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Chapter 1

Introduction

The present habilitation summary deals with effects of new neutrino physics in existing
and planed experiments. While neutrinos are an established fact of the Standard Model
of particle physics (SM), the discovery that they are massive remains the only physics
beyond the Standard Model (BSM) that is testable in the lab, or put differently, the only
laboratory-based proof of BSM physics.

Neutrinos are very special particles which have led again and again to surprising and
important discoveries, a number of which were recognized with Noble prizes. Neutrinos
were theoretically invented in 1930 by Pauli to preserve energy-momentum conservation
and their first experimental detection occurred in 1956. Later it was found that three
versions (flavors) exist, which was again a major discovery. Next, solar and atmospheric
neutrinos showed oscillations, which is a quantum mechanical effect on truly macroscopic
scales, something usually only relevant on atomic scales. Neutrinos were found to have
very tiny masses, which is so far the only solid evidence for particle physics beyond the
Standard Model and has important consequences for theory, the dynamics of stars, or the
Universe as a whole. There are numerous other topics where it is already known that
neutrinos play an important role, but there are also very good reasons and maybe even
indications that more surprising results may show up in the future.

While neutrino physics has entered the precision era, the values of all its standard
parameters, its nature under self-conjugacy, the origin of its mass, its flavor distribution
and its interactions with SM and BSM particles is far from settled or even completely
unknown. Moreover, new windows open up in the field, the most recent example being
coherent elastic neutrino-nucleus scattering, allowing completely new studies. The focus
of this work lies on economical scenarios of new neutrino physics, which denotes the
introduction of a single new particle. This particle can be either a scalar, a vector or
a fermion. Illustrative examples for each case are given, including always an extension
to the quark sector. Such new physics can be tested with a variety of experimental
approaches, from low to high energy. Pure neutrino experiments can be used, or facilities
with other main goals. Different flavors are used, and the time scale of searches is current,
intermediate or far future. Moreover, as neutrinos are crucial for many astrophysical and
cosmological processes, constraints arise from those sources. This richness and broadness
of phenomenology is connected to the richness and broadness of neutrino physics.
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Chapter 1. Introduction

Parameter Main method(s) Source(s) Status

θ12 Oscillations solar, reactor known
θ23 Oscillations atmospheric, accelerator known
θ13 Oscillations reactor, accelerator known
δCP Oscillations accelerator hints
α, β Rare processes double beta decay unknown
∆m2

21 Oscillations reactor, solar known
|∆m2

31| Oscillations reactor, accelerator, atmospheric known
Ordering (sgn ∆m2

31) Oscillations reactor, accelerator, atmospheric hints
m1,2,3 Kinematics β decay, cosmology limits

Table 1.1: Standard neutrino parameters, the main method(s) to determine them, the
most important source(s) for the determination and the current status. Except the phases
α and β (for the case of Majorana neutrinos), all unknown parameters are expected to be
determined within the next 10 years.

1.1 Neutrino Physics

More often than not, the particles considered here are present in scenarios related to
neutrino physics, or BSM frameworks in general:

• New scalars may be connected to mass generation of neutrinos, which is expected to
be different from the one of the other SM fermions. Examples are additional Higgs
multiplets or (Pseudo)Goldstone bosons of global symmetries related to neutrinos;

• New vectors may be connected to new flavor-dependent or -independent gauge sym-
metries related to the masses and flavor structure of neutrinos and other particles
of and beyond the SM. Examples are B − L or Lµ − Lτ ;

• New fermions may be related to neutrino mass generation, and may be part of Dark
Matter (DM) in addition to that. Examples are keV-scale fermions as warm dark
matter, or TeV-scale Weakly Interacting Massive Particle (WIMP)-like stable sterile
neutrinos.

The last 25 years saw the establishment of a standard paradigm: 3 massive neutrinos
mixing with each other. As all SM fermions, neutrinos come in three generations, that is,
there are three flavor states νe, νµ and ντ , which live together with their charged lepton
counterparts e−, µ− and τ− in weak interaction doublets. The neutrinos have well-defined
quantum numbers under the SM gauge symmetries, which fix their interactions with the
W and Z bosons of the electroweak interactions. Diagonalising the mass matrices of
leptons and neutrinos yields the three known charged lepton masses. In addition to those,
three neutrino masses m1,2,3 are present, corresponding to the mass states ν1,2,3. Another
consequence of diagonalisation is the existence of the PMNS matrix denoted here by U ,
which is the analogue of the CKM matrix in the quark sector; U implies, for instance,
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1.1 Neutrino Physics

T 0ν
1/2 mββ Experiment

(×1025 yr) (eV)

76Ge
> 18 < 0.08− 0.18 GERDA [1]

> 2.7 < 0.20− 0.43
Majorana

Demonstrator [2]

82Se > 3.5× 10−1 < 0.31− 0.64 CUPID-0 [3]

100Mo > 1.5× 10−1 < 0.31− 0.54 CUPID-Mo [4]

130Te > 2.2 < 0.09− 0.31 CUORE [5]

136Xe
> 10.7 < 0.06− 0.17 KamLAND-Zen [6]
> 3.5 < 0.09− 0.29 EXO-200 [7]

3H β-endpoint measurement mβ < 0.8 KATRIN [8]

cosmology Σ < 0.12− 0.54 Planck [9]

Table 1.2: Comparison of current limits on neutrino mass from the main approaches
double beta decay (90% C.L.), beta decay (90% C.L.) and cosmology (95% C.L.). For the
latter, mass bounds from two data set combinations (”Planck TT+lowE” and ”Planck
TT,TE,EE+lowE +lensing+BAO”) are given.

that the electron-neutrino is a linear combination of the three mass states, νe = Ueiνi:

U =

 1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

 . (1.1)

Here cij = cos θij and sij = sin θij. For vanishing neutrino masses the PMNS matrix
would be the identity matrix. The PMNS matrix contains three mixing angles, θ12, θ13

and θ23, plus a phase δCP responsible for CP violation. In case neutrinos are their own
antiparticles, i.e. if they are Majorana fermions, two additional phases exist (denoted for
instance by α and β), which only appear in lepton-number violating processes, and in
particular do not influence neutrino oscillations. They can be included via multiplying
U with P = diag(eiα, eiβ, 1) from the right. The standard parameters are summarized in
Tab. 1.1, together with the main methods and neutrino sources to determine them. The
current knowledge on the parameters of neutrino physics is shown in Tabs. 1.2 and 1.3,
as well as Fig. 1.1.

One subtlety exists here, namely it is not clear whether the mass state that is mostly
composed of the first-generation electron neutrino state is the heaviest or the lightest
one. This is the question of the mass ordering, which can be normal or inverted. In the
established notation of the field the normal mass ordering corresponds to m3 > m2 > m1,
or ∆m2

31 > 0, while the inverted mass ordering corresponds to m2 > m1 > m3, or
∆m2

31 < 0. Here the notation normal and inverted compares the situation to the quark
sector, in which the mass state which is mostly composed of the first-generation up-quark
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Figure 1.1: Allowed values of the oscillation parameters at 1σ, 90%, 2σ, 99%, 3σ C.L. (2
dof). Each panel shows the two-dimensional projection after marginalisation with respect
to the undisplayed parameters. In the lower 4 panels, the results are minimized with
respect to the mass ordering. Colored regions (black contour curves) do not (do) include
Super-Kamiokande atmospheric neutrino data. Taken from [10,11].
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1.1 Neutrino Physics

NuFIT 5.0 (2020)
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 2.7)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.304+0.013
−0.012 0.269→ 0.343 0.304+0.013

−0.012 0.269→ 0.343

θ12/
◦ 33.44+0.78

−0.75 31.27→ 35.86 33.45+0.78
−0.75 31.27→ 35.87

sin2 θ23 0.570+0.018
−0.024 0.407→ 0.618 0.575+0.017

−0.021 0.411→ 0.621

θ23/
◦ 49.0+1.1

−1.4 39.6→ 51.8 49.3+1.0
−1.2 39.9→ 52.0

sin2 θ13 0.02221+0.00068
−0.00062 0.02034→ 0.02430 0.02240+0.00062

−0.00062 0.02053→ 0.02436

θ13/
◦ 8.57+0.13

−0.12 8.20→ 8.97 8.61+0.12
−0.12 8.24→ 8.98

δCP/
◦ 195+51

−25 107→ 403 286+27
−32 192→ 360

∆m2
21

10−5 eV2 7.42+0.21
−0.20 6.82→ 8.04 7.42+0.21

−0.20 6.82→ 8.04

∆m2
3`

10−3 eV2 +2.514+0.028
−0.027 +2.431→ +2.598 −2.497+0.028

−0.028 −2.583→ −2.412
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 7.1)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.304+0.012
−0.012 0.269→ 0.343 0.304+0.013

−0.012 0.269→ 0.343

θ12/
◦ 33.44+0.77

−0.74 31.27→ 35.86 33.45+0.78
−0.75 31.27→ 35.87

sin2 θ23 0.573+0.016
−0.020 0.415→ 0.616 0.575+0.016

−0.019 0.419→ 0.617

θ23/
◦ 49.2+0.9

−1.2 40.1→ 51.7 49.3+0.9
−1.1 40.3→ 51.8

sin2 θ13 0.02219+0.00062
−0.00063 0.02032→ 0.02410 0.02238+0.00063

−0.00062 0.02052→ 0.02428

θ13/
◦ 8.57+0.12

−0.12 8.20→ 8.93 8.60+0.12
−0.12 8.24→ 8.96

δCP/
◦ 197+27

−24 120→ 369 282+26
−30 193→ 352

∆m2
21

10−5 eV2 7.42+0.21
−0.20 6.82→ 8.04 7.42+0.21

−0.20 6.82→ 8.04

∆m2
3`

10−3 eV2 +2.517+0.026
−0.028 +2.435→ +2.598 −2.498+0.028

−0.028 −2.581→ −2.414

Table 1.3: Oscillation parameters from a fit of the global data as of July 2020, version
NuFit-5.0. The results in the lower (upper) sections are obtained (without) including
atmospheric neutrino data from Super-Kamiokande. Note that ∆m2

3` = ∆m2
31 > 0 for

NO and ∆m2
3` = ∆m2

32 < 0 for IO. Taken from Ref. [10,11].

is the lightest one.

Apart from this standard paradigm of three massive (Majorana) neutrinos mixing with
each other, more neutrino states may exist, which must be sterile, i.e. not participating
in SM interactions except for via mixing with the active states. Additional parameters
such as magnetic moments may exist, or neutrinos may participate in new interactions
beyond the SM. Furthermore, the mechanism that generates neutrino mass may come
with new particles, energy states and parameters, whose main methods of determination
needs to be discussed for each model individually. The presence of such particles is what
this thesis is about.
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Chapter 1. Introduction

Regarding neutrino masses, we have two options, Dirac or Majorana neutrinos. The
former imply the conservation of lepton number, which in the SM is an accidental global
symmetry. Typically, additional symmetries are necessary in theories beyond the SM to
keep lepton number conserved. The situation resembles that for dark matter, where often
a symmetry that stabilises the dark matter particle needs to be introduced. In general,
the violation of lepton and/or baryon number is crucial for our ideas for the generation of
the baryon asymmetry of the Universe. Moreover, Grand Unified Theories do generically
predict Majorana neutrinos, e.g. the violation of lepton number. This is on equal footing
with the prediction of baryon number violation (that is, proton decay); therefore, baryon
number and lepton number violation are not separate questions. The Majorana nature of
light neutrinos necessarily implies further terms in the overall particle physics Lagrangian,
and in particular implies new particles, parameters and energy scales. Determining those,
also with the help of experiments beyond pure neutrino physics, such as direct searches
at colliders or via lepton flavor violating processes, may teach us valuable lessons on
the correct BSM approach. Eventually, the question of the neutrino nature needs to
be answered experimentally, via observation (or perhaps non-observation) of neutrinoless
double beta decay (0νββ).

1.2 Neutrinos and New Particles

Where do tiny neutrino masses come from? The most simple possibility would be to
add right-handed neutrinos to the SM particle content, and thus create a Dirac mass
term mD for neutrinos in analogy to all other fermions of the SM. The corresponding
Yukawa coupling would be at least six orders of magnitude smaller than the one for the
electron. While this is the same hierarchy as for the third-generation top quark and the
first-generation electron Yukawa, the point is that this strong hierarchy affects particles
in the same SU(2)L doublet, for each generation: up- and down quarks have only a mild,
if any, mass hierarchy, while electrons and electron neutrinos have a mass ratio of 10−6 or
below.

Therefore, some universal suppression mechanism is required. Connected to that, the
gauge symmetries of the SM allow a bare mass term for the right-handed neutrinos, MR.
“Bare” denotes here a mass term not connected to the SM Higgs mechanism, which gives
mass to all other particles in the SM. This mass term is thus not bounded from above by
perturbativity of couplings, thus can be arbitrarily high. Moreover, it is a Majorana mass
term. Via the coupling of the right-handed neutrinos with the left-handed ones through
the Dirac mass, the Majorana character is passed to the light neutrinos. In addition, light
neutrinos have a mass given by m2

D/MR and thus are suppressed for all three generations.
This is the type I seesaw mechanism [12–16]. The lessons of this most simple mechanism
are that

(i) new particles exist, in this case, right-handed neutrinos.

(ii) a new energy scale exists. Recall that the SM possesses only a single energy scale.

6



1.2 Neutrinos and New Particles

(iii) a new property exists, in this case the violation of lepton number due to the Majo-
rana nature of the light neutrinos.

(iv) the mass of the light neutrinos is inversely proportional to the energy scale related
to their origin.

These lessons are almost generic for the countless mechanisms that have been proposed to
generate neutrino mass. These features allows testing and distinguishing the mechanisms.
In addition, the new particles often come with additional interactions of their own, for
instance caused by a gauge symmetry related to the difference of baryon minus lepton
number (B −L), Lµ −Lτ , left-right symmetry, etc. Theories that gauge the difference of
baryon and lepton number B−L are attractive as this charge is exactly conserved in the
SM [17–22]. The symmetry is anomaly-free and can thus be consistently gauged, if three
right-handed neutrinos are added to the particle content, providing therefore motivation
for the seesaw mechanism. The difference B−L is also part of many other BSM theories,
for instance in left-right symmetric models [16, 23–28]. Another anomaly-free example
in the presence of right-handed neutrinos is difference of muon and tau flavors [29–32],
Lµ − Lτ , which provides automatically an attractive flavor scheme for the lepton sector.

