
of by or cy.






LIST OF ABBREVIATIONS

vDMEFT sterile neutrino dark matter effective field theory

BSM beyond the Standard Model

CEvNS coherent elastic neutrino-nucleus scattering
CKM Cabibbo-Kobayashi-Maskawa

CL confidence level

CLFV charged lepton flavor violation

CP charge-parity

dSph dwarf spheroidal galaxy

DUNE Deep Underground Neutrino Experiment

EFT effective field theory

EWSB electroweak symmetry breaking

GIM Glashow-Iliopoulos-Maiani

GNI General Neutrino Interactions
KATRIN Karlsruhe Tritium Neutrino Experiment

LArTPC liquid argon time projection chamber
LEFT low-energy effective field theory

LHC Large Hadron Collider
NSI Non-Standard Interactions
PMNS Pontecorvo-Maki-Nakagawa-Sakata

QFT quantum field theory
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List of abbreviations

RG renormalization group

SM Standard Model of particle physics
SMEFT Standard Model Effective Field Theory
SMNEFT SMEFT extended by right-handed neutrinos

SSB spontaneous symmetry breaking
UV ultraviolet
vev vacuum expectation value

WIMP weakly interacting massive particle
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