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We are mayflies enjoying a flicker of life in the
world, and as infinitesimal as a grain in the sea.
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"I think I can safely say that
nobody understands quantum mechanics”

—— Richard P. Feynman
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Chapter 1

Introduction

1.1 The Standard Model

The Standard Model (SM) of particle physics is described in the framework of quantum field
theory and explains nearly all phenomena in particle physics. The SM Lagrangian is symmetric
under SU(3).xSU(2),xU(1)y gauge symmetries and Lorentz symmetry, which strongly restricts
how SM fields can interact. The SU(2)r, x U(1)y group describes the electroweak interaction for
three generations of quarks and leptons. The left-handed up-type quarks and left-handed down-
type quarks form three SU(2)r, doublets, and the left-handed charged leptons and (left-handed)
neutrinos also form three SU(2);, doublets. We write the doublets as

VeJ, VL Vsl ur, cr tr
L= © , H , ,Q = , , . 1.1
L) ()G o= i) () (i) g o
The remaining right-handed quarks and leptons, which are singlets under SU(2); group, are
given by
Er = {er, pr, 7R} ,Ur = {uR,cr,tr}, Dr = {dr, sr,br} - (1.2)

In the original form of the SM no right-handed neutrino fields were necessary. The strong force is
described by the SU(3). group, under which quarks transform as triplets and cary a color charge.
Apart from these fermions, there are also force carriers, the photon mediating the electromagnetic
force, W and Z bosons mediating the weak interaction, and the gluons mediating the strong force.
Finally, the Higgs boson is the excitation of the Higgs field that plays a crucial role in giving
masses to W and Z bosons and fermions.

The SM has passed a large amount of experimental tests from high-energy collider physics
to low-energy precision physics. It has been really successful in explaining the electroweak
interactions, the QCD asymptotic freedom, the weak CP violation, etc. Moreover, a new era
of particle physics has started since the discovery of a Higgs-like particle at the LHC [1], which
verifies the existence of the last particle predicted in the SM. Currently the measurements of the
Higgs-like scalar show that it behaves like the SM Higgs boson and no significant deviation from
the SM has been found. The SM seems to be the ultimate theory in particle physics. However,
there are still some observations the SM can not explain and therefore one can doubt if the SM
is valid at all energy scales.

The SM fermions become massive via the Higgs mechanism, where the left-handed particles
couple to their corresponding right-handed partner via the Yukawa interactions. After elec-
troweak symmetry breaking (EWSB), the Higgs field gets a vacuum expectation value (VEV)
leading to massive fermions. Without right-handed neutrino fields, neutrinos are predicted to

9



10 CHAPTER 1. INTRODUCTION

be massless. However, the neutrino oscillation experiments have definitely shown that neutrinos
do have masses and this observation requires an extension of the original SM. A second problem
of the SM is the nature of dark matter. Evidence from astrophysical and cosmological measure-
ments (galaxy rotation curves, cosmic microwave background, velocity dispersions, etc.) suggest
that about 23% of the energy content of the universe is dark matter [2] but no SM particle
has the right properties to actually be dark matter. A third problem of the SM is the baryon
asymmetry of the universe. There is much more matter than antimatter in the universe. For
instance, from Big-Bang Nucleosynthesis (BBN) it is possible to extract the baryon asymmetry
of the universe [3]

Y = ”SB = (8.59+0.11) x 10711, (1.3)

where s and np are the entropy and baryon density, respectively. This number is defined in such
a way that it is invariant during the evolution of the universe. This small Yp can be roughly
understood in a way that, in the early universe, for every 1010 antiparticles, there are (100 + 1)
particles. Sakharov suggested that this asymmetry was dynamically generated through particle
physics in the early universe and he listed three necessary conditions for baryogenesis [4]. They
are baryon number violation, C' and C'P violation, and a departure from thermal equilibrium.
The SM does not satisfy two of these criteria. Baryon number violation can be induced via
sphaleron process [5,6]. While a strong first-order electroweak phase transition would lead to
out-of-equilibrium conditions, it seems that the SM electroweak phase transition is not first order.
While the SM contains C'P violation, it is not enough to explain the baryon asymmetry [7,8§].
The above problems together imply that there should be physics beyond-the-SM (BSM). Some
hints for such BSM physics have actually been accumulating in various precision experiments.
Examples are anomalies in the W-boson mass [9], the magnetic dipole moment of the muon [10],
and universality of lepton flavor [11-13]. While exciting, these anomalies have not reached the
threshold of a discovery and might go away with more data or might be caused by underestimated
theoretical or experimental uncertainties.

1.2 Beyond the Standard Model and effective field theories

Motivated by the problems mentioned above, physicists have proposed various BSM models,
which usually contain new particles or new interactions. Since no obvious deviations from the
SM have been found, the effects of new physics on experiments should be small to avoid being
detected. Hence in general the BSM models contain heavy BSM particles, which can not be
produced in current experiments, and/or the coupling of the interactions with the SM particles
is small.

In the case of heavy BSM particles, it is possible to ‘integrate them out’ to obtain an effective
field theory (EFT). Let us consider the famous Fermi theory as an example. The weak interaction
is mediated by the W boson or Z boson and its predictions have been well tested. However it is
possible and much easier to describe the weak interaction at low energies in a new theory without
the heavy bosons. In many experiments, the typical energy scale lies far below the masses of the
heavy electroweak gauge bosons. We can use a simpler theory, called Fermi theory, to describe
the weak process by an effective interaction containing four fermions. The effect of heavy bosons
is hidden in the coeflicient of the four-fermion operator, typically called the Wilson coefficient
(in this case, the Fermi constant Gr). There are two different methods to figure out the value of
the Wilson coefficient. The first method is to compute the coefficient from a more fundamental
theory: we match the SM weak interaction to the Fermi theory and read off the value of G
in terms of the fundamental SM parameters. In the second method, we do not need to know



1.2. BEYOND THE STANDARD MODEL AND EFFECTIVE FIELD THEORIES 11

Figure 1.1: Two possible diagrams for the LNV kaon decays. Left panel: the mechanism via the
exchange of a light Majorana sterile neutrino; right panel: similar to the left but with a heavy
Majorana sterile neutrino.

the SM weak interaction at all, instead we fit the Wilson coefficient to data (this was of course
historically how G was obtained).

Another example is the lepton-number-violating (LNV) kaon decays, which we will discuss
further in this thesis. In this process the kaon K~ decays into two electrons and one pion
7 through the exchange of a Majorana sterile neutrino (see the first diagram of Fig. 1.1).
We can divide this LNV process into two parts. The kaon K~ decays into an electron and
a Majorana sterile neutrino, and then the sterile neutrino decays into another electron and a
pion 7+. The amplitude is proportional to (;2”_1#7 which is induced from the propagator of the
mediated neutrino. Here, ¢ is the momentum of the mediated neutrino and m,, is its mass. Part
of the momentum of the kaon transfers to the sterile neutrino and it is of order of hundreds of
MeV in the rest-frame of the kaon. If the mass of the sterile neutrino is much larger than the
kaon mass, which means m, > ¢, the amplitude becomes proportional to —1/m,,, which does
not rely on the momentum ¢q. Then we can describe this LNV decay by a new theory, which is
represented in the second diagram of Fig. 1.1. In the new theory, this LNV process is induced by
an effective contact interaction without the sterile neutrino and the calculation is much easier
than that in the old theory. The effect of the sterile neutrino is hidden in the coefficient of this
effective operator, which is proportional to 1/m,,.

The effective theories are based on the idea that physics at different scales can be described
separately and independently without having to describe all of them at the same time. At the
largest scale, cosmology and astrophysics are described by general relativity. At the scale of a
country on the earth, we describe the behavior of human beings by culture, civilization and so
on. At the scale of individual person, we describe people by character, habits, morality, etc. The
phenomena at the scale of atoms are described by atomic physics and condensed matter physics.
Finally at the scale of quarks, we use the SM to describe particle physics. On the one hand,
the way to understand the nature by using effective theories has the great advantage that we
can describe physics at a particular scale without considering all other scales at the same time:
greatly simplifying our computations. On the other hand, it means effective theories are valid
only in a limited range. For instance, once the momentum passing through the sterile neutrino is
comparable with its mass in LNV kaon decays, we need to include the sterile neutrino to describe
this process.

In some BSM models, all the predicted new particles are much heavier than the EW scale, but
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the energy of many experiments lies well below the EW scale. Therefore we can use the idea of
effective theories to describe the relevant phenomena and the effective theories contain only the
SM particles as degree of freedom. The SM is written in the language of quantum field theory,
where we use operators to describe the interactions among the SM particles. We do not know
which BSM model is the correct one, or what operators we get after integrating out the unknown
heavy BSM particles. However, we can write the effective operators based on some principles.
First of all, the operators should obey Lorentz invariance to be consistent with special relativity.
In addition, the the operators must satisfy some gauge symmetries. In the case for an effective
theory above the EW scale, these new operators should satisfy the SU(3). x SU(2)r x U(1)y
gauge group . By using these two principles one can write the effective operators with unknown
coefficients. This EFT is called the SM effective field theory (SMEFT). We also can write an
effective field theory below the EW scale, which would only satisfy the SU(3). x U(1)enm gauge
group and contains only light SM fields. This EFT is often called the low-energy effective field
theory (LEFT).

An EFT contains all possible interactions to the SM and the effects of different BSM models
with heavy particles can be described by the same EFT but with different operators or different
strength of the same interactions. An apparent disadvantage of the EFT is that the number
of new interactions is infinite. But EFT interactions are suppressed by powers of masses of
the integrated heavy particles, and they are thus ordered by their dimension. Interactions with
higher dimension are more suppressed compared with those with lower dimension. Thus we only
need the first few EFT operators with lowest dimension to actually perform calculations. The
operators in EFT start from dimension five, and the first operator one can come up with is the
famous Weinberg operator

er€mn (L} CLy)H H, (1.4)

which after EWSB contributes to the Majorana mass terms for neutrinos.

Some BSM models might contain a very heavy new particle and a light new particle at the
same time. For example, in leptoquark models there can be a heavy leptoquark and a light sterile
neutrino simultanously. We can only integrate out the heavy particle and have to keep the light
particle as an explicit degree of freedom. We can still can get an EFT above the EW scale by
modifying the SMEFT to contain interactions involving the new light particle. In this thesis we
focus on the effective theory extended by sterile neutrinos, which is called the neutrino-extended
Standard Model effective field theory (vSMEFT).

Even without BSM physics, it can be very advantageous to use EFTs in certain situations.
For instance, we can not use a description in terms of quarks and gluons as degrees of freedom
below the GeV scale as QCD becomes non-perturbative. Pions and nucleons are degrees of
freedom below the GeV scale and we therefore should match QCD to an effective description in
terms of these fields. This effective description is called chiral perturbation theory. It is the low-
energy EFT of QCD. It contains all interactions that satisfy the chiral and space-time symmetry
properties of the underlying theory of QCD and consist of the effective low-energy degrees of
freedom.