For the type I seesaw, the naive picture implies that MR ∼ m2
D/mν ∼ v2/mν & 1014

GeV, and a mixing of the right-handed neutrinos with the charged current of order
mD/MR '

√
mν/MR, which implies little hope of testability. However, mD and MR

are matrices, allowing for cancellations. Motivational values for lower scales are keV for
warm dark matter or TeV for cold dark matter. In addition, simple variants and mod-
ifications of the type I seesaw exist, that allow even more flexibility. For instance the
type II [17, 28, 33–36] or III mechanisms [37] are other options, which introduce scalar
and fermion triplets, respectively. More involved scenarios such as inverse [38–40] or
linear [41–43] seesaws have additional singlet fermions and more than one new energy
scale.

Loop mechanisms are the second-most popular way to generate neutrino masses. Exam-
ples are the Zee model [44] or the “scotogenic” model [45], which work at one-loop, or the
Zee-Babu model [46, 47] at two-loop order. Again, new particles are introduced, mostly
scalars, but also fermions. The loop-suppression of neutrino mass allows for more easily
testable scenarios at colliders or using lepton flavor violating processes, Higgs physics or
anomalous magnetic moments of charged leptons.

Thus, there are various ways for testable neutrino mass generation mechanisms. They
can be distinguished by their different particle content, energy scales, couplings to SM
particles and predictions for neutrino parameters. Identifying them will be of crucial
importance to understand particle physics beyond the SM. In this document we will
study generic examples on new particles coupling to neutrinos. We will show how very
different processes constrain the scenarios and this broad set of probes is necessary to
disentangle models. This broadness maps the broadness of neutrino physics.

7
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Chapter 2

Phenomenology of new Scalars

In this chapter we discuss examples on the phenomenology of new scalar particles coupling
to neutrinos.

2.1 Generics

New scalars may couple to neutrinos. Such particles maybe part of a new Higgs doublet
or SM singlets, with this difference playing a big role in determining their phenomenol-
ogy. An example for the latter kind is a Majoron, the (Pseudo-)Goldstone boson of
spontaneously broken global lepton number. This is of particular interest in the form of
neutrino self-interactions, which are used to explain the current discrepancy in local and
global determinations of the Hubble parameter.

We consider a scalar field denoted by φ which couples to neutrinos. There are two pos-
sibilities for the coupling, namely lepton number violating (LNV) and conserving (LNC)
couplings. The latter possibility requires the presence of right-handed neutrinos:

LLNC ≡ gφφν̄RνL + h.c. (2.1)

For simplicity, we implicitly assume that φ is a real field but most of the discussion remains
valid for a complex φ as well. Flavor indices are suppressed for clarity. The lepton number
violating form of the interaction can be written in analogy as

LLNV ≡
gφ
2
φν̄cLνL + h.c. =

gφ
2
φνTLCνL + h.c. (2.2)

Such couplings induce neutrino self-interactions (νSI), with an effective coupling constant
GS = g2

φ/m
2
φ:

LLNC
νSI = GS(νγνδ)(νανβ), or LLNV

νSI = GS(νγνδ)(νανβ). (2.3)

This coupling has been used to explain the discrepancy between Cosmic Microwave Back-
ground (CMB) and local measurements of the Hubble constant, known as the Hubble

9
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Figure 2.1: Limits on a scalar coupling to muon (left) and tau (right) neutrinos. The
parameter space explaining the Hubble tension is shown in green and blue, corresponding
to the strongly and moderately interacting regime. Taken from [62].

tension. This tension has grown to about 4σ [48–52], see Ref. [53] for a recent review.
While no proposed particle physics solution can fully be in accordance with all cosmologi-
cal data [53], among the many proposed particle-physics scenarios to explain the problem,
νSI are interesting to us and in general, because laboratory tests are possible.

Scenarios of νSI to explain the Hubble tension actually need extra radiation in ad-
dition, corresponding to ∆Neff ' 1. Using the strong positive correlation between the
Hubble parameter and extra radiation, ∆Neff = Neff − 3.046, in the early Universe im-
plies that the increased Neff delays matter-radiation equality and thus modifies the CMB
power spectrum. This, in turn, is compensated by introducing non-standard neutrino
self-interactions during recombination [54, 55], which inhibits neutrino free-streaming.
The required strength of νSI needs to be much larger than Fermi interactions [54–58]:
there is the strongly interacting regime with GS = 3.83+1.22

−0.54× 109GF and the moderately
interacting regime with 1.3× 106 < GS/GF < 1.1× 108 [55]. Such strong νSI have drawn
considerable attention [59–69], but in general they are difficult to probe in laboratory
experiments because only neutrinos are involved. Nevertheless, Fig. 2.1 from Ref. [62]
shows constraints. Comparing the various astrophysical, cosmological and laboratory
constraints on the scenario leaves only coupling to tau neutrinos allowed.

In this chapter we will discuss the only existing direct bound on the 4-neutrino self-
interaction and demonstrate how the large value of ∆Neff can be made compatible with
Big Bang Nucleosynthesis. Leaving the Hubble tension we also show how models that
let the scalar couple to quarks as well can be tested in coherent elastic neutrino-nucleus
scattering.

10
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Figure 2.2: Neutrinoless double beta decay via Majorana neutrino exchange (0νββ) and
double beta decay induced by νSI (2νSIββ).

2.2 Direct Constraints from Double Beta Decay Ex-

periments

All constraints in Fig. 2.1 are either indirect or use only the coupling of a single line of neu-
trinos with the scalar, instead of the effective 4-neutrino interaction in Eq. (2.3). Ref. [70]
provided the currently only direct constraint on the effective νSI operator without any as-
sumption on its origin, using 2-neutrino double beta decay (2νββ). The Feynman-diagram
is shown in Fig. 2.2 together with the diagram of light Majorana neutrino exchange for
neutrinoless double beta decay (0νββ). While this lepton-number violating process has
not been observed so far [71], the many experiments looking for it have data on the
SM-allowed 2νββ. This will be used in what follows to constrain νSI.

Using that the momenta of leptonic final states (of order Q = O(1) MeV) are negligible
compared to the momenta of the neutrino propagators (O(100) MeV), it can be shown
that the two processes in Fig. 2.2 share the same nuclear matrix elements (NMEs) [70].
Consequently, we can compute the decay rate of 2νSIββ using the NME of 0νββ:

ΓνSI =

∣∣∣∣GSme

2R

∣∣∣∣2 GνSI|M0ν |2. (2.4)

Ignoring interference, the total decay rate is

Γ2ν + ΓνSI '
(
|M2ν |2 +

∣∣∣∣GSme

2R

∣∣∣∣2 |M0ν |2
4π2

)
G2ν . (2.5)

Here me is the electron mass, R = 1.2A1/3 fm is the radius of the nucleus with nucleon
number A, and the structure of the 0νββ NME M0ν is explained in Ref. [70]. The
quantity GνSI is the 2νSIββ phase space factor; neglecting the final state lepton momenta,
the phase space factors are related as GνSI = G2ν/(4π)2. In the NME ratio |M0ν |2/|M2ν |2
many of the nuclear uncertainties are expected to drop out.

11
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Figure 2.3: Constraint on the νSI coupling GS from 2νββ decay data for several isotopes
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−0.54×
109GF favored by cosmological data. Taken from Ref. [70].

Requiring the rates of 2νSIββ and 2νββ to obey ΓνSI/Γ
ex
2ν < 1 gives limits on GS, which

are shown in Fig. 2.3 for three sets of NME calculations (IBM-2 [72], Shell Model [73]
and QRPA [74]). The strongly interacting regime, assuming that two νe are involved in
the decay, is ruled out by data from 2νββ.

We can also consider possible distortions of the electron energy and angular distributions
arising from the νSI-induced contribution. While for a contact interaction the electron
spectra are identical [70], if an s- or t-channel diagram is responsible for GS, there is an
effect. In these cases,

GS =
−m2

φ

s−m2
φ

G0
S (s-channel), (2.6)

GS =
m2
φ

t+m2
φ

G0
S (t-channel), (2.7)

where G0
S = g2

φ/m
2
φ. Using the easiest case of s-channel mediation, one finds [70]

dΓνSI

dp1dp2dcos θ12

∝ |G0
S|2p2

1p
2
2Is(T12) (1− β1β2 cos θ12) . (2.8)

Here θ12 is the angle between the two emitted electrons and βi = pi/Ei are the electron
velocities. The function

Is(T12) =
Q− T12

4(2π)4

(
ξ

2 + cos ξ

sin ξ
− 3

)
, (2.9)

where ξ = 2 arcsin((Q− T12)/mφ), quantifies the effect of φ. It is a function of the total
electron kinetic energy T12. In the limit mφ →∞ we recover the known effective operator
results, in particular Is(T12) ∝ (Q − T12)5. From Eq. (2.8) we can obtain the energy
and angular distributions. While all experiments [71] measure dΓνSI/dT12, only the past
NEMO and the potential future SuperNEMO experiments have sensitivity on the angu-
lar distributions. Assuming mφ = Q + 0.1me, slightly above the kinematic threshold,
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Figure 2.4: Electron energy and angular distribution of the two emitted electrons for
neutrinoless double beta decay (0νββ), νSI-induced double beta decay (2νSIββ), double
beta decay with Majoron emission (0νββφ) and 2-neutrino double beta decay (2νββ),
all using 100Mo. The energy spectra are normalized to the same maximal height and the
angular distributions to the value 1 at cos θ12 = 0. Taken from Ref. [70].

Fig. 2.4 displays the electron energy distributions of 2νSIββ and 2νββ decay, together
with the ones for 0νββ decay and for Majoron emission (0νββφ) [75]. A χ2-fit to NEMO-
3 data [76] for the quantity r in ΓνSI = r2Γ2ν yields r = 16%. If the spectral distortion is
taken into account, the bound on GS can thus be approximately improved by one order
of magnitude. The sensitivity will decrease for larger masses mφ. Including in addition
the angular distribution yields r < 29% at 3σ. Therefore the angular distribution is less
sensitive than the energy distribution, which is interesting as only SuperNEMO could
measure this.

All in all, the results of this section imply a new test of neutrino self-interactions and
demonstrate that double beta decay experiments have interesting physics potential beyond
their main goal of determining lepton number violation.

2.3 What about Big Bang Nucleosynthesis?

As mentioned above, neutrino self-interactions are needed in addition to a sizable amount
of ∆Neff ' 1 in the early Universe. In this respect, Big Bang Nucleosynthesis (BBN) data
implies [77]

Neff = 2.88± 0.27 , (2.10)

or ∆Neff < 0.42 at 2σ. How can this be made compatible with the the presence of
∆Neff ' 1 in order to explain the Hubble tension?

In this section we take the LNV interaction in Eq. (2.3), in which φ could be a Majoron,
the Pseudo-Goldstone boson of spontaneously broken global lepton number. This scalar
increases Neff , if in thermal equilibrium with the neutrino plasma, by ∆Neff = 1/2 · 8/7 '
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Figure 2.5: Left: The temperature ratio for neutrinos and photons Tν/Tγ (upper panel)
and Neff (lower panel) with respect to the photon temperature. The blue curves assume
mφ = 2.4 MeV in thermal equilibrium with neutrinos, while the red curves is for ∆Neff =
0.57. Right: Fit result of the Majoron scenario at 90% and 68% C.L., using BBN, CMB,
the moderately self-interacting case and the local value of H0 [79]. Taken from Ref. [78].

0.57 for mφ � Tν , where Tν is the plasma temperature. For mφ & 1 MeV, the neutrino
temperature will increase with respect to the photon one due to φ ↔ ν + ν reactions.
The rise in the neutrino temperature (increasing the neutron burning rate in BBN) will
cancel the effect caused by a larger Neff (increasing the expansion rate), such that the
final neutron-to-proton ratio n/p remains almost the same as in the standard case.

In Fig. 2.5 we see this quantitatively. Shortly after Tγ < mφ, entropy is transferred o
the neutrinos, increasing their temperature by 4.6%. In contrast, if only ∆Neff is added
to the framework (decoupled scenario), the ratio Tν/Tγ is essentially constant. One can
show [78] that δTν/Tν = 4.6% implies δΓ/Γnνe ' 13.8% for the neutron burning rate.
With the Hubble rate H ∝ T 2 ∝ 1/t the time interval between two temperatures goes
as δt/t ' −4.9%. This reduces the time for neutron burning, and thus compensates the
effect of ∆Neff .

Adopting the AlterBBN code [80, 81] to calculate the light element abundances and
assuming the scalar only coupling with1 gττ gives Fig. 2.5. The best-fit point is mφ =
2.8 MeV and gττ = 0.07. Various other limits exist, see the previous section. Noteworthy
is a bound on gττ from Z decays due to its enhancement of the invisible decay rate of Z.
Our best-fit would imply Nν = 3.0012 [82]. The parameter gττ may also lead to a dip
in the spectrum of ultra-high energy neutrinos observed at IceCube by scattering off the

1Actually, gee & 2.2× 10−10(MeV/mφ) in order for νe to stay in equilibrium with φ during the BBN
era [60].
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relic neutrinos [83]. For mν = 0.1 eV, the dip occurs at Eν = m2
φ/(2mν) ' 78 TeV, see

the blue curves in Fig. 2.5, partly covering our 1σ range.

Therefore, we have shown here how a typical solution to the Hubble tension, that usually
incorporates a sizable ∆Neff , can be made compatible with strong constraints on Neff from
BBN.

2.4 Dirac Neutrinos and Neff

We have seen that the number of relativistic degrees of freedom, Neff , can have important
impact on model parameter space. In connection to neutrino physics, the right-handed
neutrino counterpart comes to mind as a potential contribution to Neff . This only makes
sense for Dirac neutrinos, for Majorana neutrinos the right-handed neutrinos are con-
nected to the left-handed ones and do not count as additional degrees of freedom. The
only interaction of right-handed neutrinos is via the Yukawa interaction L̄Φ̃νR, with L
the lepton and Φ the Higgs doublet. The smallness of neutrino mass implies tiny Yukawa
couplings and thus the right-handed neutrinos never enter equilibrium and do not con-
tribute toNeff in significant amounts, see below. However, new interactions can equilibrate
the right-handed species, and constraints on such scenarios arise from measurements of
Neff [84]. In general, we can assume that νR couples to a chiral fermion F and a scalar
boson B:

L ⊃ gνBFνR + h.c. (2.11)

Assuming B and F are heavy, they will not contribute to Neff , but the above interaction
may put νR in equilibrium with the thermal plasma in the early Universe. The case of
massless F could correspond to SM neutrinos coupling to a new scalar.

The νR energy density, ρνR , enters a Boltzmann equation [85] with a collision term CνR

ρ̇νR + 4HρνR = CνR , (2.12)

which is calculated as

CνR ≡ NνR

∫
EνRdΠ1dΠ2dΠ3dΠ4(2π)4δ4(p1 + p2 − p3 − p4)

×S|M|2 [f1f2(1± f3)(1± f4)− f3f4(1± f1)(1± f2)] , (2.13)

dΠi ≡
1

(2π)3

d3pi
2Ei

, fi ≡
1

exp (Ei/Ti)∓ 1
, (i = 1, 2, 3, 4). (2.14)

Here NνR = 6 (including ν and ν of three flavors); EνR is the energy of νR, S is the
symmetry factor, |M|2 is the squared amplitude of the process; pi, Ei, and Ti denote
the momentum, energy, and temperature of the i-th particle in the process. If energy is
injected to the νR, the SM particles are governed by

ρ̇SM + 3H(ρSM + PSM) = −CνR , (2.15)
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Figure 2.6: The SM Higgs as an example: ∆Neff ' 7.5 × 10−12. We show an exact
numerical computation, as well as various approximate analytical approaches, see [87] for
details.

where ρSM and PSM are the energy density and pressure of SM particles. Solving Eqs. (2.12)
gives

∆Neff =
4

7
g

(ρ)
?,dec

[
10.75

g
(s)
?,dec

]4/3
ρνR,dec

ρSM,dec

' Nν

(
TνR,low

Tlow

)4

, (2.16)

where the subscript “dec” denotes any moment after νR is fully decoupled from the SM
plasma, Nν = 3 and the subscript “low” denotes generally any moment at which the
approximation g

(ρ)
? ' g

(s)
? ' 10.75 is valid [86].

Details of the calculations can be found in Ref. [87]. As a simple example, we as-
sume Dirac masses generated by the SM Higgs, i.e. YνLΦ̃νR, with Yν =

√
2mν
v

= 5.7 ×
10−13

(
mν

0.1 eV

)
. Taking the low-temperature value of the blue curve in Fig. 2.6 and using

Eq. (2.16), we obtain

∆Neff ' 7.5× 10−12
( mν

0.1 eV

)2

. (2.17)

This is a precise result on ∆Neff that originates from the SM Higgs interaction with Dirac
neutrinos.

Another example in the spirit of this chapter is assuming mF = 0, which corresponds
to a νL-νR coupling with a new scalar boson. Fig. 2.7 shows the outcome of a numerical
analysis for different values of the new scalar mass. The left panel displays the process
B → FνR, that is, F and B are in equilibrium. The right panel is for the t-channel process
FF → νRνR mediated by B, i.e., F is in equilibrium while B is not. The same cases for
mF = mB/2 are also given. We confront the results with current and future experimental
bounds on ∆Neff from Planck 2018 [51,88], the Simons Observatory (SO) [89], the South
Pole Telescope (SPT-3G) [90], and CMB-S4 [91,92]. The Planck 2018 measurement gives
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Figure 2.7: Contributions of νR to Neff for varying gν . The left panel displays the process
B → FνR, that is, F and B are in equilibrium. The right panel is for the t-channel process
FF → νRνR mediated by B, i.e., F is in equilibrium while B is not. The same cases for
mF = mB/2 are also given. Taken from Ref. [87].

∆Neff < 0.285 at 2σ. The SO and SPT-3G sensitivities are similar (∆Neff < 0.12), while
the future CMB-S4 limit is expected to reach 0.06, all numbers at 2σ.

Thus, we have shown that decay or scattering of new particles with Dirac neutrinos
can give sizable contributions to Neff , and limits on the new coupling constants of order
10−4 (10−9) can be set if the new particles are around TeV (GeV). Similar considerations
could be done for new vector bosons. As a byproduct, we have obtained the contribution
of the SM contribution from a possible Higgs mechanism of neutrinos: ∆NSM

eff ' 7.5 ×
10−12 (mν/(0.1 eV))2.

2.5 Extension to the Quark Sector

Scalar fields could also couple to quarks. This is of particular interest when a relatively
new process to probe neutrino features is discussed: coherent elastic neutrino-nucleus
scattering (CEνNS). In the Standard Model, the neutral current (NC) interaction enables
low energy neutrinos with Eν . 50 MeV (corresponding to length scales of & 10−14 m) to
interact coherently with protons and neutrons in a nucleus, which significantly enhances
the cross section for a large nucleus [93–95]:

dσ

dT
=
σSM

0

M

(
1− T

Tmax

)
, (2.18)

where σSM
0 is defined as

σSM
0 ≡ G2

F [N − (1− 4s2
W )Z]

2
F 2(q2)M2

4π
. (2.19)
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Here GF , sW = sin θW , and M are the Fermi constant, the Weinberg angle, and the
mass of the nucleus, respectively. The cross section is dominated by the neutron number
N ; F (q2) is the form factor of the nucleus. The maximal recoil energy T of the nucleus
depends on the initial neutrino energy Eν :

Tmax(Eν) =
2E2

ν

M + 2Eν
. (2.20)

We consider here a new scalar coupling to neutrinos and nucleons. The Lagrangian on
the nuclear level is

LNφ ≡ ψNΓNφψNφ, (2.21)

where ψN is the Dirac spinor of the nucleus2 N = n, p. With ΓNφ ≡ CN +DN iγ
5, only CN

is important, as the contribution of DN is very much suppressed. For scalar interactions
there is no interference with the SM contribution:

dσ

dT
=
dσSM

dT
+
dσφ
dT

. (2.22)

Coherent scattering mediated by the light scalar, independent of whether the new scalar
interaction is of the LNC or LNV form, has a cross section of [97]

dσφ
dT

=
MY 4A2

4π(2MT +m2
φ)2

[
MT

E2
ν

+O
(
T 2

E2
ν

)]
, (2.23)

where we have defined

Y 4 ≡ C2
N

A2
|yν |2. (2.24)

The effective couplings CN and DN originate from fundamental couplings of φ with the
quarks and require knowing the scalar form factors of quarks in the nuclei. Using results
from Refs. [98–103], and rewriting Y in Eq. (2.24) in terms of the fundamental couplings
as

Y ≡
√
|CNyν |
A

=

√∣∣∣∣(A− ZA
Cn +

Z

A
Cp

)
yν

∣∣∣∣, (2.25)

we obtain [97]

YGe '
√
|(0.56Cn + 0.44Cp)yν | , (2.26)

YCsI '
√
|(0.58Cn + 0.42Cp)yν | . (2.27)

When comparing the sensitivities of CEνNS experiments using different targets, we will
ignore the small difference and assume YGe ' YCsI.

Bounds on Cn, yν or on their product come from various observations and experiments
other than coherent scattering, such as neutron-nucleus scattering, meson decays, double
beta decay, BBN, CMB, as well as supernova considerations, and detailed discussions can

2The appendix of [96] demonstrates that there is hardly an effect of the nucleon spin.
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Figure 2.8: Event excess caused by light scalar bosons in CONUS (left) and COHERENT
(right). The effective coupling Y is defined in Eq. (2.25). Taken from Ref. [97].

be found in Ref. [97]. Let us discuss the impact on supernova cooling in a bit of detail. In
total we can have three effects: (1) change of equation of state in case of LNV interaction
(“SN core EOS”); (2) new cooling modes because of right-handed (anti)neutrino emission
in case of LNC interaction (“SN energy loss” and “SN νR trapping”); (3) prolonging
the duration of neutrino emission (R2/λ) because of a shorter mean free path λ (“SN ν
diffusion”). There are differences depending on whether the interaction is LNC or LNV.
For instance, converting νe into ν̄e would produce strongly interacting e+ in the SN core,
while converting νL into sterile νR produces sterile particles that take away energy. We will
present in what follows limits for a typical neutrino temperature of 30 MeV. Regarding
constraints from BBN and CMB, the contributions from the LNC and LNV cases to the
additional number of relativistic degrees of freedom (∆Neff) will also be quite different,
as we can understand from the previous sections.

Having summarized the current constraints on our scenario, we continue with setting
limits using coherent elastic neutrino-nucleus scattering with existing COHERENT and
future CONUS data. These experiments will also be used later in this document. CO-
HERENT has observed CEνNS [104] on a CsI target (with a recent improved measure-
ment [105] and a limit on the cross section using an Ar target [106]), which allows to
set definite limits on new physics scenarios. The COHERENT experiment uses a CsI
scintillator to detect neutrinos produced by π+ and µ+ decay at rest. There are three
types of neutrinos in the neutrino flux, νµ, νµ, and νe. The first is produced in the decay
π+ → µ+ + νµ while the second and the third are produced in the subsequent decay
µ+ → e+ + νµ + νe. CONUS will be used as a prototype future precision, large-statistics
experiment. It uses a very low threshold Germanium detector at the Brokdorf nuclear
power plant. The flux contains electron electron antineutrinos, and the energy range is
such that the fully coherent regime is realized. We note that limits on CEνNS have been
set by CONUS [107], and interesting constraints on new physics have been obtained [108].
For definiteness, the CsI results of COHERENT and expected limits from CONUS will
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Figure 2.9: The upper (lower) plot shows constraints from CEνNS experiments on (Y, mφ)
for a lepton number conserving (violating) interaction. The black, dashed black, blue, and
dashed blue curves correspond to the 95% C.L. constraint from COHERENT data [104],
the sensitivities of future COHERENT, CONUS 4 kg×1 year, and CONUS 100 kg×5
years (light-blue) respectively. Taken from Ref. [97].

be used. In the near future, other upcoming experiments including ν-cleus [109], CON-
NIE [110], MINER [111], TEXONO [112], νGEN [113] and Ricochet [114] will also be
able to measure the CEνNS process.

Examples on the event spectra in these two experiments can be found in Fig. 2.8, for
details see Ref. [97]. We fit the COHERENT data from Ref. [104], and for CONUS we
assume 1 year of data taking with a 4 kg detector and 1.2 keV threshold. Future lim-
its are illustrated by assuming again that CONUS runs for 5 years with 100 kg Ge, an
improved threshold of 0.1 keV and theoretical flux uncertainties being one half of those
today. COHERENT statistics will be assumed to be improved by a factor of 100 and

20



2.5 Extension to the Quark Sector

★

20160223

8 9 10 11 12
0.8

0.9

1.0

1.1

1.2

mϕ (MeV)

Y
/1
0-
5

CONUS

★

8 9 10 11 12
6.0

6.5

7.0

7.5

8.0

8.5

9.0

mϕ (MeV)

Y
/1
0-
5

COHERENT

★

30 40 50 60 70 80 90

3

4

5

6

7

mϕ (MeV)

Y
/1
0-
5

CONUS

★

30 40 50 60 70 80 90
8

9

10

11

12

mϕ (MeV)

Y
/1
0-
5

COHERENT

0

5

10

15

20

25
χ2

Figure 2.10: Measurements of the mass mφ and coupling Y with future CONUS and
COHERENT data, assuming the presence of a scalar boson, with the true values indicated
by the green stars. Taken from Ref. [97].

the overall uncertainty reduced by 10. One can see from the figure that the shape of
the spectrum when we include the scalar contribution can be dramatically different, in
particular for low values of mφ. A statistical analysis [97] ends up in Fig. 2.9 for the LNC
and LNV cases. Both existing and prospective future limits are used. Fig. 2.10 gives the
potential of CONUS100 for determining the mass and coupling of the φ particle assuming
two characteristic examples.

Thus, new scalar interactions of neutrinos and quarks can have observable consequences
in coherent scattering while still being in accordance with other limits. For instance, a
positive signal for the effects of φ with a value of Y below the green solid line in Fig.
2.9 implies from supernova cooling bounds that the interaction can not be lepton number
conserving. If φ turns out to have a mass around 2 MeV, double beta experiments may
see it. If they do not, one might have (yν)ee � (yν)eµ, (yν)eτ , thus gaining information on
the flavor structure of the new interaction.
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Chapter 3

Phenomenology of new Vectors

This section deals with new vector bosons coupling in particular to neutrinos, or being
motivated by neutrinos. Since we are interested in gauge theories, there is most of the
times also coupling to other particles, providing further constraints.

3.1 Generics

In addition to the direct coupling of the new U(1)′ gauge boson to SM fermions we will also
allow for mixing between the Z ′ and the Z and start with the most general Lagrangian
describing the mixing. The formalism for Z-Z ′ mixing [115, 116] has been frequently
discussed in the literature:

LSM = −1

4
B̂µνB̂

µν − 1

4
Ŵ a
µνŴ

aµν +
1

2
M̂2

ZẐµẐ
µ − ê

ĉW
jµY B̂µ −

ê

ŝW
jaµW Ŵ a

µ ,

LZ′ = −1

4
Ẑ ′µνẐ

′µν +
1

2
M̂ ′2

Z Ẑ
′
µẐ
′µ − ĝ′j′µẐ ′µ ,

Lmix = −sinχ

2
Ẑ ′µνB̂µν + δM̂2Ẑ ′µẐ

µ .

(3.1)

Hatted fields indicate here that those fields have neither canonical kinetic nor mass terms.
Even if zero at some scale, kinetic mixing governed by χ is generated at loop level if there
are particles charged under hypercharge and U(1)′ [116]. Tree-level mass mixing via the
term δM̂2Ẑ ′µẐ

µ requires that there is a scalar with a nonzero vacuum expectation value
charged under the SM and U(1)′.

The new neutral current j′ of the U(1)′ is left unspecified, but has for our purposes to
be flavor non-universal :

j′µ ⊃
∑
α,β

qαβναγµPLνβ , (3.2)

with q 6= 11. After diagonalization, the physical massive gauge bosons Z1,2 and the massless
photon couple to a linear combination of j′, as well as the textbook QED and neutral
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currents:

Lint = −
(
ejEM,

e
2ŝW ĉW

jNC, g′j′
) 1 a1 a2

0 b1 b2

0 d1 d2

 A
Z1

Z2

 . (3.3)

with parameters

a1 = −ĉW sin ξ tanχ , b1 = cos ξ + ŝW sin ξ tanχ , d1 =
sin ξ

cosχ
,

a2 = −ĉW cos ξ tanχ , b2 = ŝW cos ξ tanχ− sin ξ , d2 =
cos ξ

cosχ
.