1.3 Sterile neutrinos

Sterile neutrinos are right-handed neutrinos that are gauge singlets under the SM gauge group.
Sterile neutrinos are interesting BSM particles as they provide an excellent candidate to solve
several SM problems. Sterile neutrinos can couple to the left-handed neutrino (active neutrino)
field and the Higgs field through Yukawa interactions, generating a neutrino Dirac mass term in
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my [eV] YV MR [GeV]
0(0.1) 1 O (101)

0(0.1) [ 107* [ 0O(109)
0(0.1) | 107° | O(10%
0(0.1) | 1077 O (1)

Table 1.1: The values of Mg needed through the type-I seesaw relation for several choices of Y.

exact analogue to other SM fermions. Furthermore, it is possible to add a Majorana mass term
for the sterile neutrino as neither Lorentz invariance nor gauge symmetry forbids this. The most
general renormalizable (with dimension four and lower) mass terms for neutrinos are

- ~ 1
Lieutrino—mass = —LYVHVR — QPIC%MRVR + h.c., (1.5)

where the first term denotes the Yukawa mass term and the second term is the Majorana mass
term.

In the case Mg > vY"?, there exist three light neutrinos with masses m,, ~ ”?\}Zz, which is the
type-I seesaw mechanism [14-16]. This mechanism can be used to explain the origin of neutrino
masses. Assuming the Yukawa coupling Y is of order 1, one can find Mg is of order 10'® GeV to
explain the small masses of light neutrinos. It is of course not necessary to make Y of order one.
In the SM, the electron Yukawa is also much smaller than unity. In Table 1.1 we choose several
different values for Y” and list their corresponding Mp in the type-I seesaw mechanism. With
the Majorana mass term, all neutrino mass eigenstates are Majorana states and if the number
of sterile neutrinos we add to the SM is three, we would obtain six neutrino mass eigenstates.
Were we to omit the Mg term in Eq. (1.5) and still introduced three right-handed neutrino fields,
then neutrinos would have the exact same mass mechanism as the charged leptons and quarks,
leading to three neutrino mass eigenstates (all Dirac). However, forbidding the Mp term would
require to put in by hand the global symmetry of lepton number, a price we are not willing to
pay in this thesis. We thus keep both mass terms. In the mass eigenstates, sterile neutrinos
and active neutrinos are mixed together and sterile neutrinos can interact, despite their name,
with the SM particles through this mixing. In general the mixing is very small due to the small
masses of active neutrinos, and therefore the name sterile is still appropriate.

In addition to explaining the mass origin of neutrinos, light sterile neutrinos could also account
for dark matter [17-20], as they are neutral and interact with SM particles weakly. This does
require a rather specific mass range for sterile neutrinos at the keV scale. Finally, sterile neutrinos
with a broad range of masses can account for the baryon asymmetry of the Universe through
leptogenesis |21]. Sterile neutrinos are thus a well-motivated solution to a number of major
outstanding issues in particle physics and cosmology. These motivations provide a hint for the
existence of sterile neutrinos, but their mass scale and interactions with the SM fields are not
clear. A large number of experimental and theoretical works have gone into the search for sterile
neutrinos in so-called minimal scenarios, where sterile neutrinos only interact with SM fields
through the renormalizable Yukawa interactions in Eq. (1.5).

In this thesis we take a more general approach to study sterile neutrinos and their interactions.
In broad classes of BSM models, sterile neutrinos appear sterile at lower energies, but interact
at higher energies through the exchange of heavy BSM fields. Examples are left-right symmetric
models [16,22,23|, grand unified theories [24], Z’ models 25|, or leptoquark models [26]. These
models contain new fields that are heavy compared to the electroweak scale. Independent of the
details of these models, at low energies the sterile neutrinos can be described in terms of local
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effective operators in the framework of ¥YSMEFT [27,28|. In this thesis we will study the effects
of YSMEFT interactions on a wide range of experiments.

1.4 Relevant phenomena

The Majorana mass terms of sterile neutrinos and some higher-dimensional operators in vYSMEFT
violate the lepton number (L), an accidental symmetry of the SM, by two units. We can verify
whether neutrinos are Dirac or Majorana fermions by probing LNV physics such as neutrino-
less double-beta decay (0v33) and rare meson decays such as K~ — wte e . If measured,
these processes would unambiguously signal LNV but their interpretation in terms of particle
physics is not easy. The translation to the fundamental source of LNV involves atomic, nuclear,
hadronic, and particle physics taking place at a broad range of energy scales. In this thesis I will
systematically describe how to bridge these scales by using a cascade of EFTs.

Experiments looking for O35 are the most sensitive probes of LNV at present because there
are tons of atoms that can decay in these experiments. Current experimental limits on OvS503
half lives are at the level of 10?6 years [29-55] and next-generation ton-scale experiments aim
for one or two order-of-magnitude improvements [56-65]. Double-beta decay (2v3/3) is a nuclear
decay, where two neutrons in a nucleus decay into two protons, two electrons and two electron
antineutrinos. Ov@f is similar to 2v56 but without the emission of antineutrinos and we can
express it as

(A, Z) = (A, Z +2) + 2, (1.6)

where A and Z denote the number of nucleons and the number of protons in the nucleus,
respectively. To observe Ov88 we should choose those isotopes for which the beta decay is
energetically forbidden and double-beta decay is allowed. There are 35 such isotopes in nature
and we can use them to probe Ov33. The key question once a detection is made, is whether the
signal is from OvB3 or 2vB3. In 2vBS5, due to the emitted antineutrinos, the summed energy
of the two emitted electrons continually varies from zero to @gg, which is the energy difference
between the intial- and final-state nucleus. While for Ov3S all energy is carried away by the
electrons and a peak appears at (Jgg. We show the spectra for the summed energy of the emitted
electrons in Fig. 1.2. The half-life values for 2033 processes have been measured and for 36Xe
it is 2.27 x 102! years [66] much smaller than its half-life value of Ov33, which is larger than
2.3 x 10%0 [67] years.

OvpBS only involves interactions with quarks of the first generation and to study interactions
related with quarks of other flavors, we will probe the LNV kaon decays K~ — 71~ [~. In this
process the kaon K~ decays into two charged light leptons and one pion 7T via the exchange of
a Majorana neutrino or higher-dimensional LNV operators containing strange and down quarks.
Two possible diagrams for final states with two electrons are shown in Fig. 1.1. Now the upper
bounds from measurements on the branching ratios of LNV kaon decays are very stringent,
5.3 x 107 for K= — 7te e [68], 4.2 x 107 for K= — 7tp~p~ [69] and 5 x 10710 for
K~ — ate ™ [70].

In the two LNV processes mentioned above, sterile neutrinos appear in the intermediate state
and are virtual particles. In principle light sterile neutrinos might be produced and detected
in experiments. If a sterile neutrino is generated at the interaction point of the collider and is
long-lived, its decay leads to displaced vertices after propagating for a long distance. We can
get a very clean background by putting a detector far from the place where sterile neutrinos are
produced. In Fig. 1.3 we present the idea of the displaced-vertex search experiment. There are
many existing and proposed experiments (ALICE, ATLAS AL3X, SHiP, Belle II and so on) which
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Figure 1.2: Spectra of OvB3 and 2v3f for illustrative purpose only.

Interaction Point

Figure 1.3: Experimental setup in a displaced-vertex search experiment.

can be used to probe long-lived sterile neutrinos. The production and decay of sterile neutrinos
can be realized in the minimal model via the mixing between active- and sterile- neutrinos as well
as through non-renormalizable interactions in ¥SMEFT. To study the displaced decays of sterile
neutrinos, we will focus on sterile neutrinos of GeV level and work in the framework of vYSMEFT.
In this case the production of sterile neutrinos via the direct collision at the collider or target
is subdominant, instead they are mainly produced via the decay of heavy mesons or 7 leptons
produced at the interaction points. The produced neutrinos might miss the decay chamber, or
decay before reaching it, or just pass through it. These events thus can not be detected and only
those, where sterile neutrinos decay into visible particles inside the chamber, are detectable.
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1.5 Outline of this thesis

In Chapter 2, we instruct the framework of ¥SMEFT. We evolve these operators from a BSM
energy scale A to the electroweak scale and integrate out heavy SM particles. The resulting
operators satisfy SU(3). x U(1)em gauge symmetry and consist of only light SM particles and
light sterile neutrinos. Then we probe these interactions in a wide range of experiments.

If neutrinos are Majorana particles, they can induce LNV processes. In Chapter 3 and 4 we
discuss the LNV process Ov55 and LNV kaon decays in the presence of Majorana mass terms and
LNV higher-dimensional operators. For Ov53 we use the chiral effective field theory to calculate
the transition operator by matching the operators containing quarks to those containing nucleons
and mesons. We insert the obtained transition operators into many-body nuclear wave functions
to get the OvBp3 rate. In the case of LNV kaon decays, life is easier and we only need the mesonic
Lagrangian to calculate the kaon decay rate. By comparing the decay rates with the experimental
results, we get limits on the Wilson coeflicients of various higher-dimensional operators.

Sterile neutrinos can be produced in experiments if they are light. In Chapter 5 and 6 we
discuss long-lived sterile neutrinos at the Large Hadron Collider (LHC) and Belle II via dis-
placed vertex search. Sterile neutrinos can be produced at the LHC through the decay of B-
and D-type mesons. If they are long-lived, we can detect their decay at a displaced vertex. We
mainly consider the case where the sterile neutrino mixes only with the electron neutrino. By
calculating the branching ratios of heavy mesons to the sterile neutrino and the branching ratios
of the sterile neutrino to visible particles, we develop Monte-Carlo simulations to obtain the sen-
sitivity for various (proposed) experiments at the LHC. We do similar things for the Belle II
experiment, but in this case, we consider the mixing of sterile neutrinos with tau neutrinos that
are produced in the decay of tau leptons, copiously produced at Belle II. We summarize and
give an outlook in Chapter 7.