(3.4)

In particular,(
cos ξ sin ξ
− sin ξ cos ξ

)(
a b
b c

)(
cos ξ − sin ξ
sin ξ cos ξ

)
=

(
M2

1 0
0 M2

2

)
≡
(
M2

Z 0
0 M2

Z′

)
,

(3.5)
where

tan 2ξ =
2b

a− c with


a = M̂2

Z ,

b = ŝW tanχM̂2
Z + δM̂2

cosχ
,

c = 1
cos2 χ

(
M̂2

Z ŝ
2
W sin2 χ+ 2ŝW sinχδM̂2 + M̂2

Z′

)
.

(3.6)

Having set the formalism of the Z ′ physics, we may wonder what to gauge. With the
introduction of right-handed neutrinos one can promote U(1)B−L×U(1)Lµ−Lτ×U(1)Lµ−Le
or any subgroup thereof to a local gauge symmetry [117]. Hence, an anomaly free and
UV-complete gauge group will couple to [118]

X = rBL(B − L) + rµτ (Lµ − Lτ ) + rµe(Lµ − Le) (3.7)

for arbitrary real coefficients rx [117] (see also Refs. [119–123]), potentially including Z-Z ′

mixing. We stress here one particular example, namely Lµ − Lτ [29–31], whose exper-
imental constraints are relatively loose due to the absence of electron coupling at tree
level. Moreover, the flavor structure Lµ − Lτ generates attractive parameters in the neu-
trino sector, namely vanishing θ13, maximal θ23, large θ12 and neutrino masses without a
strong hierarchy [124, 125]. More interestingly, the Z ′ can explain the anomalous muon
magnetic moment aµ ≡ (gµ−2)/2, which very recently was shown to have a 4.2σ discrep-
ancy with the SM prediction [126], when combined with the final result from the E821
experiment at Brookhaven National Laboratory in 2006 [127]. While there are also new
calculations [128] that reduce the significance, active theory work addressed potential so-
lutions to this anomaly [129]. A Z ′ coupling to muons is a good and economic guess. An
additional motivation of Lµ − Lτ came from long-standing anomalies in neutral current
B meson decays B → K∗µ+µ− and the ratio of B → Kµ+µ− and B → Ke+e−, see
e.g. [130–132]. In general, a Z ′ is constrained by a variety of processes. Fig. 3.1 shows an
example.
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Figure 3.1: Limits on the Z ′ boson of gauged B − L for g′/ sin θ = 0.01, where tan θ =
δM̂2/(m2

Z′ −m2
Z).

In what follows we will discuss aspects of flavor-dependent U(1)′ models, namely the
generation of so-called NSI operators which are of great interest to the neutrino com-
munity. Moreover, focusing on Lµ − Lτ , we will show the sensitivity of potential muon
colliders to probe the parameter space that is responsible for the anomalous muon mag-
netic moment. As an extension to the quark sector, we deal with a Z ′ that explains the
B meson anomalies, i.e. couples to muon and bs pairs.

3.2 Non-Standard Neutrino Interactions and Neutral

Gauge Bosons

The precision era of neutrino physics implies that small effects beyond the standard
paradigm of three massive neutrinos may be detected. There are many possibilities for
such effects, the most popular one are Non-Standard neutrino Interactions (NSI), which
modify neutrino oscillation probabilities in matter and may spoil the determination of un-
known neutrino parameters in running and future experiments, see e.g. Refs. [133–139].
NSI stem from an effective Lagrangian [140–143]:

Leff = −2
√

2GF ε
f X
αβ (ν̄αγµPLνβ)

(
f̄γµPXf

)
with f = e, u, d. (3.8)

We assume here the presence of a flavor-sensitive1 gauged U(1)′ as origin of this effective
Lagrangian [144]. In these theories the Z ′ belonging to the U(1)′ is integrated out and
generates the effective NSI Lagrangian Eq. (3.8).

NSI relevant for neutrino propagation in matter should be vector-like

εfαβ ≡ εf Lαβ + εf Rαβ . (3.9)

1Note that ε ∝ 11 leaves neutrino oscillations unaffected.
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Those NSI induce an additional matter term in the Hamiltonian,

Hmat =
√

2GFNe(x)

1 + εee(x) εeµ(x) εeτ (x)
ε∗eµ(x) εµµ(x) εµτ (x)
ε∗eτ (x) ε∗µτ (x) εττ (x)

 , (3.10)

with εαβ =
∑

f
Nf (x)

Ne(x)
εfαβ and number densities Nf (x). Two diagonal entries, εee − εµµ and

εττ − εµµ can be constrained with neutrino oscillations. Limits on the diagonal NSI from
oscillation data are given in Ref. [145]; they are somewhere between order 1 and 0.01.
NSI mediated by a new neutral vector boson Z ′ with coupling strength g′ and mass MZ′

are generically of the form ε ∼ (2
√

2GF )−1(g′/MZ′)
2, even if the Z ′ mass is tiny. The

limits thus correspond to MZ′/g
′ from 140 GeV to 2.5 TeV. One needs to confront those

limits with other constraints, e.g. from collider or meson decays. Neutrino scattering with
electrons [146,147] or nucleons [148] is also very relevant. Interestingly, oscillations probe
zero-momentum forward scattering, while neutrino scattering with quarks and electrons
requires a non-vanishing momentum transfer. This can be used to disentangle g′ and MZ′ ,
as well as studying if the new interaction is flavor-diagonal or not. CEνNS is also a very
good recent probe in this respect. The cross section in the presence of NSI depends on

Q̃2
i,α ≡

[
Ni

(
−1

2
+ εnαα

)
+ Zi

(
1

2
− 2s2

W + εpαα

)]2

+
∑
β 6=α

[
Niε

n
αβ + Ziε

p
αβ

]2
. (3.11)

This expression is only valid for MZ′ � q ' 10 MeV, otherwise a suppression ε→ εM2
Z′/q

2

occurs [149].

Obtaining the effective NSI Lagrangian by integrating out the Z and Z ′ gauge boson
yields

Leff = −
∑
i=1,2

1

2M2
i

(
ejEM ai +

e

2ŝW ĉW
jNC bi + g′j′ di

)2

. (3.12)

The final result for the NSI parameters is then:

εeαβ =
∑
i=1,2

qαβ
g′di√

2M2
i GF

(
−eai +

ebi
2sW cW

(
−1

2
+ 2s2

W

)
+ g′di

∂j′α
∂eγαe

)
,

εuαβ =
∑
i=1,2

qαβ
g′di√

2M2
i GF

(
2

3
eai +

ebi
2sW cW

(
1

2
− 4

3
s2
W

)
+ g′di

∂j′α
∂uγαu

)
,

εdαβ =
∑
i=1,2

qαβ
g′di√

2M2
i GF

(
−1

3
eai +

ebi
2sW cW

(
−1

2
+

2

3
s2
W

)
+ g′di

∂j′α
∂dγαd

)
.

(3.13)

The terms di take into account the possibility that the Z ′ might couple to first generation
charged particles. As we will show, the results depend on whether there is Z-Z ′ mixing,
and also on the type of mixing.
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U(1)X εp+nee − εp+nµµ εp+nττ − εp+nµµ MZ′/|g′|
B − 3Lτ 0 − 3(g′)2√

2GFM
2
Z′

> 4.8 TeV

B − 3
2
(Lµ + Lτ ) + 3(g′)2

2
√

2GFM
2
Z′

0 > 360 GeV

B − 3Lµ + 3(g′)2√
2GFM

2
Z′

+ 3(g′)2√
2GFM

2
Z′

> 1.0 TeV

Table 3.1: Examples for NSI from electrophobic anomaly-free U(1)X without Z-Z ′ mass
mixing, as well as the NSI limit on the Z ′ mass and coupling. See Fig. 3.2 for additional
limits on the parameter space.

Vanishing Z-Z ′ mixing

Assuming negligible Z-Z ′ mixing, one finds

εp,nee − εp,nµµ = − (g′)2

2
√

2GFM2
Z′

rBL(2rµe + rµτ ) , (3.14)

εp,nττ − εp,nµµ = − (g′)2

2
√

2GFM2
Z′

rBL(2rµτ + rµe) , (3.15)

εeee − εeµµ = +
(g′)2

2
√

2GFM2
Z′

(rBL + rµe)(2rµe + rµτ ) , (3.16)

εeττ − εeµµ = +
(g′)2

2
√

2GFM2
Z′

(rBL + rµe)(2rµτ + rµe) . (3.17)

Neutral matter implies that the sum εp + εe is crucial:

(εpee + εeee)− (εpµµ + εeµµ) = +
(g′)2

2
√

2GFM2
Z′

rµe(2rµe + rµτ ) , (3.18)

(εpττ + εeττ )− (εpµµ + εeµµ) = +
(g′)2

2
√

2GFM2
Z′

rµe(2rµτ + rµe) . (3.19)

Non-vanishing NSI in oscillations without Z-Z ′ mixing thus require either rBL 6= 0 or
rµe 6= 0. Fig. 3.2 shows constraints on some examples, together with various other limits.
If muons are involved, the Z ′ contributes to the anomalous magnetic moment of the muon.
We also give the limits in Tab. 3.1. In all cases neutrino oscillations provide the strongest
limits for light Z ′, MZ′ = O(1 − 100) MeV, and NSI with a strength that might impair
future neutrino oscillation experiments can not be excluded. Also, coherent scattering is
very relevant here.

Moving on from the electrophobic NSI to Z ′ scenarios with electron couplings, limits
are given in Tab. 3.2. In particular, positron-electron collisions apply here, see Fig. 3.3.
An interesting limit is rµe ' +rBL 6= 0, i.e. there are no NSI in the Earth, but one could
still have effects in solar neutrino oscillations. This corresponds to the case η ' −44◦

analyzed in Ref. [145], where it was shown that this scenario indeed severely weakens NSI
constraints. Analogously, one can easily imagine a scenario with non-vanishing NSI inside
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Figure 3.2: Limits on gauge coupling and Z ′ mass on various electrophobic Z ′ models
without Z-Z ′ mass mixing. Taken from Ref. [144].

Earth but with ε ' 0 at one specific radius inside the Sun. This again weakens the NSI
bounds and makes other experimental probes, such as neutrino scattering off electrons
and nucleons, more important.

Non-vanishing Z-Z ′ mixing

To see the effect of Z-Z ′ mixing, let us consider a simple U(1)X under which no matter
particles are charged. This singles out U(1)Lµ−Lτ [29–31]. In this case we find for protons,
neutrons and electrons that

εnαβ =
∑
i=1,2

qαβ
eg′di√
2M2

i GF

bi
2sW cW

(
−1

2

)
,

εpαβ =
∑
i=1,2

qαβ
eg′di√
2M2

i GF

(
ai +

bi
2sW cW

(
1

2
− 2s2

W

))
,

εeαβ =
∑
i=1,2

qαβ
eg′di√
2M2

i GF

(
−ai −

bi
2sW cW

(
1

2
− 2s2

W

))
,

(3.20)

where now q = diag(0, 1,−1). From these expressions one sees that in electrically neutral
matter

εpαβ + εeαβ = 0 (3.21)
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U(1)X εe+pee − εe+pµµ εnee − εnµµ MZ′/|g′| (TEXONO) MZ′/|g′| (NSI)

B − 3Le + 3(g′)2√
2GFM

2
Z′

− 3(g′)2

2
√

2GFM
2
Z′

> 2 TeV > 0.2 TeV

U(1)X εeee − εeµµ εeττ − εeµµ MZ′/|g′| (TEXONO) MZ′/|g′| (NSI)

Le − Lµ + (g′)2√
2GFM

2
Z′

+ (g′)2

2
√

2GFM
2
Z′

> 0.7 TeV > 0.3 TeV

Le − Lτ + (g′)2

2
√

2GFM
2
Z′
− (g′)2

2
√

2GFM
2
Z′

> 0.7 TeV > 1.4 TeV

Table 3.2: Examples for NSI from electrophilic anomaly-free U(1)X without Z-Z ′ mass
mixing, as well as the TEXONO e-ν-scattering limit [150] on the Z ′ mass and coupling
and approximate NSI constraints.
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Figure 3.3: Constraints on U(1)B−3Le . Taken from Ref. [144].

holds, that is, only NSI with neutrons are important. Note that this result only needs an
U(1)′ model with Z-Z ′ mixing and no coupling to electrons, up- or down-quarks, i.e., it
is not unique to Lµ − Lτ .

Using Eqs. (3.3-3.5) to calculate the neutron part, we find:

∑
i=1,2

dibi
M2

i

=
1

cχ

[
cξsξ

(
1

M2
1

− 1

M2
2

)
+ sW tχ

(
s2
ξ

M2
1

+
c2
ξ

M2
2

)]

=
δM̂2

(δM̂2)2 − M̂2
Z′M̂

2
Z

= − δM̂2

M2
1M

2
2 c

2
χ

.

(3.22)

Therefore, without mass mixing δM̂2, NSI effects are absent in neutrino oscillations. Mass
mixing is required, which is model-building-wise a larger problem. Effects in neutrino
scattering experiments are of course still present in case of kinetic mixing. For Lµ − Lτ
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Figure 3.4: Constraints on U(1)Lµ−Lτ without any Z-Z ′ mixing. Taken from Ref. [144].

and only mass mixing, the result is

εnττ − εnµµ = 2(εnee − εnµµ) = −2
eg′

4
√

2GF sW cW

δM̂2

M2
ZM

2
Z′c

2
χ

, (3.23)

where we denote M1,2 →MZ,Z′ .

To sum up, the origin of NSI may be a flavor-sensitive U(1)′. There is an interesting
interplay of scattering and oscillation experiments, which can disentangle the effects of
coupling and new gauge boson mass. In case there is no direct coupling of the Z ′ to first
generation matter particles, the type of Z-Z ′ mixing is crucial. Mass mixing alone can
not generate a NSI effect in oscillations. This is interesting, as mass mixing requires a
scalar multiplet charged under the SM and the new U(1)′ symmetries. For Lµ − Lτ the
simplest example would be a doublet φ′ with charge qφ′ , leading to

εnττ − εnµµ = 2(εnee − εnµµ) = − 1

2
√

2GF

(
eg′

sW cW

)2
qφ′〈φ′〉2
M2

ZM
2
Z′c

2
χ

. (3.24)

Such a particle would lead to off-diagonal terms in the charged lepton mass matrix and
thus LFV decays. With additional parameters, it influences the phenomenology of the
SM Higgs.