Chapter 2

The Lagrangian in vySMEFT up to
dimension seven

In this chapter we will present and discuss higher-dimensional operators related with active or
sterile neutrinos. We focus on a Lagrangian at the scale of BSM physics A > v that consists of
the SM Lagrangian supplemented by a sterile neutrino and higher-dimensional operators up to
dimension seven. For convenience, when discussing operators in the vYSMEFT, we follow Ref. [71]
and denote their dimensions by dim-n with n = 5,6,7. After EWSB, the resulting operators are
only SU(3)c X U(1)ep, invariant and we refer to them, without the overline, as dim-n operators
where n = 3,6,7,9. The SM Lagrangian satisfies Lorentz and gauge symmetries. The lepton
number L and the baryon number B are accidental symmetries of the classical Lagrangian, but
only B — L is conserved at the quantum level. The SU(2);, gauge transformation leaves the SM
Lagrangian unchanged but it changes the B + L number by [72]

A(B + L) = 2NfNCS , (2.1)

where Ny denotes the number of families and N¢g indicates the Chern-Simons number. At low
temperatures B+ L violation is extremely suppressed [73,74] and has never been observed. Here
we focus on baryon-number-conserving operators, which could contribute to Ovg8 and LNV
kaon decays at tree level. The relevant Lagrangian can be written as

1 _ — o~
L = Lsy— |:217§:%MRI/R—|-LHY,,Z/R—|—h.C.:|

LD + L0+ £O 1+ £® 4 £D 4 L0 (2.2)

VR
in terms of the lepton doublet L = (vy, er)”, while H = imy H* with H the Higgs doublet

(Y

0
H=—-U(z , 2.3
V2 ) ( 1+ > 23
where v = 246 GeV is the Higgs vacuum expectation value (vev), h(x) is the Higgs field, and U (x)
is a SU(2) matrix encoding the Goldstone modes. vg is a column vector of n sterile neutrinos.
Y, is a 3 x n matrix of Yukawa couplings and Mg a general symmetric complex n X n mass
matrix. Without loss of generality we will work in the basis where the charged leptons eiL r and
quarks u’L r and d’é are mass eigenstates (¢ = 1,2,3). This implies diL =V df 8% where V is
the CKM matrix. The relation between the mass and weak eigenstates for the neutrinos will be
discussed below. We define U¢ = CU7 for a field ¥ in terms of the charge conjugation matrix

17
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Class 1 1/12HX Class 2 ’(/)2H2D Class 3 7,/}4
o | Lereyr'mHW], || OF), <HuD CH)(LriymL) || O, | (De)enn(@F >
08, | Qo HWL, || 0%, | (HYDIH)Qr'vQ) || 09 . | (Fouwe)ein(@Q o u)
oWy | @y HWL, || OF, | i HIDH)ayd) || 085 | Iy L)(Qm Q)
0P (Le)(dQ )

Table 2.1: LNC dim-6 operators |75] involving active neutrinos that affect Ov35 and LNV kaon
decays at tree level.

Class 1 2 H* Class 5 D

o), €ij€mn(LTCLy,)H;H, (H H) o | ej(dyu)(LTC(DPL);)
Class 2 Vv2H?D? Class 6 v H
Ok | €ijemn(LTC(DuL);) Hy(DHH),, O | e (LT Crpe) (dyu) H;

7

Ohps | €imen(LTC(DLL) ) Hy (D H), || OF) | €ijemn(dLi) (QFCLy) H
Class 3 W2H3D C’)(;L)th2 eimejn(JLi)(QfCLm)H
O pe | sean LI Crue) HiH, (D' ), || O0)5 0 | ey(@uu) (LE,CL)H
Class 4 V2H?X

Of})IW €ij (67—1)mng(LzTcalem)HanW/L/

Table 2.2: LNV dim-7 operators [76] involving active neutrinos that affect 033 and LNV kaon
decays at tree level.

C =-C"1'=—-CT = —CT. We use the definition for chiral fields Vi p=ULR)= CmT =
PPML\I’C, with PR,L = (1 j:75)/2.

We now consider the higher-dimensional operators and make one truncation of the set of
effective operators by focusing on interactions containing just one neutrino field. The only
exception are operators that contribute to neutrino masses after EWSB and thus contain two
neutrino fields. The dim-5 operators satisfying the above criteria are

LY = ejgemn(LE C® CLy)HH,,  £5) = 04 My vpHH (2.4)

which after EWSB contribute to Majorana mass terms for active and sterile neutrinos. For n > 2
there appears a dim-5 transition dipole operator but it does not play an important role in this
thesis. The number of operators grows when going to higher dimensions, but the number of
operators that match at tree level to OvB3 and LNV kaon decays is not that large. In Tables 2.1

and 2.2 we list the operators in £(6) and ﬁz(/?, which involve active left-handed neutrinos and

were constructed in Ref. [75] and [76,77], respectively. The operators appearing in E,(,EP? and El(;)
involve sterile neutrinos and were first constructed in Ref. [28], they are given in Tables 2.3 and
2.4.
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Class 1 2 H? Class 4 P
Oy | (LvwHHIH) | 0L | (dy"u)(wipe)

Class 2 W*H?D o8, | (Qu)(wrL)
Ofe | myre)(HiDH) || OF), | (Lvr)e(Qd))

Class 3 Y2H®D 00, | (Ld)e(Qur)
Oi?,%, (EUHVVR)TIﬁWI“”

Table 2.3: LNC dim-6 operators 28| involving a sterile neutrino that affect 0v38 and LNV kaon
decays at tree level.

Class 1 P2 H* Class 5 D
o) (vgCvr)(H'H)? o\ (dyuu)(vECID,e)
Class 2 W2H?D? O} vup | (@QuuL)(WECID,u)
Ol(/?D Eij(VECDue)(HiD”Hj) O,(;V)QLD Eij((Z'Y#VR)(QiCiDuLj)
Class 3 V2H3D Class 6 v H
01(/721 Eij(V£CVMLi)(iDMHj)(HTH) OgZQLHQ €;(Qur)(Q'CLY)H
Class 4 W2H?X on e (AL (VECu) HI
O | (erhywhCome)H HYWL, || 05, €:;(dQ") (VECe) HI
OGuvent (Qu)(vhCe)H
Ogevun (Q)(vhCw) H

Table 2.4: LNV dim-7 operators [28| involving a sterile neutrino that affect Ov35 and LNV kaon
decays at tree level.

2.1 Evolution to the electroweak scale

The Wilson coefficients of these higher-dimensional operators might change as the energy scale
i changes. To evolve the higher-dimensional operators from pu = A to the electroweak scale,
i ~ myy, we need the renormalization group equations (RGEs). We only consider the RGEs
due to one-loop QCD effects. Most of the operators in Tables 2.1-2.4 do not undergo QCD
renormalization or consist of a quark bilinear and evolve either like a scalar or tensor operator.
For these operators the RGEs are rather simple

dCs a

dIn 1 4W75,TCS7T7 Vs 6CF, v =2CF, (2.5)

Os € {Cligu-Chug Cliqun}:  Cr € (OO Clilgus}

where Cr = (N2 — 1)/(2N,) for N, = 3, the number of colors, and Cx is the Wilson coefficient
of the higher-dimensional operator Ox. In addition, there are several cases for which only
combinations of couplings follow a simple RGE

1 1 7 7 T
Cé)T = ¢§ [Cél),QdHlj: <C££QdH1> ] )

2 1 7 7 T 1 7 7 T
o8 = %3 |Fhaun ® (Faun) | 75 |CFhauns ¥ (CFhaum) |

3 1 6 6 3 1 6
O = At Oy =Lt 20
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where C’g)T follow the same RGEs as Cg 7 in Eq. (2.5). For some of the operators involving vg
the linear combinations that run like a scalar or a tensor current are more involved and lead to
the following RGEs

jl(IfL = ZL; <’Ysry27jYT ’SS ) -Cq, CT — (Cc(lz)QLD R Cc(lZQ)VeH/yt?) ,
VT 0 0 0 0
dCy o THE s 0 0 0
dln,u - E Ys + T 0 —s 0 0 . C27
0 0 0 y 0
EE 00 e g
Cg - (Cgl)/VuD ) (Mf*%) o CC(QGZVL ’ Czs,?z/uH/yd ) Cé;e)uuH/ye ) ng,,eH/ye) 5 (27)

where yy = V2m #/v. The Cg zyu p and CC(ZZ)Q 1 p couplings induce additional operators that only
contribute to neutral currents and are therefore not shown.

2.2 The Lagrangian after EWSB

After EWSB the Higgs field takes its vacuum expectation value and after integrating out heavy
SM particles, the vYSMEFT operators can be matched to a new EFT. Operators in this EFT are
only invariant under SU(3). X U(1)en gauge symmetries and only involve light quarks, charged
leptons, neutrinos, photons, and gluons. For purposes of this thesis, operators containing an
up-type quark, a down-type quark, and no photons or gluons are the most interesting and we
focus on this subset of operators. Below the electroweak scale, the Lagrangian in Eq. (2.2) can
be matched to the following effective Lagrangian

1 1
L = Lgy— |:2Vz Myvr, + 59}% Mpgrvgr + U, Mpvg + h.c.

6 6 7 7 9
+£(A)L:2 + 'C(A)Lzo + ﬁ(A)Lzz + 'C(A)Lzo + ﬁ(A)L:2 ; (2.8)

where Lgy now refers to interactions of dim-4 and lower of light SM fields and Ref. [78] listed
the matching conditions. For convenience here we will not give the matching conditions and we
refer Ref. [78,79] for the details. The relevant higher-dimensional operators are written as

2G — - c - ~ c — = c = S c
E(AG)LZQ = \/g {uyy“dL [eR'yuC\(,GIZ vy + eL’yﬂC\(,GIZ I/R] + ugy'dgr [eR V#C\(,Gf){ vi +er V#C\(f}){ Z/Ri|
+urdgr [éL Cégl/z + ér C’ggu}%} + apdy, [EL Céi)ljz +€eér C’éi)l/%}
+uroc*dr éLO'uVCSFG) l/z + agot¥dy, éRO'uVC_'SFG) V]C%} + h.c. (29)
(6) 2Gr ) g [ (6) ) P P () 6
[’AL:O = W uryPdr, [eL'YuCVL v + ERVuCyr, VR} + ugy"dgr [eL YuCyR VL +er YuCvR I/R}

+urdp [éR cg{yL +er EQVR} + uRdy, [éR c(SGL)VL teL éé?mz}

+uarotvdy, éRUW/C&?) vy, +urotdgr éLJW,ESFQ I/R} + h.c. (2.10)
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2G .<—> c _ _ ‘<_> c
£(A7)L:2 = \fTI; {ﬂL’Y“dL [éL Cgﬁ iD vy +eég C\(/7L) i D MVR]
= = R
+upy*dr [éL M iD s +ernCR i D #yf%}
(1) = _
+uroc*dg éLOr([% 0 M’}/VI/% + arotdy, eLCé?’YuauV]c%} + h.c. (2.11)
2G _ -~ <= L R
£(A7)L:o = fi;) {UL’Y”dL [GR Cg% i Dyvr +er Cgﬁ iD MVR}

<= <=
+ury'dgr [éR cgf){iDul/L + ey Egl)%iD;ﬂ/R}
— v _—(()) " = (7
+urotdg O, (ercrpywvr ) +urotdr O, (ercp oL +he  (2.12)

where ﬁ“ =D, — 5# and each Wilson coefficient carries indices ijkl with ¢ = u, ¢ denoting
the up-type quarks, j = d, s, b for the down-type quarks, k& = {e, u} for electron and muon,
I ={1,2,3} for active neutrinos and [ = {1,...,n} for sterile neutrinos.

Several dim-9 operators are induced as well and we will discuss them in detail later as the
dim-9 operators induced in the cases of Ov35 and LNV kaon decays are different. To derive the
matching contributions, we use the equations of motion of the various fields

idv, = Mpurg + szz , idvp = Mgle + MIT%V}:% ,
ider, = Meeg, idur, = Myug, idd, = Mydg,
g 1 . 7
wWh ~ = (eL’y vy +dry UL> . (2.13)
2 Iz 1
I V2m?,
Here M, = diag(m., m,, m;) which appears in the Lagrangian as Ly, = —€ér,M.er+h.c., while

M, 4 are the masses of the up-type and down-type quarks.
Besides the charged currents listed above, we also list the SM weak neutral currents that
contribute to decay processes of sterile neutrinos

6 —AGp ;i) I _ .
’Cr(le)utral = \/§ V}/V#V},{QL’V/L(Q + sin? ew)eL + €R’YM(SIH2 Qw)eR

1 2 2
+apy* (s — = sin? Oy up + Gr yu(— 5 sin? 0, )ug
2.3 3 2.14
. 11 ., 1, (2.14)
+dL’VM(_§ + gSiH 0w)dr, +dR'y“(§ sin® 0,,)dgr

1 , :
+4(2- 51‘]‘)%’7“%} :

where i, j are the flavor indices of active neutrinos and 6,, is the Weinberg angle. Then we rotate
them to the mass basis of the neutrino fields.

2.3 Rotation to the neutrino mass basis

After EWSB the mass terms can be written as

(2.15)

1 M, M
L= —5NM,N +hec., M,,:< L D),

M, M
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where N = (v, I/]CDL)T and M, is a i X 7 symmetric matrix (since My, and Mp are symmetric
matrices), with 7 = 3+mn. The mass matrix can be diagonalized by a single i X 7 unitary matrix,

U,

UM, U = m, = diag(my,...,mz), N =UN,, (2.16)
where U is a unitary mixing matrix. In the general case U contains fi(fi + 1)/2 phases and
n(n—1)/2 rotation angles and the my, ..., my are real and positive. The kinetic and mass terms
of the neutrinos can be written as

1 1
L, = 5171'(}91/ - iﬂmyy, (2.17)
in terms of the Majorana mass eigenstates v = N, + NJ;, = v°. The rotation to the mass basis
is given by
v, = PL(PU)v, vi = Pr(PU")v,

vp = Pr(PU")v, v = Pr(PU)v, (2.18)

where P and P; are 3 x n and n X N projector matrices
P = (I3><3 03><n) ’ P = (0n><3 Inxn) . (219)

The above rotations lead to the following form for the SM charged and neutral currents,
_ 9 - 9 - t pT

L= J5euy" PUVW, o+ 5Py (U P PU) V2t ... (2.20)

Both currents involve the combination PU, which is an 3 X 7 non-unitary matrix, implying that
the neutral current is no longer necessarily diagonal or universal. In general, the matrix PU
contains (7 —n)(n+mn+1)/2 phases. In the absence of higher-dimensional operators n—n = 3 of
these phases can be absorbed by the charged-lepton fields, leading to (n—n)(74+n—1)/2 = 3(n+1)
phases and an equal number of angles [80]. In the case of 7 = 3 the resulting matrix is the usual
PMNS matrix. In the presence of higher-dimensional operators the same re-phasings of the
electron fields can still be performed, but will result in redefinitions of the Wilson coefficients of
these operators.

After rotating to the neutrino mass basis the operators in E(A6)L:0 and E(AG%ZQ, and £(A7)L:O and
ﬁg)Lzz can be written in a very compact form. We combine the dim-6 operators into

2G
Lo = TQF {aLV#dL {éR’VuC\(/GIzR v+ éL’YungL)L v } + upy"dr [éR ’Y#C\(/ﬁf)m vter ’Y#C\(/(if){L v ]

+urdp [éL CéQRU +ér Céng/} + uprdy, [éL Céi)Rl/ +€ér Cé(]i)LV}

oM AR €10, C\hs v + Trot dy, ero O, u} +he., (2.21)

while for the dim-7 operators we get

2G o 5
L0 = \@Z{ﬂm“dL (60 CRR i D v +er O i D v

g <=
-HZR'y“dR |:éL C\(ZF)LR ) DMV +eér C\(/7P){L 1D MV}
+ago™dr éLC(T?u%u%V +apo™dy, €, C) O

tupo"dp Dy (e1.C v ) + anotdy, Dy (erClyuv) } the.  (2.22)
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The dim-9 operators contain no neutrino fields and thus are unaffected under the rotation. The
dim-6 and -7 operators are now mixtures of LNC and LNV terms, as the v fields do not have a
definite lepton number. The Wilson coefficients of the dim-6 operators are given by

C{ = COPU* + &0 PU, o =8 pur 4+ &8 PU*

e —cl¥pu+pPU, ¥ = cOpu+ O pPU,

Cin = O PU* + &5 PU*, e = cOPU + 9P,

c® =c¥pu+ P, c®) =c®pu+ 8P,

c® =c¥pu+ru, c® . =c¥Prur 4+ ¥ pu*, (2.23)

and those of the dim-7 operators become

ciy =l PU+CHPU, @y =D pu+cRru,

O\ = CHLPU* + &) PU* D =D pur + &) pU*,

o, =R PU, o, =i PU,

O, = CRPU, O\, = T PU . (2.24)

The coefficients above also carry flavor indices ijkl where ¢ = u, ¢ denotes the up-type quarks,
j = d, s, b indicate the down-type quarks, k = e, labels the generation of charged lepton
and [ = {1,...,n} denote neutrinos in the mass basis. The operators involving Vi r and vR
contribute to the same terms in the mass basis, the only difference results from the flavor indices
that are summed over, i.e. whether P or P appears.

Below the electroweak scale we again considering the one-loop QCD running of the operators
in Egs. (2.21) and (2.22). The dimension-six and -seven couplings evolve like scalar or tensor
currents, as in Eq. (2.5), with

6 6 7
Cs € {Céng,SRL,SLR,SLL}7 Cre {CéP)LR,TLLv C"}P){l,TRZTLLTLQ}‘ (2.25)

2.4 Summary

In this chapter we consider ¥YSMEFT at a very high new physics scale A and list higher-
dimensional operators up to dim-7. Most of them contain one vy or vg, while several other
operators contain no neutrino field and can contribute to LNV process at tree level after EWSB.
Those operators which could contribute to neutrino mass are also included. We then evolve
them from A to the EW scale. The RGEs due to one-loop QCD effects are given in Egs. (2.5)
and (2.7). After EWSB and integrating out heavy SM particles, we are left with operators only
invariant under SU(3). X U(1)em. For the convenience of calculations, we rotate neutrinos to
the mass basis and rewrite the Lagrangian in a very compact form. In the following chapters, we
will discuss the applications of the framework developed here on several different phenomena.
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Chapter 3

Neutrinoless double beta decay in
vSMEFT up to dimension seven

In the process of OvBS two neutrons decay into two protons and two electrons without the
emission of neutrinos, and thus violates the lepton number by two units. If sterile neutrinos
are heavy with respect to the EW scale v ~ 246 GeV, they can be integrated out and their
contributions to LNV processes can be described by local gauge-invariant effective operators
that appear in SMEFT. LNV operators have odd dimension [81] and start at dimension five.
The effect of SMEFT on OvS33 up to dimension seven has been investigated in [82] and in this
chapter! we focus on sterile neutrinos with masses below the EW scale and study their effect on
OvBpB in the framework of vSMEFT.

To get calculate the nn — ppee transintion operator, we use the chiral perturbation theory
(xPT) and insert it into many-body nuclear wave functions. Finally we get a so-called ‘Master
formula’ that relates ¥YSMEFT operators to OvfgSdecay rates and the formula expresses Ov3s
rates in terms of a set of phase-space factors, nuclear matrix elements, hadronic low-energy
constants, QCD evolution factors, and the original Wilson coeflicients. With this formula, any
BSM model with a light sterile neutrino for which the ySMEFT framework is applicable (A > v)
can be directly connected to Ov3[ rates.

3.1 The full complete set of dim-9 operators in the case of Ov3/3

Before discussing how to calculate the decay rates, we show the dim-9 operators in this section.
After EWSW some dim-9 operators are induced from operators in ¥YSMEFT and they contain
two up quarks, two down quarks and two electrons. And more operators are generated if a sterile
neutrino with Ay, < m, < my is integrated out (A, ~ 1 GeV). We therefore list the complete
set

1
£ = = [ (CSQ erCeh +CY éLcé}f) 0; + CVey,ysCe” Ok | (3.1)

!This chapter is based on W. Dekens, J. de Vries, K. Fuyuto, E. Mereghetti, and G. Zhou, JHEP 06 (2020)
097.
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where O; and O are four-quark operators that are Lorentz scalars and vectors, respectively.
The scalar operators have been discussed in Refs. [83,84] and can be written as

O = Giwr'at a'tra, O =@t aR ap g

O: = air'af aprtar, Oy = aimraf 77y

O3 = QRTJFQQ qu+QL7 O/ = QLT+QI6{ quJqu )

O1 = qinr'af aptr” qu ;

Os = @tvurtal Gt (3.2)
where 7 = (11 4 i7y)/2 with 7; the Pauli matrices and «, 3 are color indices and ¢ = (u,d)”

is the doublet of the quark fields. The O} operators are related to the O; by parity. The vector
operators are [83]

Of = (qum™"qr) (@m"ar) , Of" = (qr7t7"qr) (Gr7rar) .

of = (’Lt“TW qr) (qrt*t"ar) . Of' = (grt*t™+"qr) (qrt*t"ar) ,

o = (wm™"qr) (@rm"ar) , O = (qr7ty"qr) (@7 qr) .