Thus, the typically only effectively treated NSI effects in neutrino oscillations require
a broad approach to identify their origin, with a broad portfolio of flavor, scattering and
other probes.
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Figure 3.5: Feynman diagrams to probe gauged Lµ − Lτ at a muon collider. Detectable
final states are in purple and red.

3.3 Gauged Lµ−Lτ at a Muon Collider

The previous section dealt with flavor-dependent U(1)′ gauge symmetries, including the
arguably best-motivated case of Lµ−Lτ . If the mass of the Z ′ is large, collider constraints
are much weaker than the ones for Z ′ coupling to first-generation particles. Hence, a muon
collider is an attractive facility to probe this parameter space. Muon colliders [151–154]
have recently received again attention as a powerful new machine to test the SM and
BSM theories [155–164]. In particular muon-specific models are easy to test, and it was
found in particular that a ”reasonable” machine is guaranteed to probe any new physics
solution to the anomalous magnetic moment of the muon [161]. Moreover, the extension
of Lµ−Lτ to the quark sector is equally interesting to study at future muon colliders, as
the long-standing B anomalies may be probed, see Sec. 3.4.

The gauge interactions with the new boson Z ′ are

L ⊃ g′
(
LqγµL + `Rqγ

µ`R

)
Z ′µ , (3.25)

where g′ is the coupling constant, L ≡ (νL, `L)T is the lepton doublet with ν and `
being the neutrino and charged lepton fields, respectively, and q = Diag(0, 1,−1) denotes
the charge in the flavor basis of (e, µ, τ). Loop-level induced γ-Z ′ mixing is of order
10−6 g′ (100 GeV/MZ′)

2 and thus negligible. Relevant production channels for a muon
collider are given in Fig. 3.5. Taking a muon collider setup with

√
s = 3 TeV and

L = 1 ab−1 luminosity is motivated by presentations of the Muon Collider Working
Group [153]. For the 2→ 2 processes µ+µ− → `+`− we can write the amplitude as a sum
of different mediators:

M =Mγ +MZ +MZ′ . (3.26)
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For instance, in the tau-channel we have(
dσ

dΩ

)
γZ′

=
e2g′2

16π2s

(s−M2
Z′)(t

2 + u2)

s[(s−M2
Z′)

2 + Γ2
Z′s

2/M2
Z′ ]

, (3.27)

which dominates the new physics contribution for small g′. If
√
s 'MZ′ the Breit-Wigner

resonance dominates:(
dσ

dΩ

)
Z′

=
g′4

32π2s

(t2 + u2)

(s−M2
Z′)

2 + Γ2
Z′s

2/M2
Z′
, (3.28)

Here the width of the Z ′ is

ΓZ′ =
g′2MZ′

4π
. (3.29)

Besides this resonance in µ+ + µ− → `+ + `−, the radiative return [165, 166] process of
photon emission from an initial leg is in particular sensitive to values MZ′ <

√
s.

Using CalcHEP [167–169] we perform an analysis of the processes, details can be found
in Ref. [170]. We will assume the efficiency of dimuon detection to be 100% [171,172] and
that for ditau detection to be conservatively 70% [173]. In the chi-square function

χ2
I =

∑
i

(Ni − Ñi)
2

Ni + ε2 ·N2
i

, (3.30)

where ε denotes the systematic uncertainty of 0.1% [158], we sum over polar angle bins

of ∆ cos θ = 0.1; Ni is the expected total event number of signal and background, Ñi is
the assumed event number. The signal from µ+ + µ− → ` + ` + γ is a bump above the
background in the invariant mass (m

``
) spectrum of the dileptons, smeared by energy

resolution. The values are ∆mµ+µ− ' 5 × 10−5 GeV−1 · s [174] and for photons we
assume [175]:

∆Eγ
Eγ

=

√√√√( 2.8%√
Eγ

)2

+

(
0.12

Eγ

)2

+ (0.3%)2 . (3.31)

which can be translated in a superior mµ+µ− resolution via Eγ = (s−m2
`¯̀

)/(2
√
s). Note

that initial state radiation has an ln (
√
s/pT,cut

γ ) enhancement for pT,cut
γ being the trans-

verse momentum of the photon within the detector acceptance.

Our analysis yields Fig. 3.6. Existing bounds on Lµ − Lτ span a wide range of masses,
see Ref. [170] for a summary. The parameter spaces explaining the (g−2)µ and B anoma-
lies (taken from [132]) are given as the yellow and blue bands, respectively. Note that these
B parameters do not take any coupling to bs quarks into account. For MZ′ > 100 GeV,
the parameter space favored by the B anomalies is entirely covered by the projection of
muon collider. If a Z ′ signal was found, one may wonder if it is indeed a gauged Lµ − Lτ
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Figure 3.6: The sensitivity of the muon collider with a center-of-mass energy
√
s = 3 TeV

and luminosity 1 ab−1 with and without a Z ′ signal. In the left plot, the darker orange
region is obtained from µ+ +µ− → `+ +`−, and the lighter orange region from µ+ +µ− →
µ+ + µ− + γ, µ+ + µ− → τ+ + τ− + γ and µ+ + µ− → ν + ν + γ. Indicated are the 2σ
parameter space from (g − 2)µ in yellow, and the one for the LHCb B anomalies [132] is
also plotted. Neutrino trident production limit is given as the green curve [176], and a
recast LHC bound in purple [177]. The projection of LHC and ILC with different channels
is given in three dashed black curves [178]. In the right panel, we choose MZ′ = 1 TeV
and g′ is taken to be 0.01, 0.05 and 0.1 (from outer to inner). The white cross is the
prediction of Lµ − Lτ .

model or some other Z ′ model. This can be achieved by comparing the branching ra-
tios. In the right panel of Fig. 3.6, we show for MZ′ = 1 TeV the 2σ allowed region for
Br

ff
/Brµ+µ− .

Thus, the parameter space above 100 GeV explaining the anomalous magnetic moment
of the muon, as well as the B meson anomalies, is fully covered by the muon collider
setup, adding further motivation to the facility. However, the processes considered here
involves only leptons, for a decisive test of the B anomalies one has to include the quark
sector. This is subject of the next section.
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3.4 An Extension to the Quark Sector: The RK(∗)

Anomaly

Finally, we discuss an extension to the quark sector. Here the motivation lies in long-
standing anomalies in the B meson sector. The ratios RK and RK∗ are defined as

RK =
BR(B+ → K+µ+µ−)

BR(B+ → K+e+e−)
, RK? =

BR(B0 → K?0µ+µ−)

BR(B0 → K?0e+e−)
. (3.32)

As many hadronic uncertainties are expected to cancel, the ratios are of particular interest
as tests of lepton flavor universality. Results [179–182] on the ratios display a long-
standing > 3σ conflict with the SM prediction [183–186]. As the measurements are
smaller than the SM expectation, one has the choice of of increasing b→ se+e− decay or
decreasing b → sµ+µ−, the latter possibility being much more in agreement with other
data [187].

An effective Lagrangian of the form

LNP
b→sµµ ⊃

4GF√
2
VtbV

∗
ts (Cµ

9O
µ
9 + Cµ

10O
µ
10) + h.c., (3.33)

with the CKM matrix V and operators

Oµ
9 =

α

4π
(s̄LγµbL) (µ̄γµµ) , Oµ

10 =
α

4π
(s̄LγµbL) (µ̄γµγ5µ) , (3.34)

can explain the anomalies, where C9 = −C10 = −0.43 [187,188].

As a typical model [189–211], one introduces a Z ′ which dominantly couples to left-
handed bs and µ+µ− pairs:

LZ′ ⊃
(
λQ

23b̄Lγ
µsL + λL

22µ̄Lγ
µµL

)
Z ′µ . (3.35)

This interaction can, and is frequently being, obtained from Lµ−Lτ models, in which nec-
essary scalars and/or additional particles to break the symmetry generate a bs-coupling,
see e.g. [99]. Integrating out the Z ′ field, the Wilson-coefficients at the scale µ = MZ′ are

Cµ
9 = −Cµ

10 = − π√
2GFM2

Z′α

(
λQ

23λ
L
22

VtbV ∗ts

)
. (3.36)

Several limits on the scenario, see [212,213], leave a narrow range of allowed parameters,
as given in the yellow band in Fig. 3.7. LHC searches are not particularly relevant if only
the two couplings λQ

23 and λL
22 are present, and this a muon collider is the definite machine

to test this scenario in a definite manner [214].

The signal of interest is therefore µµ→ bs. The bs signal is mimicked by SM dijet back-
ground from µ+µ− → jj, where j can be any quark, except the top, whose b-momentum is
always much smaller than

√
s/2. Efficiently tagging the b-jet and avoiding mistags of light
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Figure 3.7: Sensitivity of a muon collider for a Z ′ coupling only to µµ and bs pairs.
Assumed setups are

√
s = 3 TeV with L = 1 ab−1 (red curves),

√
s = 6 TeV with

L = 4 ab−1 (blue), and
√
s = 10 TeV with L = 10 ab−1 (green). The 2σ parameter space

to explain the B anomalies is in yellow [188]. Dashed (solid) lines are with (without)
flavor tagging. Various other limits from Bs mixing [212], trident production [176], LHC
dimuon resonance searches [223], as well as the projected sensitivity of HL-LHC [178] are
also given. Taken from Ref. [214].

quarks as b quarks is thus necessary. Using εb = 70% [215] and mistag rates εuds = 1% as
well as εc = 10% for c quarks [216–218], we perform our analysis [214] with three collider
setups with center-of-mass energies and luminosities, namely (

√
s, L) = (3 TeV, 1 ab−1),

(6 TeV, 4 ab−1) and (10 TeV, 10 ab−1). We apply FeynCalc [219–221] and FeynArts [222]
for the numerical calculations of the scattering amplitudes. The statistical significance is
measured in analogy to the previous section, the assumed systematic uncertainty is taken
as 0.1% [158], and we will present results with and without flavor tagging.

The result is given in Fig. 3.7. There is a resonance near the center-of-mass energy,
depending on Γ = (2|λL

22|2 + 3|λQ
23|2)/(12π). Constraints from Bs mixing imply large

λL
22. For masses smaller than the center-of-mass energy there is no dependence on the

mediator mass. With L ∝ s, the event number is constant for σ(s) ∝ s−1 at large
momentum transfer. In the regime of Z ′ masses much larger than

√
s the results are valid

for all realizations of the effective operators in Eq. (3.33). Recall that the dimuon signal
from µ+µ− → µ+µ− is able to cover all values explaining the B anomalies [170], see the
previous section. In this case, the inclusion of µ+µ− → bs̄ helps to clarify that the new
physics is indeed what causes the B anomalies.

For λL
22 = 1 a window between HL-LHC and the muon collider setup with

√
s = 3 TeV

may survive, which however will be covered by radiative return µ+µ− → bsγ. For λL
22 =√

4π, the muon collider with
√
s = 6 TeV will rule out most of the favored parameter

space. Combining the HL-LHC and the muon collider sensitivities we observe that there
is only a small corner of the parameter space left.
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Chapter 4

Phenomenology of new Fermions

This section deals with new fermions related to neutrinos. The standard case of super-
heavy see-saw neutrinos is well known and we have little to add. Instead, we will assume
light new states that are accessible in low energy experiments like COHERENT and
KATRIN. Moreover, as an extension to the quark sector we will introduce leptoquarks
that couple to right-handed neutrinos, which are assumed to be dark matter particles.

4.1 Generics

New fermions are typically the most common new particles related to neutrino physics.
The most obvious choice is a right-handed neutrino, for which a Majorana mass term
MR is allowed. Together with the Dirac mass term mD from the L-Φ-NR coupling, light
neutrinos have a Majorana mass given by m2

D/MR and thus are universally suppressed
for all three generations. This is the type I seesaw mechanism [12–16]. While naively
for mD ∼ v and mν ∼ 0.1 eV the new energy scale is MR ∼ 1015 GeV, there are many
ways around this argument. The new fermions do not need to be connected to neutrino
mass, they may have masses much below the close-to-GUT scale, etc. ”Motivated” scales
are keV, where these singlets may be warm dark matter particles, or TeV, where they
may be accessible at colliders or even be WIMPs (if made stable). The right-handed
singlet neutrinos may even be Dirac particles. A summary of limits can be found in Fig.
4.1. Of course, the sterile neutrinos may be part of an UV-complete framework in which
they couple to their own gauge sector. Examples are theories based on gauged B − L, or
left-right symmetric theories.

In this chapter we will discuss three different mass scales, MeV, keV and TeV, and
confront the scenarios with various limits in various processes.
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Figure 4.1: Constraints on the mass of a sterile neutrino and its mixing with electron
neutrinos from a variety of astroparticle and particle physics searches. Taken from [224].

4.2 A new Fermion in Coherent Elastic Neutrino-

Nucleus Scattering

Our first new fermion is called χ and is produced in CEνNS when a neutrino scatters
with a nucleus N [225]:

νN → χN .

To be produced, the mass of χ should not exceed the MeV-scale. The Lagrangian is

L ⊃ yχχ̄Sν + yNN̄SN , (4.1)

where yχ, yN are Yukawa constants and the mediator S is taken to be a scalar for defi-
niteness [97]. In what follows we will discuss the constraints arising from CEνNS on the
relevant parameters, and also investigate the role of χ in neutrino mass generation and in
dark matter.

Let us first derive the CEνNS cross section: toward this end we need a relation between
the recoil energy T and the angle of the outgoing nucleus with respect to the incoming
neutrino:

cos θ =
EνT +MT +m2

χ/2

Eν
√

(M + T )2 −M2
. (4.2)

In Fig. 4.2 we plot the relation for some specific values of mχ. The scattering angle lies
within cos θmax ≤ cos θ ≤ 1, where

cos θmax =
mχ

√
4M (Eν +M)−m2

χ

2MEν
, Tθmax =

Mm2
χ

2MEν −m2
χ + 2M2

. (4.3)
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Figure 4.2: Relation between cos θ and T and a Germanium target hit with a Eν = 5
MeV neutrino. The case mχ = 0 is the standard one. Taken from Ref. [225].