Of = (qut*t™v*qr) (qrt*t"qr) . Of' = (art*t™"qr) (qrt"ttqr) | (3.3)

where the second column of operators is related to the first column by a parity transformation.
Egs. (3.2) and (3.3) provide a complete basis of four-quark two-electron operators. Without loss
of generality, we work in a basis without operators with tensor structures that can be replaced
through Fierz relations in terms of operators involving quark bilinears with uncontracted color
indices, for example Op = q%0,,7¢% qrot’'T + 5 = —803 — 405. The matching conditions for
the dim-9 operators, induced from vSMEFT after EWSB, can be taken from Ref. [82,85]

1 7 *
I 9

In case one or more neutrinos have masses in the range A, < m, < v, we should integrate them
out before matching onto chiral perturbation theory. We can do so by writing the Lagrangian
involving the heavy neutrinos as

N
1_ . 1_
Ly = | Z |:21/i231/i = SV + Jivi |, (3.5)
i=N—-ng+1

where 7 is a neutrino mass eigenstate index that runs over the heavy neutrinos, i.e. A\, <m,, <v
fori € {N —ng+1, N}, with ny the number of heavy neutrinos. Furthermore, .J; incorporates
the interactions of the i-th neutrino that are present in £7). When integrating out the heavy
neutrinos, combinations of the interactions in £&7) will give rise to dimension-nine operators.
These can be derived by making use of the equations of motion,

~ (Jm,"), . i€{N-ng+1, N}, (3.6)

where m,, ! is a diagonal N x N mass matrix for the heavy neutrinos, m,! = diag(0,...0,
;Alr ,...m; 1), and we neglected the kinetic term of the heavy neutrinos, which produces
—ng+1 N

terms that are suppressed by ¢/m,,. Making the same approximation for the interactions in J
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allows us to drop the dim-7 terms. Appendix A discusses corrections to this approximation. We
obtain

Ji = Ji+Ji
Ji

12

1i_ _ _ _ _ _
2 [ULVMdL {eR’YuC\(/GIZR + eL’Y#C\(/GL)L] +urdr [eR 7#0\(/6f){R ter ’Yuc\(/ﬁf){L}
+urdr [éL Cé%)R +eRr CégL] + urdy, [éL Céi)R +er Céi)L]

+arotdr éLUMVC’(I‘Gl%R + agot¥dy, éRUHVC’(I‘GIEL] , (3.7)

(2

where J; are the interactions that arise from the hermitian conjugate in £(67) i.e. terms involving
er,r instead of ey, r. This leads to the following effective Lagrangian

L~ %jm;leT, (3.8)
in which the terms of interest for Ov3~ (37, namely those that have L = —2 (not L = 0,2), are
contained in the ~ Jm, 'CJT part of the above Lagrangian. Instead, the operators with L = 2,
which give rise to Ov3T 51 decays are contained in the ~ Jm;'CJT term and are given by the
hermitian conjugate of the L = —2 interactions. This procedure leads to the following matching
conditions for the scalar operators

o) = ~LoBm OBl o = ~Loms o,

o) = Lot ol s sclmt T, cll = Lolmr ol

o) = 0ot o, o =0,

o) = Y [ 09T + B o]

o) = ¥ (o m o + oo 59)

(9)

Analogous matching contributions arise for the C;’ operators, which can be obtained from the
above by replacing

Gp = O, R -cl. oo

3 3

c® ., ¥ P,  Ac{sVT}. (3.10)
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The matching conditions for the vector operators are given by

6) — _1,(6)T 6) — 16T 6) — 16T 6) — _1 (6T
c® _ v CHrmy  Cla + Cmmy, Ol _ CQum, Co + Cilym, g
6 2 2 2
1/ 2
ri ()
6) — 16T 6) _ 1 (6)T
o = 8 CHrmy Ok + Clmms, 'Ol
2 )
6) — _1,(6)T 6) — _1 (6T 6) — 16T 6) — _1 (6T
c® _ v C\(/L),Rmu 1CéL)R + CéL)RmV 10\(ng _ C\(/ELmV 1C'éL)L + CéL)LmV 10{/IZL
8 2 2 2
1/ 2 (9)
+3 <Nc 1) i
6) — 16T 6) — _1,(6)T
ngg) = 8u C\(/IELmulc’g‘IzL + C’%Iszl/lC\(/IzL
2 )
6) — 16T 6) — 1 (6T 6) — 16T 6) — _1(6)T
oo v C\(/%Rmu ICéL)R + OéL)RmV 1C\(/lzd% B O\(/l)%LmV lcéL)L + CéL)LmV IC\(H%L
6 2 2 2
1 2 (9)
+7 <Nc + 1) o
6) — 16T 6) — 1 6)T
Cég)/ — _8& Céfl)%Lmulc’g‘IzL + C’(I‘I)JLml/ IC'E/I){L
2 )]
6) — 1 (6)T 6) — 16T 6) — _1,6)T 6) — _1 (6T
oo _ v COnmy ' Cola + Comnmy ' Cig _ COLms ' CQ + CQumy  Cat
8 2 2 2
1 2 (9)r
+7 <Nc + 1> o,
6) — 16T 6) — 1 (6T
Y = _su C\(/P){Rmulcél?)m;c%gmmulc\(/gm (3.11)

3.2 Chiral perturbation theory with (sterile) neutrinos

Below the GeV scale, a description in terms of quarks and gluons as degrees of freedom breaks
down. We need an effective description in terms of pions and nucleons. To keep the connection
to QCD and the higher-dimensional operators we apply the framework of chiral perturbation
theory (xPT) [86-89]. xPT is the low-energy EFT of QCD and the yPT Lagrangian consists of
all interaction among the effective low-energy degrees of freedom consistent with the chiral and
space-time symmetry properties of the underlying microscopic theory. In this chapter for Ov58,
we apply two-flavored xPT in which pions appear as pseudo-Goldstone bosons of the approximate
chiral symmetry of QCD. Up to small chiral-symmetry-breaking corrections, pionic interactions
involve space-time derivatives. This feature allows for a perturbative expansion in €, = p/A,
where p is the momentum scale of a process. For p ~ m, only a finite number of interactions
need to be considered. Each interaction is proportional to a coupling constant, often called a low-
energy constant (LEC), whose value cannot be obtained from symmetry considerations alone.
The LECs can be fitted to experimental data, calculated using nonperturbative QCD methods
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such as lattice QCD, or estimated based on the power-counting scheme with naive dimensional
analysis (NDA) [90].

The extension of yPT to systems with more than one nucleon, as required for our purposes,
is often called chiral EFT (yEFT) [91] and has a more complicated power counting. The nuclear
scale p?/2my becomes relevant in diagrams in which the intermediate state consists purely of
propagating nucleons, which are enhanced with respect to the xYPT counting. This leads to the
need to resum certain classes of diagrams to all orders, which manifests in the appearance of
bound states: atomic nuclei. The need to resum certain nuclear interactions also has important
consequences for external currents [92]. Currents that are sandwiched between nuclear interac-
tions that must be resummed can appear at lower order in the power counting than expected
based on NDA. For example, the exchange of a light Majorana neutrino between two nucleons
leads to a nn — ppee transition operator whose matrix element between nuclear wave functions
diverges [93,94]. This implies that a counterterm must be present, in the form a short-range
nnppee operator, to absorb the associated divergence. We determine the scaling of nucleon-
nucleon currents by explicitly enforcing that the nn — ppee amplitude is renormalized.

The discussion of Ovf5 mediated by light neutrinos requires the consideration of two more
scales: the energy of the outgoing electrons and the neutrino mass. The electron energy is
determined by the ()-value of the Ov3f3 reactions. All isotopes of experimental interest have
Q-values at the MeV scale @ ~ O(MeV) which is small compared to the typical momentum
exchange between nucleons ¢ ~ kp ~ m,; where kp is the Fermi momentum of a nucleus.
nn — ppee transition operators that explicitly depend on the lepton momenta therefore give
rise to suppressed Ov 35 amplitudes. To explicitly consider this suppression in the power-counting
scheme we assign the counting rule @ ~ m, ~ mﬁei [71]. The electron energy is of similar size
as the excitation energy of the nuclear intermediate states, which are related to violation of the
so called “closure approximation”. In chiral EFT, corrections to closure are associated to the
propagation of ultrasoft (usoft) neutrinos, with ¢° ~ |q| ~ @, and, in the standard mechanism
2 are suppressed by Q/(4rkp) ~ ei [95].

The mass of sterile neutrinos is a varying parameter, which can go from m; < @, similar to
the standard mechanism, all the way to m; > A,. For almost massless neutrinos, m; < @, the
Ov33 amplitude receives contributions from “potential” neutrinos, with (¢°,q) ~ (0,kr), from
hard neutrinos, with go ~ q ~ A, and from the usoft regime discussed above. The usoft region
is suppressed, unless the LO potential contribution cancels, as happens when the active neutrinos
have no Majorana mass, My, = 0, all sterile neutrinos are light, and higher-dimensional operators
are turned off. In this case, the potential region is suppressed by mf / k% [96,97], while the usoft
region is comparatively less suppressed, by mf /@2, and the two become similar. In this thesis,
we do not include the contributions from the ultrasoft region, which are phenomenologically
important only in the narrow region m; < @, and very small M. In several cases, the hard
region gives contributions that are comparable to those from potential neutrinos. We will consider
the corresponding chiral Lagrangian in Sect. 3.2.6.

If we increase the neutrino mass to m; ~ my, the usoft region disappears. In this case, soft
neutrinos and pions with gg ~ q ~ m, are explicit degrees of freedom in the theory, but they
correct the OvBf3 transition operator only at loop level, implying a suppression by factors of
€y [95]. Instead, in the region m; ~ A, such loop corrections become large, ~ m;/A,, making
this the most complicated region to describe rigorously. Finally, if m; > A, the sterile neutrinos
can be integrated out in perturbation theory, as discussed in Sect. 3.1.

Within the framework of YEFT, extended with the additional scale considerations mentioned

2Throughout this thesis, we refer to the standard mechanism as 0vSf induced by three very light, m; < Q,
Majorana neutrinos.
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above, the nn — ppee transition operators have been derived for several sources of LNV. For
example, Refs. [93-95| calculated the transition operator in the standard mechanism up to next-
to-next-to-leading order in the €, expansion. In this chapter we extend these calculations to
contributions from sterile neutrinos.

3.2.1 Chiral building blocks

The construction of the yPT Lagrangian is well documented [87,89,98|, and the application to
Ovfp is spelled out in Ref. [82]. For convenience we write the QCD Lagrangian supplemented
by the operators in Egs. (2.21) and (2.22) as

qu = (7218(] + Q{ZM'Y;LPL + TM'Y;LPR
—(M + s +ip)PL — (M + s —ip)Pr + t} 0, Pr, + th 0, Pr}q, (3.12)

with ¢ = (ud)” a doublet of quark fields, and M = diag(m,,, mg) is a diagonal matrix of the
real quark masses. The external sources s, p, I*, r*, tf’, and t’f; can be read from Egs. (2.21)
and (2.22). Neglecting the SM electromagnetic and neutral weak interaction, and focusing on
terms that create electrons instead of positrons, we have

_ 2G . _ _ _ f
stip = -G {ﬁ (eeCw +erCiv) + () (608w + enCil ) } ,
V2
s—ip = (s+ ip)T ,
¥ = —77Jvery CVLRV +uvery CVLLV
\/iv

I Iy (NG s ?} fhe,

2G
v = ZE T+{v éR'Y#C\(/EiP)LRV +v éL’Y#C\(/Gl)%LV

V2v
+ep, D iy +ep o i%)“y} +he.,
2
th = \/C;Z {7‘+ [U éRa’“’C’(TﬁIEL v+ éLC(T?ﬂ”a“V + o (éLC’gﬁﬂ”u)}
— T
+ (7'+)Jr {v éLJ””C(TE}){R v+ éLC'gP{1 OP*~ v + O* (éLCég27yy>} } ,

= () (3.13)

The quark-level Lagrangian is formally invariant under local SU(2)r, x SU(2)g transformations,
qr. — Lqr and qg — Rqpr with L and R general SU(2) matrices, provided that the spurions
transform as

l, — LL,L'—i®,L)L",  r,— Rr,R' —i(3,R)R,
M+s+ip — R(M+s+ip)Lt, " 5 RELT 8 — LR, (3.14)

The chiral Lagrangian that describes the exchange of potential neutrinos is then constructed by
building the most general interactions that are invariant under these transformations.
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3.2.2 The pion sector
In xPT pions are described by

U =u?=exp (ZT(F;)T> , (3.15)

in terms of the Pauli matrices 7, the pion triplet 7r, and Fj is the decay constant in the chiral
limit. We use F; = 92.2 MeV for the physical pion decay constant, and, since we work at lowest
order in xPT, we will use F; = Fy. Under SU(2);, x SU(2)g transformations the pion field
transforms as U — LUR'. Tt is convenient to define a covariant derivative that transforms in
the same way D,U — L(D,U)R' under local transformations, where

DU = 8,U —il,U +iUr, (3.16)

where [,, and 7, are the external source terms given above. Quark masses explicitly break chiral
symmetry and their effects are included by the spurion y that transforms as x — LyR!, and
explicitly

X =2B(M + s —1ip), (3.17)

where B is a LEC, often called the quark condensate, related to the pion mass via m2 = B(m, +
mg). In mesonic chiral perturbation theory, we can write the most general Lagrangian describing
mesons as a list of terms with an increasing number of quark-mass terms and derivatives,

Emeson == £2 +£4+£6+ R (318)

where we use the subscripts to denote the order in derivative and quark-mass expansion. We
count the quark-mass term as two derivatives. For a given Feynman diagram induced by the
mesonic interations in Eq. (3.18) we can write its chiral dimension as

D=2+ (n—2)Ny+ > 2(k—1)Noy > 2, (3.19)
k=1

where Ny, is the number of independent loops and Ny is the number of interactions from Lo in
Eq. (3.18). For small quark masses and momenta, we only need to consider contributions from
small D because the larger D is, the less important its contribution is. The LO chiral Lagrangian
consists of the Lorentz- and chiral-invariant terms with the lowest number of derivatives

2 2
Lr= %Tr (DMU)T(D“U)} + %Tr [UTX + UXT} . (3.20)
By expanding the U field, we can immediately read off the interactions between pions, neutrinos,
and electrons, that are induced by effective operators containing [*, r#, s, and p. Contributions
from the tensor sources require two additional derivatives and only appear at higher order. For
those sources, interactions in the pion-nucleon sector are more relevant. Interactions with more
derivatives or insertions of y also appear at higher order, but will not be necessary for our
purposes.

3.2.3 The pion-nucleon sector

We work with non-relativistic heavy-baryon nucleon fields denoted by N = (p n)? characterized
by the nucleon velocity v* = (1,0) and spin S* = (0, 6/2). Under chiral symmetry the nucleon
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field transforms as N — KN with K an SU(2) matrix, belonging to the diagonal subgroup of
SU(2) xSU(2)g. The same matrix appears in the transformation of u = vU — LuK' = KuR'.
A nucleon covariant derivative can be defined as

1 ) )
D,N = (0, +T,)N, r,= B [uT(OH —il,)u + u(0y, — zru)uT] , (3.21)

such that D,N — KD, N. It is useful to introduce two more objects with convenient symmetry
properties

Uy, = —i {UT(au —ily)u — u(0y — z'ru)uq ,
ye = ulyul £uyu, (3.22)

that transform as X — KXK', with X € {4, u, }. We can write the most general interactions
describing mesons and nucleons as a string of terms

Loy = L+ LR+ LR+, (3.23)

where these numbers denote the order of the corresponding interactions. Similar to the mesonic
chiral perturbation, only contributions from lower orders dominate. Operators relevant for Ov503
with the lowest number of derivatives are given by

Egrl) = iNv-DN + gaNS -uN +c5 NY4N — 297€ 050" NS# (u*t%ju* + utﬁ”u) N, (3.24)

where x4+ = x4+ — Tr(x+)/2 and ¢5 and g7 are two LECs. ¢5 is connected to the strong proton-
neutron mass splitting (m, —m,)" and to the scalar charge gg via c5 = (my, —m;)5* /(4B (m, —
mq)) = —gs/(4B) [99]. gr is nowadays known from lattice QCD calculations. The numerical
values of all LECs are given in Table 3.1.

For certain LNV sources we also require the NLO corrections. Particularly important are the
contributions from the nucleon isovector magnetic moment gas and the tensor form factor ¢/,

/
2 gM Y g Y
£7(r12, = —me’”’aﬂva Nng:VN - m—ZUHN (uTt%’uT + uth’u), D,,] N.
The my in the definitions in Eq. (3.25) is conventional, and do not indicate that the LECs gy,
and ¢/ are determined by reparameterization invariance. At the same order in the Lagrangian,
there arise recoil corrections to the axial, vector and tensor form factors

2 1 v 1A
Egr]if, rec TN (’quy - gwj) (ND,LLDVN) - QmNN{S -D,v - ’LL}N (325)

_%6‘“’0‘5 NS{(uthy ul + utu), iDa} N .

Notice however that these terms contribute to the neutrino potentials only at N2LO. Before
turning towards the nucleon-nucleon sector, we first discuss the single neutron g-decay transition
operator, which plays an important role in the descriptions of Ov33 induced by sterile neutrinos.

3.2.4 The neutron [S-decay transition operator

We use chiral Lagrangians of the pion and pion-nucleon sector to derive the S-decay amplitude of
a single neutron. This amplitude provides a building block towards deriving the Ov3j3 transition
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Figure 3.1: Tree-level contributions to n — pe~ v, in the presence of non-standard vector, axial,
scalar, pseudoscalar, and tensor currents. Nucleons and pions are denoted by double and dashed
lines, the electron by a single line with an arrow, while v, which is a Majorana mass eigenstate,
by a single line (with no arrow). The insertion of the non-standard current is denoted by a
square, while strong-interaction vertices by a circle. In the case of the vector, scalar, and tensor
currents, only the first topology appears because parity forbids the couplings of the current to a
single pion. Both diagrams contribute to the axial current at LO, while the pseudoscalar current
is dominated by the pion pole in the second diagram.

operators. Not all contributions to Ov383 can be included in this way, since LNV interactions such
as mmee, TNee, and NNN Nee operators, contribute to the Ov3f3 transition operator without
the exchange of a neutrino. The long-distance contributions from sterile neutrinos with masses
below A, however, can be captured by combining two neutron 3-decay transition operators that
are derived here.

At tree level in xyPT, there are two types of diagrams that contribute to beta decay depicted
in Fig. 3.1. In the region m; < A, loop corrections appear at next-to-next-to-leading order and
are neglected. The amplitude can be written in compact form

ly+ru

l,—r .
5 Jo+ ELIN — s Js+ipJp +truw Jry 4 tow Jr | N(p),(3.26)

An—)pefu — N(p/) |: 5

where N(p) denotes a spinor of a non-relativistic nucleon field with three-momentum p. The
sources are given in Eq. (3.13), and include both LNC and LNV terms. Up to NLO in the chiral
expansion we obtain

g e ~ 2
Tro= gv(@) (v“+p P )+19M(q)gwaﬁvasﬁqy,
2mN my
Th = —9ald) 25“—i25'(p+p’) +M2quscqa
A 2mN 2mN
Js = gs(d®),
2
Jp = ng(q)s.q7
mn
v 2 Y% +p’ ‘g&j(qQ)
M = Sl (”“*M)S e e GO
= T (3.27)

where p and p’ stand for the momenta of the incoming neutron and outgoing proton. Jﬂ' and J;;
start to differ only at higher orders in the chiral expansion. We define ¢* = (¢°, q) = p* — p'H,
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and e is the totally antisymmetric tensor, with €223 = 4+1. We have written the currents

in terms of form factors that depend on the momentum transfer q?. Up to the order we work,
most form factors are constants with the important exception of gp(q?). Explicitly, we obtain

gv(@®) = gv., gal@)=ga, gu(d®) =gum,
2gampy
2 _ 2y _ _
gs(@) = gs,  gr(q) Etm?
gr(d®) = gr, gr(d®) = g7, (3.28)

and the values of the (combinations of) LECs gy, g4, gum, gs, g7, and g7 are given in Table 3.1.
All form factors are O(1), except for gp(q?) that is enhanced by my/m,. We stress that the
form factors gp(q?), gam(q?), and g4(q?) are associated with an inverted power of my in the
contributions to the hadronic currents in Eq. (3.27).

3.2.5 Chiral Lagrangian induced by dim-9 operators

The chiral Lagrangian induced by the dim-9 operators in Eqgs. (3.2) and (3.3) was discussed in
Refs. [71,84]. These operators induce LNV couplings of two pions, two nucleons and one pion, or
four nucleons to two electrons. The 7x interactions only get significant contributions from the
scalar operators. Neglecting terms with more than two pions, which are only relevant at loop
level or in multi-nucleon operators, the pionic Lagrangian can be written as

ELCE%:

L, = F? [CT™ om0t~ + CLTr 7| 5

+ (L& R). (3.29)

As we will see in the next subsection, these 7m interactions, as well as the 7N and NN inter-
actions discussed below, are not only induced by dim-9 operators, but also receive contributions
from the exchange of hard neutrinos. In anticipation of these additional contributions, we will
write the above couplings (as well as those to be introduced below) as

nr
C§=c+) C(mi), ac{mn mn, 7N, NN}, Be{L,RV}, (3.30)
=1

where we use ¢ to denote the dim-9 contributions, while the remaining terms will be discussed
in Sect. 3.2.6. The contributions from the dim-9 operators can then be written as

T 5 T

= S (e ),

T 1 (9 T ~(9 - 9 9 o 9 9

‘LT g [94 i +957CL] — g3 ( §L)+C§L)'> — 95 <C§L)+C:§L)/>} . (331)

where the couplings with right-handed electron fields are obtained by the replacement L — R.
The LECs, ¢g7™, were defined in [71] and their sizes can be estimated using naive dimensional
analysis

FT=0(1),  g5has=0(A3). (3.32)

The LECs in Eq. (3.29) were computed in Ref. [100]|, and are found to be in agreement with
these expectations. We write the values of the LECs in Table 3.1.