Given a mass of χ, the minimal amount of energy is

Emin
ν = mχ +

m2
χ

2M
. (4.4)

The exchanged scalar S is assumed to be massive with its mass denoted by mS. With
the combined coupling constant y4 = y2

χy
2
N , the dimensionless quantity

K =

(
1 +

T

2M

)(
MT

E2
ν

+
m2
χ

2E2
ν

)
, (4.5)

the definition

ȳ ≡ y√
A
'


√∣∣(0.56yn + 0.44yp)yχ

∣∣ (for Ge target) ,√∣∣(0.58yn + 0.42yp)yχ
∣∣ (for CsI target) ,

(4.6)

where the Yukawa couplings of the scalar S to neutrons and protons are denoted with yn
and yp respectively, the differential cross section reads

dσ

dT
=
|iM|2

32πME2
ν

=
Mȳ4

4πA2 (2MT +m2
S)

2K . (4.7)

Continuing with the production of χ in CEνNS experiments we will focus again on
COHERENT and CONUS, using the same approach as before in Sec. 2.5. In Fig. 4.3 we
present the event excess spectrum for several choices of (ȳ, mχ, mS). The kinks of the red
and blue curves appearing in the right panel at T ' 14 keV are caused by the monochro-
matic muon-neutrino flux in COHERENT. Confronting with existing COHERENT and
prospective CONUS data, in analogy to Sec. 2.5, results in Fig. 4.4. In Fig. 4.5, we show
for an example value the sensitivities of future versions of the experiments together with
their current ones. A discussion on other limits on the scenario can be found in Ref. [225]
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Figure 4.3: Event excess spectrum due to νN → χN in CONUS and COHERENT. Taken
from Ref. [225].

(see also Sec. 2.5), it was found that sizable part of the parameter space is only reachable
by coherent scattering.

Turning to neutrino mass generation, we can supplement the SM particle content with

χ ∼ (1, 1, 0) , NR ∼ (1, 1, 0) , S ∼ (1, 1, 0) , (4.8)

where our convention is Q = I3 + Y/2, and χ and NR are Majorana fermions and S is a
real scalar. The relevant part of the Lagrangian reads

L ⊃ y1N̄RΦ̃†L+
1

2
MNN̄RN

c
R + y2 χ̄Φ̃†L+

1

2
mχχ̄ χ

c + y3 χ̄SN
c
R +M1N̄R χ

c + h.c.,

where yi (i = 1, 2, 3) are Yukawa couplings. After electroweak symmetry breaking, the
neutral fermion mass matrix reads

(
ν̄cL χ̄ N̄R

) 0 y2v y1v

y2v mχ M1

y1v M1 MN

 νL
χc

N c
R

 , (4.9)

where v ≡ 〈Φ0〉 = 174 GeV and we assumed that S does not develop a non-vanishing
vacuum expectation value. As demonstrated in Ref. [225], parameters that are compat-
ible with all available laboratory constraints, and give an observable signal in coherent
scattering, give a neutrino mass of order( mν

0.1 eV

)
' (1− x)

( y1

10−7.25

)2
(

GeV

MN

)
+ x

( y2

10−8.75

)2
(

MeV

mχ

)
. (4.10)

Here, x ∈ [0, 1] denotes relative contribution to the active neutrino mass from χ and NR.

Finally, we can discuss dark matter in our framework. The MeV-scale for DM has re-
cently gained considerable attention, see e.g. [226–231]. To cut the story short, eventually
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Figure 4.4: Constraints (with 90% C.L.) of CONUS (upper panels) and COHERENT
(lower panels) in ȳ −mS (left panels) and ȳ −mχ (right panels) parameter space. Taken
from Ref. [225].

the parameter space leading to CEνNS would require a late-time entropy injection into
the states in the thermal bath, for instance via decays of heavy scalars, in order not to
overproduce the dark matter density.

To sum up, a new fermion coupling to light neutrinos can have interesting phenomenol-
ogy in coherent scattering, contribute to neutrino mass and can have dark matter aspects.

4.3 Prospects for Finding Sterile Neutrino Dark Mat-

ter at KATRIN

Now we will focus on the fermionic DM at keV-scale. This DM candidate, produced
from active neutrinos through oscillations and collisions, was suggested already in the 90s
in the pioneering paper by Dodelson and Widrow [232]. Resonant conversion [233–235]
in the presence of non-zero lepton asymmetries in the early Universe [236], was later
suggested by Shi and Fuller. While the prime dark matter candidate is a WIMP, warm
dark matter may solve some of the issues of cold dark matter scenario. A production of
such a particle in the lab, in beta decay or electron capture, would obviously be of huge
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interest. Making connection with the usual WIMP language, the production of sterile
neutrinos is the analogue of collider searches. The direct detection analogue is probably
too difficult a task as the cross section of non-relativistic sterile neutrinos in terrestrial
detectors is tiny [248–251]. Indirect detection would be achieved by identifying their
decay products, i.e. X-rays. We will not enter here the controversial discussion on the
unidentified photon line at around 3.5 keV [237, 238], see e.g. Refs. [239–242], which can
be interpreted as a decay signal of 7 keV sterile-neutrino dark matter.

In the Dodelson-Widrow scenario, one has [243]

Ωsh
2 ∼ 0.12

(
sin2 2θ

3.5 · 10−9

)(
ms

7 keV

)
, (4.11)

where ms and θ are the sterile neutrino mass and mixing angle, respectively. This has to
be compared to future experimental sensitivities around sin2 2θ ∼ 10−6 for a future setup
of the KATRIN experiment. In its next stage, KATRIN will be equipped with a novel
detector system, TRISTAN [244], which will look at the entire spectrum of the emitted
electrons: in particular, if a keV sterile neutrino is produced in tritium decay, there will
be a kink in the spectrum at an energy equal to the value of ms. From Eq. (4.11), an
observation in TRISTAN would mean that dark matter is overproduced. Moreover, strong
astrophysical constraints [245–247] imply θ2 . 10−10, leaving no chance for TRISTAN to
observe anything. Our goal here is to avoid existing limits on keV-scale dark matter, as
well as to push the mixing angle that generates the dark matter population up to the
scale where future experiments are sensitive.

Starting with X-ray limits, those take advantage of the decay νs → νγ and lead to
limits around sin2 2θ . 10−10 for interesting sterile neutrino masses. We can reduce their
strength by assuming keV-WDM is only part of the DM, the ”cocktail” scenario. We
can also diminish the rate of sterile neutrino decay. To demonstrate this, we introduce a
scalar doublet Σ = (σ0, σ−) ∼ (1, 2,−1). The relevant part of the Lagrangian involving
this state and νs reads

L ⊃ λ ν̄sΣ
†Le + λ′ ēRΣ̃†Le + h.c., (4.12)
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where Le is the electron lepton doublet. Those terms also imply νs → νγ decays; complete
cancellation between the SM and the Σ amplitude occurs when

sin θ =

(−4λλ′

3g2

)
me

ms

m2
WL

m2
Σ

[
Log

(
m2
e

m2
Σ

)
+ 1

]
. (4.13)

Taking mΣ ∼ 1 TeV and sin θ ∼ 10−4, which is in the ballpark of TRISTAN sensitivity,
(4.13) yields λλ′ ' 10−6 for ms ∼ 1 keV. If we do not want Σ to thermalize via coupling to
νs and electrons, reheating should occur at sub-TeV temperatures. Such low-temperature
reheating is consistent with our approach to be discussed next, namely that the production
mechanism for sterile neutrinos stems from active to sterile neutrino oscillations at T .
100 MeV.

Another approach around strong X-ray limits is to decouple DM decay from beta de-
cay [252]. Here, taking left-right symmetric models as an example, beta decay occurs
predominantly via a heavy WR boson. The decay of the keV-scale sterile neutrino DM
can occur via small mixing θ, or via right-handed currents. When the dark matter parti-
cle is the lightest right-handed neutrino, only decays in active SM neutrinos are possible,
which implies that the small mixing is dominant for the decay. DM decay and production
in experiments are therefore decoupled.

Various structure formation, Lyman-α, 21-cm line and supernova bounds suffer from
systematic effects and uncertainties, or do not apply due to the electron flavor we are
interested in, hence only bounds from Milky Way satellite counts [253–255] will be added
to the X-ray ones, see Ref. [256].

For the Dodelson-Widrow scenario the oscillation probability is

〈Pm(να → νs; p, t)〉 =
1

2
sin2 2θM , (4.14)

where θM is the effective mixing angle in the thermal plasma [257]

sin2 2θM =
∆2(p) sin2 2θ

∆2(p) sin2 2θ +D2(p) + [∆(p) cos 2θ − VT (p)− VL(p)]2
. (4.15)

Here ∆(p) ' m2
s/2p, D(p) quantifies loss of coherence due to collisions of νe in the plasma,

and VT (p) is the thermal potential [254,258]:

VT (p, T ) = ±
√

2GF
2 ζ(3)T 3

π2

ηB
4
− 8
√

2GF p

3m2
Z

(ρνe + ρν̄e)−
8
√

2GF p

3m2
W

(ρe− + ρe+) . (4.16)

Here the upper (lower) sign holds for neutrinos (antineutrinos), ζ(x) is the Riemann ζ-
function, ηB = 6.05 × 10−10 is the baryon asymmetry, ρx denotes the energy density
of species x, mZ and mW are masses of weak gauge bosons and GF is the Fermi con-
stant. Finally, VL is the potential related to the lepton asymmetry, which is vanishing for
Dodelson-Widrow production. For the Shi-Fuller case it reads [257]

VL =
4
√

2 ζ(3)

π2
GFT

3 L , (4.17)
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Figure 4.6: Cocktail scenario: X-ray constraints for sterile neutrinos being a subdominant
DM contribution and different critical temperatures. The areas are compared to future
terrestrial experiments. Taken from Ref. [256].

where the lepton asymmetry of number densities nx is defined as L = (nν − nν)/nγ.
For calculating the sterile neutrino DM abundance we employ the sterile-dm code [259]
that incorporates the effects of the QCD phase transition which occurs at temperatures
where DM production peaks, appropriately treats the rapid change of relativistic degrees
of freedom in this temperature range, and treats the evolution of asymmetries properly.
The fact that sterile-dm does only deal with muon neutrinos is no issue, as the rates of
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Figure 4.7: X-ray suppression: X-ray constraints for sterile neutrinos when the decay rate
is reduced. The lines indicate the parameter space in which sterile neutrinos constitute
the total DM abundance for the indicated values of Tc. Stars indicate four benchmark
points, which lie in the future sensitivity region of TRISTAN. Taken from Ref. [256].

electron and muon neutrinos differ by less than 10% [254,260].

As mentioned above, in order to allow TRISTAN to see a signal, we need to avoid X-ray
limits and also avoid the overproduction of dark matter. For the latter necessity we note
that the Dodelson-Widrow production has a peak at T ' 133 (ms/keV)1/3 MeV [257].
Hence, we could try to lower the temperature at which DM production starts, a scale we
call critical temperature Tc. The obvious possibility is that it could simply be the reheating
temperature TRH [261,262]. The lower limit on the reheating temperature stemming from
BBN yields TRH & 4 − 5 MeV [263, 264]. Another possibility not considered here is to
arrange that via a phase transition the sterile neutrino mass at T > Tc either vanishes
or is very large [265]. In this case Tc can attain values smaller than the lower bound for
TRH. Low values of Tc can be useful in e.g. left-right symmetric models [252,266], in which
sterile neutrinos decouple at high temperature due to their gauge interactions, leading to
overclosure of the Universe.

Our analysis will confront the mass and mixing of sterile neutrinos with future con-
straints from Ref. [267]. “KATRIN sensitivity” denotes an expected measurement in the
current version of KATRIN, “TRISTAN sensitivity” is the expectation for the TRIS-
TAN project with 3 years data taking, and “statistical sensitivity” is what in principle
would be possible. For comparison, we will also compare to the final sensitivity of the
ECHo experiment [268], which will use electron capture. While the main focus is on KA-
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Figure 4.8: Scenario with non-zero lepton asymmetries : Sterile neutrino mass and mixing
with Ωsh

2 = 0.12 for Tc = 30 MeV and several lepton asymmetries L. Taken from
Ref. [256].

TRIN/TRISTAN, we display in addition the ambitious future HUNTER project [269],
which will use electron capture of 137Cs in a magneto-optical trap, and in general has
much better prospects of finding keV-scale WDM, if realized.

The results on the sterile neutrino parameter space for reducing its contribution to dark
matter and delaying its production are given in Fig. 4.6 for Tc = 10 GeV (that is, the
standard Dodelson-Widrow scenario), as well as 20, 10, 5 MeV. TRISTAN could discover
sterile neutrino DM if Tc is low enough. Effects of suppressing the X-ray limits due to
a smaller decay rate leads to Fig. 4.7. In order to reach the full sensitivity region of
TRISTAN, the sterile neutrino decay rate should be four orders of magnitude weaker.

Turning to lepton asymmetries, one notes that neutrinos and antineutrinos have an
opposite sign of the lepton asymmetry potential Eq. (4.17). Therefore, one can arrange
the sign of the asymmetry such that antineutrinos, relevant for KATRIN/TRISTAN, are
the dominant DM component. Fig. 4.8 illustrates this option1. For this figure we always
have sterile neutrinos contributing to all of dark matter. TRISTAN is still sensitive in
the region where lines for L 6= 0 start departing from the Dodelson-Widrow line.

Thus, there can be compatibility of a terrestrial discovery of keV-scale sterile neutrinos

1Note that the final values of the asymmetry can in some regions in parameter space be at least
a factor of a few times smaller in comparison to their initial values; this is a consequence of resonant
transitions.
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with their contribution to the DM density and constraints from X-ray searches. One
can use a critical temperature above which production of DM is forbidden or heavily
suppressed. Temperatures of O(10) MeV and a sterile neutrino contribution to DM of
1−10% of the total DM abundance would make TRISTAN sensitive. Alternatively, sterile
neutrino decay rates could be suppressed by four orders of magnitude in order get rid of
X-ray limits, and to make TRISTAN find them, while at the same time sterile neutrinos
could account for the total DM density.

4.4 An Extension to the Quark Sector: Leptoquarks

and Fermion Singlets

This section deals with a method to couple right-handed singlet fermions to quarks by
introducing leptoquarks. We focus on coupling to third-generation quarks, which avoids
many constraints, and also allows, in contrast to many other models, a valid and consistent
dark matter effective field theory (EFT) [270]. As sterile neutrinos of sizable mass are
perfect WIMPs, we assume that they are stable enough to be DM, which can be realized
by a Z2 symmetry. Therefore, the sterile neutrinos are, in absence of additional input,
not involved in neutrino mass generation.

Leptoquarks are color-triplet bosons that carry both lepton and baryon numbers [271];
they have recently re-surfaced to explain flavor anomalies [272,273]. Here we only consider
the scalar leptoquark S ′′1 ≡ S ∼ (3̄, 1,−4

3
) and the vector leptoquark U ′′1 ≡ U ∼ (3̄, 1,−2

3
),

which only couple to the SM if there are sterile neutrinos. We will assume here baryon
number violation, which rules out the coupling ddcS, which may lead to proton decay
when combined with other couplings of S. We also ignore Higgs-portal-like terms of the
form XX†ΦΦ†, where X is any of the leptoquarks. Moreover, as already mentioned, we
want our leptoquarks to couple to third generation particles only.

Starting with the scalar S, the Lagrangian reads

LLQ = −m2
SS
†S + (DµS)†DµS + xt tcRN S + x∗t (S)†NtcR , (4.18)

where the coupling to gluons is determined by

Dµ = ∂µ + igsT
aGa

µ . (4.19)

Since S has top-like quantum numbers, it behaves like a top squark [274]. We need to
assume that S is odd under the stabilising Z2, because otherwise the Yukawa term in Eq.
(4.18) is not allowed. The dark matter particles N could be either Dirac or Majorana,
which has impact on the constraints. Fixing the coupling only to top quarks is not stable
under RG effects, but it can be shown that up and charm quark couplings are at most of
the order 10−7xt [275]. We continue by discussing the constraints on the scenario.

We implement the model via FeynRules [276] and calculate the DM relic density after
freeze-out using micrOMEGAs [277–280]. In Fig. 4.9 we give for Dirac and Majorana singlets
constraints onmN andmS, fixing at each point |xt| such that the observed DM relic density
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Figure 4.9: Contours of |xt| in the mN -mS-plane producing the correct relic abundance.
Constraints from indirect and direct detection are very weak for Majorana neutrinos. In
the case of Dirac neutrinos, direct detection limits from XENON1T are shown in teal.
CMS limits are shown in red, perturbativity of the coupling and validity of the EFT
description (mS < 3mN in orange, mS < mN in light orange) are also indicated.

is obtained. We find that as long as mS > mN , the freeze-out can be described by effective
four-fermion operators. Other limits included are perturbativity |xt| >

√
4π ' 3.5, and

collider bounds from a CMS stop search [281] (see Ref. [282] for a very similar ATLAS
search). While that analyses assume stop decays into neutralinos and tops, it applies to
our case. As can be concluded from Ref. [283], current constraints from annihilation in
dwarf spheroidal galaxies are consistent with the full DM mass range that we consider,
if only annihilation into fermion pairs is considered. Regarding such indirect detection,
gamma ray searches from DM annihilation in by Fermi-LAT [284] can be used, applying
the spectra from [285] and J-factors from [286]. The result from Ref. [287] on annihilations
into gluons, NN → gg, are also relevant in the Majorana case for certain parameter
configurations. The annihilation cross sections for NN → ff of Dirac (proportional
to m2

N) and Majorana neutrinos (proportional to m2
f ) are different, hence the indirect

detection limits are different in Fig. 4.9. Regarding direct detection, note that we assume
coupling to third generation particles only. At higher order, coupling to gluons or first
generation particles is generated. As there is no vector current for Majoranas, only weak
limits apply for this case. For Dirac, higher order limits generate a b-coupling dominating
effects for protons, while in the scenario of t-coupling the neutron coupling dominates.
Our scenarios also imply an effective NNΦΦ coupling; this Higgs-portal is constrained
by direct detection constraints from XENON1T [288]. Gluon coupling NNGG is another
operator that may exist, but is is suppressed for heavy particles in the loop.

To briefly summarize, a neutral fermion singlet that couples via scalar leptoquarks to
t-quarks can have masses as low as the weak scale, while the leptoquark mass should
exceed the TeV-scale.

Turning to the vector leptoquark U ≡ U ′′1 ∼ (3, 1, 2/3), the Lagrangian for its coupling
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Figure 4.10: Contours of |xb| in the mN -mU -plane producing the correct relic abundance.
Constraints from indirect and direct detection are very weak. CMS limits are shown in
red, perturbativity of the coupling and validity of the EFT description (mS < 3mN in
orange, mS < mN in light orange) are also indicated.

reads

LLQ = m2
UU
†
µU

µ − 1

2
(Uµν)†Uµν − igSκU †µT aUνGa

µν

+ xb bRγµNR U
µ + x∗b U

†µNRγµbR ,
(4.20)

where again only the third generation is considered, and

Uµν = DµUν −DνUµ and Dµ = ∂µ + igsT
aGa

µ . (4.21)

The origin of the leptoquark fixes the parameter κ to one or zero. As the scalar, we
assume that U is also odd under the Z2 symmetry, otherwise the second line in Eq. (4.20)
is not allowed. In Fig. 4.10 we plot the sterile neutrino mass mN versus mU , in analogy2

to Fig. 4.9, fixing in particular at each point |xb| such that the observed DM relic density
is obtained.

Again, we can summarize that there exists parameter space for a neutral fermion singlet
that couples via vector leptoquarks to b-quarks, in which a consistent EFT description is
possible. The sterile neutrino DM mass in the Majorana case needs to exceed 77 GeV for
κ = 0 and 123 GeV for κ = 1.

2We apply a CMS vector-leptoquark search from Ref. [289], which however looks for decays into a
massless neutrino and a bottom quark. We use the results of the scalar leptoquarks [281] as guiding
principle to extend the curves to the case of massive N . A dedicated collider study of a vector leptoquark
coupling to massive neutral fermions would be worthwhile.
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Chapter 5

Summary

Neutrinos are special particles that are likely connected to new physics. While neutrino
physics has entered the precision era, the values of all its standard parameters, its nature
under self-conjugacy, the origin of its mass, its flavor distribution and its interactions with
SM and BSM particles is far from settled or even completely unknown. This summary
of some of my recent research work featured examples on new particles that couple to
neutrinos: scalars, vectors and fermions. The constraints on these frameworks use exist-
ing, upcoming, intermediate and far future facilities and observations. Different flavors are
used, and both low and high energy processes are crucial. The experiments or observations
are either pure neutrino physics facilities, or the limits of interest are set as a byproduct;
the experiments are also of large scale or small scale. This richness and broadness of
phenomenology is connected to the richness and broadness of neutrino physics.

We have encountered tests and effects of new particles in cosmology, astroparticle,
nuclear and particle physics. Motivation for the scalar, vector and fermionic particles
that we considered can come from observational issues like the Hubble discrepancy, dark
matter or neutrino mass considerations, the observed flavor content in the lepton sector,
anomaly-free models, anomalies in meson decays or g − 2, or by generic new particle
content in in BSM scenarios. Unique properties of neutrinos allow to set unique limits
from a variety of places. At the same time, the new interactions would have spectacular
consequences in a variety of neutrino sources.

The limited amount of examples that could be given here is illustrative for the many
new physics options of neutrinos. Other examples not discussed here are new charged
particles coupling to neutrinos, electromagnetic features such as millicharge or magnetic
moments, effective interactions in EFT language, extra-dimensional features, coupling to
dark energy or ultralight dark matter, etc. Here another layer of tests and possibilities
would enter.

The next decade will be crucial to test the various standard and non-standard neutrino
features, and the results are very likely to help in developing our new picture of Nature.
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interactions, and cosmological tensions,” Phys. Rev. D 101 (2020) no. 12, 123505,
arXiv:1902.00534.

[56] F.-Y. Cyr-Racine and K. Sigurdson, “Limits on Neutrino-Neutrino Scattering in
the Early Universe,” Phys. Rev. D 90 (2014) no. 12, 123533, arXiv:1306.1536.

56

http://dx.doi.org/10.1103/PhysRevLett.95.161801
http://arxiv.org/abs/hep-ph/0506296
http://dx.doi.org/10.1016/0370-2693(80)90349-4
http://dx.doi.org/10.1103/PhysRevD.73.077301
http://arxiv.org/abs/hep-ph/0601225
http://dx.doi.org/10.1016/0550-3213(86)90475-X
http://dx.doi.org/10.1016/0550-3213(86)90475-X
http://dx.doi.org/10.1016/0370-2693(88)91584-5
http://dx.doi.org/10.1016/0370-2693(88)91584-5
http://dx.doi.org/10.3847/0004-637X/826/1/56
http://arxiv.org/abs/1604.01424
http://dx.doi.org/10.1093/mnrasl/sly239
http://arxiv.org/abs/1810.02595
http://arxiv.org/abs/1810.03526
http://dx.doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/1807.06209
http://dx.doi.org/10.3847/1538-4357/ab1422
http://arxiv.org/abs/1903.07603
http://arxiv.org/abs/2107.10291
http://dx.doi.org/10.1088/1475-7516/2017/07/033
http://arxiv.org/abs/1704.06657
http://dx.doi.org/10.1103/PhysRevD.101.123505
http://arxiv.org/abs/1902.00534
http://dx.doi.org/10.1103/PhysRevD.90.123533
http://arxiv.org/abs/1306.1536


BIBLIOGRAPHY

[57] I. M. Oldengott, T. Tram, C. Rampf, and Y. Y. Y. Wong, “Interacting neutrinos
in cosmology: exact description and constraints,” JCAP 11 (2017) 027,
arXiv:1706.02123.

[58] M. Park, C. D. Kreisch, J. Dunkley, B. Hadzhiyska, and F.-Y. Cyr-Racine,
“ΛCDM or self-interacting neutrinos: How CMB data can tell the two models
apart,” Phys. Rev. D100 (2019) no. 6, 063524, arXiv:1904.02625.

[59] J. Hasenkamp, “Neutrino self-interactions,” Phys. Rev. D93 (2016) no. 5, 055033,
arXiv:1604.04742.

[60] G.-y. Huang, T. Ohlsson, and S. Zhou, “Observational Constraints on Secret
Neutrino Interactions from Big Bang Nucleosynthesis,” Phys. Rev. D 97 (2018)
no. 7, 075009, arXiv:1712.04792.

[61] P. Bakhti, Y. Farzan, and M. Rajaee, “Secret interactions of neutrinos with light
gauge boson at the DUNE near detector,” Phys. Rev. D99 (2019) no. 5, 055019,
arXiv:1810.04441.

[62] N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D. McDermott, “Constraining the
Self-Interacting Neutrino Interpretation of the Hubble Tension,” Phys. Rev. Lett.
123 (2019) no. 19, 191102, arXiv:1905.02727.

[63] A. De Gouva, M. Sen, W. Tangarife, and Y. Zhang, “The Dodelson-Widrow
Mechanism In the Presence of Self-Interacting Neutrinos,” arXiv:1910.04901.

[64] A. Das, A. Dighe, and M. Sen, “New effects of non-standard self-interactions of
neutrinos in a supernova,” JCAP 05 (2017) 051, arXiv:1705.00468.

[65] A. Dighe and M. Sen, “Nonstandard neutrino self-interactions in a supernova and
fast flavor conversions,” Phys. Rev. D97 (2018) no. 4, 043011, arXiv:1709.06858.

[66] H. Ko et al., “Neutrino self-interaction and MSW effects on the supernova
neutrino-process,” JPS Conf. Proc. 31 (2020) 011027, arXiv:1903.02086.

[67] S. Shalgar, I. Tamborra, and M. Bustamante, “Core-collapse supernovae stymie
secret neutrino interactions,” Phys. Rev. D 103 (2021) no. 12, 123008,
arXiv:1912.09115.

[68] F. Forastieri, M. Lattanzi, and P. Natoli, “Cosmological constraints on neutrino
self-interactions with a light mediator,” Phys. Rev. D 100 (2019) no. 10, 103526,
arXiv:1904.07810.

[69] K.-F. Lyu, E. Stamou, and L.-T. Wang, “Self-interacting neutrinos: Solution to
Hubble tension versus experimental constraints,” Phys. Rev. D 103 (2021) no. 1,
015004, arXiv:2004.10868.

57

http://dx.doi.org/10.1088/1475-7516/2017/11/027
http://arxiv.org/abs/1706.02123
http://dx.doi.org/10.1103/PhysRevD.100.063524
http://arxiv.org/abs/1904.02625
http://dx.doi.org/10.1103/PhysRevD.93.055033
http://arxiv.org/abs/1604.04742
http://dx.doi.org/10.1103/PhysRevD.97.075009
http://dx.doi.org/10.1103/PhysRevD.97.075009
http://arxiv.org/abs/1712.04792
http://dx.doi.org/10.1103/PhysRevD.99.055019
http://arxiv.org/abs/1810.04441
http://dx.doi.org/10.1103/PhysRevLett.123.191102
http://dx.doi.org/10.1103/PhysRevLett.123.191102
http://arxiv.org/abs/1905.02727
http://arxiv.org/abs/1910.04901
http://dx.doi.org/10.1088/1475-7516/2017/05/051
http://arxiv.org/abs/1705.00468
http://dx.doi.org/10.1103/PhysRevD.97.043011
http://arxiv.org/abs/1709.06858
http://dx.doi.org/10.7566/JPSCP.31.011027
http://arxiv.org/abs/1903.02086
http://dx.doi.org/10.1103/PhysRevD.103.123008
http://arxiv.org/abs/1912.09115
http://dx.doi.org/10.1103/PhysRevD.100.103526
http://arxiv.org/abs/1904.07810
http://dx.doi.org/10.1103/PhysRevD.103.015004
http://dx.doi.org/10.1103/PhysRevD.103.015004
http://arxiv.org/abs/2004.10868


Bibliography

[70] F. F. Deppisch, L. Graf, W. Rodejohann, and X.-J. Xu, “Neutrino
Self-Interactions and Double Beta Decay,” Phys. Rev. D 102 (2020) no. 5, 051701,
arXiv:2004.11919.

[71] M. J. Dolinski, A. W. P. Poon, and W. Rodejohann, “Neutrinoless Double-Beta
Decay: Status and Prospects,” Ann. Rev. Nucl. Part. Sci. 69 (2019) 219–251,
arXiv:1902.04097.

[72] J. Barea, J. Kotila, and F. Iachello, “0νββ and 2νββ nuclear matrix elements in
the interacting boson model with isospin restoration,” Phys. Rev. C91 (2015)
no. 3, 034304, arXiv:1506.08530.