Pion-nucleon couplings are induced by both scalar and vector operators. For scalar operators,
the mN couplings are subleading, with the exception of the operator O;. For vector operators,
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they contribute to the LO OvfS3 transition operator. Expanding in pion fields, the Lagrangian
has the form

5 (5T > T
‘CT(‘N — \/§QAF7r [ﬁS'(aﬁ_)n] { [CgN BLUC;eL + (L o R) —i—C{;NU“WZ;Ce},

CTTS{\II% = QTN (Cf?,u% + 03),,112) ) C7Xr/N = QQNC\(/Q) + ggNé\(/g) ) (3.33)

where O = 0 + ¢ + ¢ + ¢, &) = ¢ + ¢ + &' + G, The LECs g7y and
gt were defined in Ref. [71], and they are O(1).

Finally, both scalar and vector operators induce nucleon-nucleon interactions. Following the
definitions of Ref. [71] and again expanding in pion fields, we have

Lyy = () (pn){ o LU5L+(LHR) +C\]/VNU“’YH’Z)55}’
9 9 9 9 0 o
AN = o (Cnt OLin) + 8™ (Cllan + Cllan) + 2™ (Gl + e
+93' NCAEQL)AR +g5 Ncé%),g, R
W = @Vey NGy (3.34)

The scaling of the nucleon-nucleon couplings follows the NDA expectation for g{\fé?;, while gé\fgﬂg)
need to be enhanced with respect to NDA in order to renormalize the nn — pp ee amplitude [71].
Explicitly, we have

ger = 0(1), 93545 = O ((47)?). (3.35)

Currently, only NDA estimates are available for the 7N and NN LECs.

3.2.6 Chiral Lagrangian from the exchange of hard neutrinos

In addition to the long-range contributions originating from the exchange of potential neutrinos
between nucleons, mediated by the currents in Eq. (3.26), the Ov33 half-lives receive corrections
from short-range operators, induced by the insertions of two currents connected by the exchange
of hard, virtual neutrinos. The origin of these contributions can be understood by considering
the effective action induced by two insertions of the interactions in Egs. (2.21) and (2.22)

1

iSeff - —5

die diy T { [c@ (z) + £D (x)} [£<6> (y) + £(7)(y)} } . (3.36)
In terms of Eq. (3.36), the long-distance potential, derived in Sects. 3.2.2 and 3.2.3, arises from
the region |x —y| 2 1/kp where factorizing the two interactions is a good approximation. These
long-distance contributions do not necessarily capture the region where |z —y| < 1/A,. In fact,
as we will argue below, NDA and renormalization imply that this region contributes at leading
order in several cases. In order to correctly describe Ov3f3, the constructed chiral Lagrangian
should be able to reproduce the amplitudes that result from inserting Seg between initial and
final states. In cases where the |z —y| < 1/A, region is important, this implies that additional
short-distance interactions, of the same form as those induced by the dim-9 operators, are needed
at LO in the chiral Lagrangian.
Before discussing these contributions in generality, let us consider the amplitude (hreiez|Seg|hi),

where h; y are hadronic states, for the example of the insertion of two vector operators. Since
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we are interested in amplitudes without initial- or final-state neutrinos, the neutrino fields in
L7 will be contracted among each other. Using this fact, and neglecting electron momenta,
the Dirac algebra for the leptonic part can be performed, leading to

m; diq e @y - .
hyerealSealh) = 32 3% [[ataaty [ S (elenta)ei ()0

© % - _ 6 \? - "
< (g3 (CVl) iwde(@) aey¥dily) + (Claw) arvudr(e) iy dr(y)

+2 (C0l) (cir) iryudr(a) aLfy“dL(y)}hi> + (Lo R)+... (3.37)

where the dots stand for terms proportional to other Wilson coefficients, as well as terms that
arise from the ¢ term in the propagator. In this example, we will focus on the terms oc m;.
As mentioned above, Eq. (3.37) will induce operators of the same form as those induced by

: L : © \? (A6 \? (6) ~(6)
the dimension-nine operators. In particular, the (Cy[gr ) , (Cypr ) » and Cy gCygrp terms

transform as the O1, O}, and Oy operators under chiral transformations. As a result, chiral
symmetry allows the following non-derivative pionic Lagrangian

T
Lon = 2G3F2Y my g7f(mi) Tr[Q1 Qg erCln (c‘VﬁQR) ¢+ (Lo R),  (3.39

where we introduced Qy, = u'ru, Qp = urtul. By NDA the LEC g7%(m;) is of order O(F2),
and we have explicitly given it a dependence on m;. With this scaling, g’ (m;) contributes at
LO to Ovfpf, meaning that the |z —y| < 1/A, region in Eq. (3.36) significantly contributes.

Very similar short-distance LECs are generated by the insertions of two electromagnetic
currents, where hard virtual photons are exchanged instead of neutrinos. As explained in
Refs. [93-95], this analogy can be made precise in the limit m; — 0, which allows for a re-
lation between ¢’ (0) and the pion mass splitting,

m
9ir(mi =0) = Tﬂo ~ 0.8F7, (3.39)

explicitly confirming the NDA expectations. The <C\(,6£R7VRR)2 terms in principle give rise to
pionic operators involving derivatives, which however induce subleading corrections to the long-
distance neutrino potentials. None of the terms in Eq. (3.37) induce 7N couplings at leading
order and we neglect them here.

Additional interactions appear in the nucleon-nucleon sector. All combinations of couplings
in Eq. (3.36) give rise to short-distance nucleon-nucleon couplings, which are expected at N2LO
by NDA. However, as discussed in Refs. [71,93,94], in the case of the standard mechanism and
several dim-9 operators they must appear at LO to guarantee that nn — ppee amplitudes are
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properly renormalized and regulator independent. The chiral Lagrangian is given by

1 = (&
LNN = §G%’ ERrcS E m;
©6) )? NN (6) NN o S
X (CVLR)&, g, (mi))NQLN NQLN + (CVRR) 9 (m;)NQrN NOrN

_ _ 1 _ _
+2(Cn)  (CVhn)  otR (m) (NQLN NQuN — £TH(QuQp)NTN - NTN) }
+(L <+ R), (3.40)

2
where the (C’\(,EER VRR) terms are related by parity and therefore come with the same LEC. In

addition, we omitted traces that vanish for the form of Q g relevant for Ov/33, but in principle
could be non-zero for other isospin components. From NDA, one finds gyN(mi) ~ A;Q which
implies the short-range operators contribute at N?LO. To absorb divergences in the scattering
amplitudes, however, the scaling needs to be modlﬁed into gNN ~ F-2 sothat the g}ﬁi , operators

in Lyy contribute at LO. The coupling giN was already encountered in Refs. [93,94], since it
also appears in the standard mechanism.

We now discuss the general chiral Lagrangian induced by hard neutrino exchange. This
involves other combinations of Wilson coefficients, as well as the terms induced by the oc ¢ term
in the neutrino propagator, both can be constructed along similar lines. The induced interactions
will have the form of the 7w, 7N, and NN Lagrangians of Sect. 3.2.5 such that all of these effects
can be captured by the couplings defined in that section. For the non-derivative pion couplings
of Eq. (3.29) we have

T . + m;v 1/71'71'
iL, R zLR F2 L,R»

a7 = 20iRm) (C8L) (CV) . — 208 (ma) [(Cé‘i)R) 4 () 2]

a5 om) (), (CBR), 2t (€5’ + 77
i = gi’,  gr=0. (3.41)

Contributions from dim-7 operators are captured by CEVL)M7, which are discussed in Ref. [78], and
all LECs scale as g7 = O(F2?). The contributions that are explicitly proportional to m; arise
from choosing the ~ m; part of the neutrino propagator when performing the lepton contractions,
as in Eq. (3.37). The remaining terms arise from the ¢ part of the propagator, but only contribute
at the dim-7 level. The right-handed coupling ¢/%" can be obtained from ¢/7" by interchanging
the L, R labels on the Wilson coefficients, L < R while leaving those on the LECs unchanged,
and dropping cm”ﬂ.
The derlvatlve 7w couplings are given by

luss _ v /7r7r + 77/ UZixs
i1L,LR — A G L R A zL R»
X X

AT = o |(Cw), (W), + (Goik). (),
_9tvun(mi) (cin) ) (C(VﬁL)L)ei + (VLL » VRL) ,

4
vrmw Uz /y7r7r
CiL = G 9 CGRrR — 0 (342>
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where ¢57 can again be obtained from ¢j" with the interchange L <+ R and cgl’L’”ﬂ is given in

Ref. [78]. The LECs related to these derivative couplings scale as O(1), one of which was already
encountered in Ref. [71] where it was called ¢7" = ”X—fg%TVLL(O). It should be noted that the
terms proportional to 95NLL 9SVRL: and 931 g0 are generally suppressed by F?2 /Ai compared
to the long-distance amplitudes in the limit m; — 0. In this limit these pieces only significantly
contribute if the pseudo-scalar and axial couplings, that induce the long-distance contribution,
are suppressed compared to the scalar and vector couplings.

The pion-nucleon couplings of (3.33) can be written as,

7N TN Mg yaN
iL,RV = GCLRV T N GLRY
X

= st [(c), (ch), + (09, (ch),]

7@ <Cé6%R> ) (CSSL)L)M } + (VLL <+ VRL) ,

2
A AL A
C%T\J/V = —;iggﬁ,vm(mi) [(C\(?L)L)ei (C\(?L)R) o (L& R)|,
ci”(}N = ci”@]\”, (3.43)

where g™ = O(1), the right-handed coupling ¢y is given by ¢ with L < R, and the
dimension-7 contributions are again relegated to Ref. [78]. Several of the above LECs are con-

nected to those of Ref. [71], for which we have ¢{2} ;g (0) = g{}]}y% and ¢&N11(0) = g%N%.
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Finally, the contributions to the nucleon-nucleon couplings in Eq. (3.34) are given by,

_ NN my; &NN
Cry = CGLRYV T3 GLRV:
X

ei * (Céi)R) ei <C‘(/613”L>ei}

+ (VLL < VRL) + N7 |

fVLN = :X{QSN%LL(mi) [(Cs(;%{> vi (C\(/GL)L

S (o) (0,

_|_ —_——

= () ()] - g (o), (o),
P [(e), ()] - 55 sm” ()., (c4),
P i+ I

= (0 (i) - wo )

At [(€fh),, (66h), - o )
o m) |(Ce) , (CHIL), — (2 & B+,

W hntn) [+ ), (8 +olh) - o B

Folonam) [(C8h) (B ) - @ o ) + S 3y

The right-handed couplings c; g “NN'can be obtained from cNg vNN by interchanging the L, R

labels on the Wilson coefficients, L <> R, while leaving those on the LECs unchanged, and
dropping /NN 7. By NDA, the LECs related to the ¢/NN couplings scale as gN~ = O(Ay 2) while
those contributing to the N couplings follow the scaling gNN = O(1).