[73] J. Menendez, “Neutrinoless ββ decay mediated by the exchange of light and heavy
neutrinos: The role of nuclear structure correlations,” J. Phys. G45 (2018) no. 1,
014003, arXiv:1804.02105.

[74] J. Hyvarinen and J. Suhonen, “Nuclear matrix elements for 0νββ decays with light
or heavy Majorana-neutrino exchange,” Phys. Rev. C91 (2015) no. 2, 024613.

[75] T. Brune and H. Päs, “Massive Majorons and constraints on the Majoron-neutrino
coupling,” Phys. Rev. D 99 (2019) no. 9, 096005, arXiv:1808.08158.

[76] NEMO-3, R. Arnold et al., “Detailed studies of 100Mo two-neutrino double beta
decay in NEMO-3,” Eur. Phys. J. C79 (2019) no. 5, 440, arXiv:1903.08084.

[77] C. Pitrou, A. Coc, J.-P. Uzan, and E. Vangioni, “Precision big bang
nucleosynthesis with improved Helium-4 predictions,” Phys. Rept. 754 (2018)
1–66, arXiv:1801.08023.

[78] G.-y. Huang and W. Rodejohann, “Solving the Hubble tension without spoiling Big
Bang Nucleosynthesis,” Phys. Rev. D 103 (2021) 123007, arXiv:2102.04280.

[79] A. Mazumdar, S. Mohanty, and P. Parashari, “Flavour specific neutrino
self-interaction: H0 tension and IceCube,” arXiv:2011.13685.

[80] A. Arbey, “AlterBBN: A program for calculating the BBN abundances of the
elements in alternative cosmologies,” Comput. Phys. Commun. 183 (2012)
1822–1831, arXiv:1106.1363.

[81] A. Arbey, J. Auffinger, K. P. Hickerson, and E. S. Jenssen, “AlterBBN v2: A
public code for calculating Big-Bang nucleosynthesis constraints in alternative
cosmologies,” Comput. Phys. Commun. 248 (2020) 106982, arXiv:1806.11095.

[82] V. Brdar, M. Lindner, S. Vogl, and X.-J. Xu, “Revisiting neutrino self-interaction
constraints from Z and τ decays,” Phys. Rev. D 101 (2020) no. 11, 115001,
arXiv:2003.05339.

58

http://dx.doi.org/10.1103/PhysRevD.102.051701
http://arxiv.org/abs/2004.11919
http://dx.doi.org/10.1146/annurev-nucl-101918-023407
http://arxiv.org/abs/1902.04097
http://dx.doi.org/10.1103/PhysRevC.91.034304
http://dx.doi.org/10.1103/PhysRevC.91.034304
http://arxiv.org/abs/1506.08530
http://dx.doi.org/10.1088/1361-6471/aa9bd4
http://dx.doi.org/10.1088/1361-6471/aa9bd4
http://arxiv.org/abs/1804.02105
http://dx.doi.org/10.1103/PhysRevC.91.024613
http://dx.doi.org/10.1103/PhysRevD.99.096005
http://arxiv.org/abs/1808.08158
http://dx.doi.org/10.1140/epjc/s10052-019-6948-4
http://arxiv.org/abs/1903.08084
http://dx.doi.org/10.1016/j.physrep.2018.04.005
http://dx.doi.org/10.1016/j.physrep.2018.04.005
http://arxiv.org/abs/1801.08023
http://dx.doi.org/10.1103/PhysRevD.103.123007
http://arxiv.org/abs/2102.04280
http://arxiv.org/abs/2011.13685
http://dx.doi.org/10.1016/j.cpc.2012.03.018
http://dx.doi.org/10.1016/j.cpc.2012.03.018
http://arxiv.org/abs/1106.1363
http://dx.doi.org/10.1016/j.cpc.2019.106982
http://arxiv.org/abs/1806.11095
http://dx.doi.org/10.1103/PhysRevD.101.115001
http://arxiv.org/abs/2003.05339


BIBLIOGRAPHY

[83] M. Bustamante, C. Rosenstrøm, S. Shalgar, and I. Tamborra, “Bounds on secret
neutrino interactions from high-energy astrophysical neutrinos,” Phys. Rev. D 101
(2020) no. 12, 123024, arXiv:2001.04994.

[84] K. N. Abazajian and J. Heeck, “Observing Dirac neutrinos in the cosmic
microwave background,” Phys. Rev. D 100 (2019) 075027, arXiv:1908.03286.

[85] X. Luo, W. Rodejohann, and X.-J. Xu, “Dirac neutrinos and Neff ,” JCAP 06
(2020) 058, arXiv:2005.01629.

[86] L. Husdal, “On Effective Degrees of Freedom in the Early Universe,” Galaxies 4
(2016) no. 4, 78, arXiv:1609.04979.

[87] X. Luo, W. Rodejohann, and X.-J. Xu, “Dirac neutrinos and Neff . Part II. The
freeze-in case,” JCAP 03 (2021) 082, arXiv:2011.13059.

[88] Planck, Y. Akrami et al., “Planck 2018 results. I. Overview and the cosmological
legacy of Planck,” arXiv:1807.06205.

[89] Simons Observatory, M. H. Abitbol et al., “The Simons Observatory:
Astro2020 Decadal Project Whitepaper,” Bull. Am. Astron. Soc. 51 (2019) 147,
arXiv:1907.08284.

[90] SPT-3G, B. Benson et al., “SPT-3G: A Next-Generation Cosmic Microwave
Background Polarization Experiment on the South Pole Telescope,” Proc. SPIE
Int. Soc. Opt. Eng. 9153 (2014) 91531P, arXiv:1407.2973.

[91] CMB-S4, K. N. Abazajian et al., “CMB-S4 Science Book, First Edition,”
arXiv:1610.02743.

[92] K. Abazajian et al., “CMB-S4 Science Case, Reference Design, and Project Plan,”
arXiv:1907.04473.

[93] D. Z. Freedman, “Coherent Neutrino Nucleus Scattering as a Probe of the Weak
Neutral Current,” Phys. Rev. D9 (1974) 1389–1392.

[94] D. Z. Freedman, D. N. Schramm, and D. L. Tubbs, “The Weak Neutral Current
and Its Effects in Stellar Collapse,” Ann. Rev. Nucl. Part. Sci. 27 (1977) 167–207.

[95] D. K. Papoulias and T. S. Kosmas, “Standard and Nonstandard Neutrino-Nucleus
Reactions Cross Sections and Event Rates to Neutrino Detection Experiments,”
Adv. High Energy Phys. 2015 (2015) 763648, arXiv:1502.02928.

[96] M. Lindner, W. Rodejohann, and X.-J. Xu, “Coherent Neutrino-Nucleus Scattering
and new Neutrino Interactions,” JHEP 03 (2017) 097, arXiv:1612.04150.

[97] Y. Farzan, M. Lindner, W. Rodejohann, and X.-J. Xu, “Probing neutrino coupling
to a light scalar with coherent neutrino scattering,” JHEP 05 (2018) 066,
arXiv:1802.05171.

59

http://dx.doi.org/10.1103/PhysRevD.101.123024
http://dx.doi.org/10.1103/PhysRevD.101.123024
http://arxiv.org/abs/2001.04994
http://dx.doi.org/10.1103/PhysRevD.100.075027
http://arxiv.org/abs/1908.03286
http://dx.doi.org/10.1088/1475-7516/2020/06/058
http://dx.doi.org/10.1088/1475-7516/2020/06/058
http://arxiv.org/abs/2005.01629
http://dx.doi.org/10.3390/galaxies4040078
http://dx.doi.org/10.3390/galaxies4040078
http://arxiv.org/abs/1609.04979
http://dx.doi.org/10.1088/1475-7516/2021/03/082
http://arxiv.org/abs/2011.13059
http://arxiv.org/abs/1807.06205
http://arxiv.org/abs/1907.08284
http://dx.doi.org/10.1117/12.2057305
http://dx.doi.org/10.1117/12.2057305
http://arxiv.org/abs/1407.2973
http://arxiv.org/abs/1610.02743
http://arxiv.org/abs/1907.04473
http://dx.doi.org/10.1103/PhysRevD.9.1389
http://dx.doi.org/10.1146/annurev.ns.27.120177.001123
http://dx.doi.org/10.1155/2015/763648
http://arxiv.org/abs/1502.02928
http://dx.doi.org/10.1007/JHEP03(2017)097
http://arxiv.org/abs/1612.04150
http://dx.doi.org/10.1007/JHEP05(2018)066
http://arxiv.org/abs/1802.05171


Bibliography

[98] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov, “Dark matter direct
detection rate in a generic model with micrOMEGAs 2.2,” Comput. Phys.
Commun. 180 (2009) 747–767, arXiv:0803.2360.

[99] A. Crivellin, M. Hoferichter, and M. Procura, “Accurate evaluation of hadronic
uncertainties in spin-independent WIMP-nucleon scattering: Disentangling two-
and three-flavor effects,” Phys. Rev. D89 (2014) 054021, arXiv:1312.4951.

[100] M. Hoferichter, J. Ruiz de Elvira, B. Kubis, and U.-G. Meissner, “High-Precision
Determination of the Pion-Nucleon Term from Roy-Steiner Equations,” Phys.
Rev. Lett. 115 (2015) 092301, arXiv:1506.04142.

[101] P. Junnarkar and A. Walker-Loud, “Scalar strange content of the nucleon from
lattice QCD,” Phys. Rev. D87 (2013) 114510, arXiv:1301.1114.

[102] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, “Remarks on Higgs Boson
Interactions with Nucleons,” Phys. Lett. 78B (1978) 443–446.

[103] Particle Data Group, C. Patrignani et al., “Review of Particle Physics,” Chin.
Phys. C40 (2016) no. 10, 100001.

[104] COHERENT, D. Akimov et al., “Observation of Coherent Elastic
Neutrino-Nucleus Scattering,” Science 357 (2017) no. 6356, 1123–1126,
arXiv:1708.01294.

[105] D. Akimov et al., “Measurement of the Coherent Elastic Neutrino-Nucleus
Scattering Cross Section on CsI by COHERENT,” arXiv:2110.07730.

[106] COHERENT, D. Akimov et al., “First Measurement of Coherent Elastic
Neutrino-Nucleus Scattering on Argon,” Phys. Rev. Lett. 126 (2021) no. 1,
012002, arXiv:2003.10630.

[107] CONUS, H. Bonet et al., “Constraints on Elastic Neutrino Nucleus Scattering in
the Fully Coherent Regime from the CONUS Experiment,” Phys. Rev. Lett. 126
(2021) no. 4, 041804, arXiv:2011.00210.

[108] CONUS, H. Bonet et al., “Novel constraints on neutrino physics beyond the
standard model from the CONUS experiment,” arXiv:2110.02174.

[109] R. Strauss et al., “The ν-cleus experiment: A gram-scale fiducial-volume cryogenic
detector for the first detection of coherent neutrino-nucleus scattering,” Eur. Phys.
J. C77 (2017) 506, arXiv:1704.04320.

[110] CONNIE, A. Aguilar-Arevalo et al., “The CONNIE experiment,” J. Phys. Conf.
Ser. 761 (2016) no. 1, 012057, arXiv:1608.01565.

[111] MINER, G. Agnolet et al., “Background Studies for the MINER Coherent
Neutrino Scattering Reactor Experiment,” Nucl. Instrum. Meth. A 853 (2017)
53–60, arXiv:1609.02066.

60

http://dx.doi.org/10.1016/j.cpc.2008.11.019
http://dx.doi.org/10.1016/j.cpc.2008.11.019
http://arxiv.org/abs/0803.2360
http://dx.doi.org/10.1103/PhysRevD.89.054021
http://arxiv.org/abs/1312.4951
http://dx.doi.org/10.1103/PhysRevLett.115.092301
http://dx.doi.org/10.1103/PhysRevLett.115.092301
http://arxiv.org/abs/1506.04142
http://dx.doi.org/10.1103/PhysRevD.87.114510
http://arxiv.org/abs/1301.1114
http://dx.doi.org/10.1016/0370-2693(78)90481-1
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1126/science.aao0990
http://arxiv.org/abs/1708.01294
http://arxiv.org/abs/2110.07730
http://dx.doi.org/10.1103/PhysRevLett.126.012002
http://dx.doi.org/10.1103/PhysRevLett.126.012002
http://arxiv.org/abs/2003.10630
http://dx.doi.org/10.1103/PhysRevLett.126.041804
http://dx.doi.org/10.1103/PhysRevLett.126.041804
http://arxiv.org/abs/2011.00210
http://arxiv.org/abs/2110.02174
http://dx.doi.org/10.1140/epjc/s10052-017-5068-2
http://dx.doi.org/10.1140/epjc/s10052-017-5068-2
http://arxiv.org/abs/1704.04320
http://dx.doi.org/10.1088/1742-6596/761/1/012057
http://dx.doi.org/10.1088/1742-6596/761/1/012057
http://arxiv.org/abs/1608.01565
http://dx.doi.org/10.1016/j.nima.2017.02.024
http://dx.doi.org/10.1016/j.nima.2017.02.024
http://arxiv.org/abs/1609.02066


BIBLIOGRAPHY

[112] H. T. Wong, “Neutrino-nucleus coherent scattering and dark matter searches with
sub-keV germanium detector,” Nucl. Phys. A844 (2010) 229C–233C.

[113] V. Belov et al., “The νGeN experiment at the Kalinin Nuclear Power Plant,”
JINST 10 (2015) no. 12, P12011.

[114] J. Billard et al., “Coherent Neutrino Scattering with Low Temperature Bolometers
at Chooz Reactor Complex,” J. Phys. G 44 (2017) no. 10, 105101,
arXiv:1612.09035.

[115] P. Galison and A. Manohar, “Two Z’s or not two Z’s?,” Phys. Lett. 136B (1984)
279–283.

[116] B. Holdom, “Two U(1)’s and ε Charge Shifts,” Phys. Lett. 166B (1986) 196–198.

[117] T. Araki, J. Heeck, and J. Kubo, “Vanishing Minors in the Neutrino Mass Matrix
from Abelian Gauge Symmetries,” JHEP 07 (2012) 083, arXiv:1203.4951.

[118] J. Heeck, Neutrinos and Abelian Gauge Symmetries. PhD thesis, Heidelberg U.,
2014.

[119] L. N. Chang, O. Lebedev, W. Loinaz, and T. Takeuchi, “Constraints on gauged
B − 3Lτ and related theories,” Phys. Rev. D63 (2001) 074013,
arXiv:hep-ph/0010118.
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