3.2.7 Low energy constants

The LECs needed to construct the neutrino potential at LO, and their current determinations,
are summarized in Table 3.1. The LECs that enter the neutron 8 decay operators discussed in
Sect. 3.2.4 are well determined, either from experiment, as in the case of g4 as, which appear in
SM currents, or from lattice QCD, in the case of gg, gr and B. The one exception is g/, which
contributes to the tensor current at recoil order and is not very important in 8 decays. The
evaluation of this LEC could be pursued with the same methods discussed in Refs. [101-103].
The 77 couplings induced by dim-9 operators have been computed in Lattice QCD [100], with
uncertainty better than 10%. The 7w, 7N, and NN couplings induced by dim-6 and dim-7
operators are functions of the neutrino mass. In the case of g, both the small- and large-m;
behavior are known, allowing us to obtain a reliable interpolation formula, as we will discuss
in Sect. 3.6. In several other cases, only the large m; behavior is known. The calculation of
these couplings as a function of m; could use techniques similar to the Hubbard-Stratanovich
transformation proposed in Ref. [104] for the 91" .5 couplings, with the difference that the scalar
particle o introduced in Ref. [104] is kept light. The determination of the pion-nucleon and
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n — pev, T — ev ar—ee: OO
ga 1.27140.002  [105] g™ 0.36 £ 0.02 [100]
gs 1.024+0.10  [102,103] g 20402 GeV? [100]
g 4.7 [105] g —0.62+0.06 GeVZ  [100]
gr 0.994+0.03  [102,103] gir —-1.94+0.2 GeV? [100]
|97 O(1) g5 —8.0+£0.6 GeV? [100]
B 2.7 GeV
n — pree : OO 06 g OGN T —ee: OGN gO6)
97| o) l9TveLl 1985l 19T VRl 198 VRe O(1)
9ER ], 1957 52| O(F7)
977> 19711, 195E T O(F7)
nn — ppee: OO nn — ppee: O g O6)
P o) 0, 192 O(1/F2)
N5l | Oo(am?) 955V, 193, 1980 vor O(1/F2)
‘gr]fVL]\ﬁ,VLLL 9L |, ‘QJTVIf\,[TR O(1/F%)
98], 193 O(1/A2)
|9é\,’\1/VLL|: |g”J[V‘,gLL| |9\J>’15\£,VLR| o(1)
|gé\{</VRL‘7 ‘g']ly,]\\/[RL‘ o(1)
|91TV,]SVRL|7 |9]Tv,js\[LL|7 \QJTVIf\,[VL |g’JI‘VF]{\,]V| O((47)?)
g N —92.5+£46.2 GeV—2  [106-108]

Table 3.1: The low-energy constants relevant for the dim-3, dim-6, dim-7, and dim-9 operators.
The headings show the type of long-distance (n — pev, m — ev) or short-distance processes the
LECs induce, while the labels O®) and 07 @ @67 indicate whether the corresponding LECs
are induced by dim-9 operators or by the insertion of two dim-6(-7) interactions. Whenever
known, we quote the values of the LECs at p = 2 GeV in the MS scheme.

nucleon-nucleon couplings, induced by dim-6, -7 and -9 operators, is much more uncertain. Nearly
all the couplings require dedicated Lattice QCD calculations of LNV nucleon-nucleon scattering
amplitudes. In the literature, the LECs in Table 3.1 are often estimated using uncontrolled
assumptions such as “factorization” of the product of two weak currents. While this might be
unavoidable at the moment, we will show that varying the LECs in a range suggested by their
NDA scaling introduces uncertainties in the Ov53 half-lives that are as large as those in the
nuclear matrix elements, and should not be neglected.

3.3 The nn — ppee transition operator including sterile neutrinos

Now we consider the derivation of the nn — ppee transition operator. This transition operator
will be inserted between nuclear wave functions and is sometimes called the “neutrino potential”.
The transition operator is not necessarily due to the exchange of a neutrino as other mechanisms
exist, for instance via the contact wmee, npree and nnppee interactions discussed in Sect. 3.2.5
and 3.2.6. Such mechanisms have been discussed in detail in Ref. [71] and the derivation of the
potential in the presence of sterile neutrinos amounts to generalizing the couplings C)™ C™N
and CVV as in Eq. (3.30), to include the contributions of hard-neutrino exchange. We therefore
focus here on the neutrino potential arising from the exchange of a light neutrino, with mass
below the chiral-breaking scale A,. In general the induced neutrino potential arises from the
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g(?ﬂ — (b) @(C) — (d)

Figure 3.2: Tree-level contributions to the Ov 3 transition operator arising from the exchange
of a light neutrino. The notation for nucleons, electrons, and neutrinos is as in Fig. 3.1. The
squares denote the nucleon vector, axial, scalar, pseudoscalar, and tensor form factors, which,
at LO in chiral EFT, include one or both diagrams in Fig. 3.1. The currents acting on the two
nucleons can be different, which we denoted by hatching one of the two squares. LNV arises
from the mass of the neutrinos, which in general are Majorana eigenstates, or from the couplings
of the neutrinos to the nucleons, which receive LNV contributions at dim-7.

four diagrams in Fig. 3.2, where any combination of hadronic currents can be used. The top
(bottom) incoming and outgoing nucleons have momenta p; (p}) and pa (pj), respectively, and
we define ¢12 = p12 — p’172. The top (bottom) electron has outgoing four-momenta ki (k2). In
diagrams (a) and (b) the neutrino then carries momentum q;; = q1 — k1 = —g2 + k2. In diagrams
(c) and (d) the neutrino carries momentum g2 = ¢1 — k2 = —¢a2 + k1. In most cases, we can
neglect the electron momenta in the neutrino propagators and hadronic currents. In those cases,
q11 = q12 = q1 = —q2 = ¢. Finally, we define the notation J;(i), where x = {V, A, S, P,Tr,T1}
and i = {1,2}, that implies that the expression in Eq. (3.27) should be evaluated for nucleon i
using the momenta p;, p}, and ¢;.

We begin by studying the so-called standard mechanism of Ov/33 which is the exchange of a
light Majorana neutrino. We review how to derive the well-known form of the neutrino potential
appearing in this scenario and how it is affected by the presence of additional sterile neutrinos
that interact via left-handed currents. This warm-up calculation provides a useful guide towards
obtaining the neutrino potential arising from other interactions. The calculation of the remaining
terms is in principle straightforward, however, as it is rather lengthy we have checked our results
by use of the MATHEMATICA package FEYNCALC [109,110].

3.3.1 The standard mechanism with sterile neutrinos

We start by considering the nn — pp ee transition operator arising from potential neutrinos that
interact via the C\(,?L term in Eq. (2.21). This term includes the SM weak interaction as can be
seen from Eq. (2.23). We use the same vertex for the top and bottom nucleon propagators such
that diagrams (a) and (b) add coherently and the resulting factor 2 is cancelled by the 1/2! from

using the same vertex twice. Diagrams (a) and (b) then sum to

= [ +2iGF () —2iGF  (6) 1
Vl,(“)+(b) = z'(rf%j)Z( o) CVLL) ( NG (CVLL)T)' Xi[‘]\l;(l)"‘ﬂ(lﬂ

=1
1 v v — i +m; c
<3 @)+ T x alk Py G (1) (3.45
11 [
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where u(k;) denotes an electron spinor with momenta k;, and we introduced ny, = N —ng, such
that the sum runs over all neutrino eigenstates with masses below A,. The potential is related
to the amplitude via A = —V. This expression can be simplified into

2 N
v = SRS (), (B, b + 4w] p@ + k)

m;
Xmu(kl)'}%'}’,}PRu (]{52) s (346)
(2
where the dots denote corrections proportional to the lepton momenta or nucleon energy which
are suppressed by additional powers of €,. Similarly, the remaining two diagrams sum to

yOr@ — Z( ) (8L L) + TE] L) + T (2)]
% (k2)’YMfVVPRu (kl) ’ (347)

where the overall sign difference is from exchanging the two electrons. Summing all diagrams
then gives

Vo= (i) Z( L) ( $£L)Z[Jv<1>+JA<1>]-[Jv<2>+JA<2>1
xqﬁ% (k1) Prut(ks) + (3.48)

The product of hadronic currents can be explicitly calculated from Eq. (3.27) and contains
parity-even and parity-odd components. As the remaining part of V,, is an even function of q,
only the parity-even parts contribute to the 0™ — 0T transitions of experimental interest. The
relevant hadronic currents are therefore

2 2 1
M@ = gl - AL (al-a2+2s<w>> |

6myy
2 2 2 2\ 2 2 2\ ~4
92(a°) | gp(a®)ga(a®)a® | gp(qa°)q
1)-Ja2) = —

) ae) = il (H - SR - R

az) (9p(@®)gala®)d® | gp(a®)q’

S 2 + s , (3.49)
3gamn 12g5m5%;

where we have defined the tensor operator
5(12):0'1-0'2—30'1-(]0'2'q. (3.50)

It is useful to split the Fermi (F), Gamow-Teller (GT), and Tensor (T) operators into their
separate contributions arising from vector, axial, pseudoscalar, and magnetic currents, as the
corresponding nuclear matrix elements are reported in the literature. We define the combinations

aHa®) + har(a?) + hep(a?) + b (o)
2P (@) + 15 (@?) + ™M (g?). (3.51)

her(q®) =

h
hr(q®) = h



3.3. THE NN — PP EE TRANSITION OPERATOR INCLUDING STERILE NEUTRINOS 43

For the F, GT, and T functions, we have

2 2 2 2 2 2\ ~2
g9v(a®) ga(a”) gr(a®)ga(a’)a
hF(qQ) = - 2 hGTT( 2) =4 5 hég(qQ) = 2
9y 9i 39AmN
2 2\ 4 2 2\ 2
gp(a’)d gu(a’)a
hg;( 2) = 11;9,247’%?\[’ h]\G/ITM(q2) = é@im?v ) (3'52>

and hp”(q?) = —=hg7(a?), by (q®) = —hGr(a®), and by () = hef (o) /2.

We then obtain for the neutrino potential

m;
VV = 7'1 7—2 QAG Z( VLL) ei (q2+m2>
X [—zghF(QQ) +01- o2 har(q?) + 12 hT(qz)] x (k1) PruS(kz) . (3.53)
A

This expression reduces to the familiar expression for the neutrino potential for the case of
3 light Majorana neutrinos. We set n = 0 and we turn off all higher-dimensional operators
except for the active Majorana mass (which is formally a dim-5 operator). In this limiting case,

c®) = —2V,, PU and

; (CVLL) ci <q2 +m$> ~ gt [PUmUTPY] = =5 d<ML)667 (3.54)

where we used Eq. (2.16) and used m; < q. The neutrino potential becomes proportional to
the Majorana mass of the active neutrinos and agrees with the usual result for the standard
mechanism

3.3.2 The general neutrino transition operator with sterile neutrinos

The neutrino potentials arising from the other interactions in Egs. (2.21) and (2.22) can be
obtained in analogous fashion to the calculation in the previous subsection. We give here the
results for all combinations of interactions that lead to a non-vanishing potential when the
electron mass and momenta are neglected. The limited cases in which the first non-vanishing
contribution to the transition operator involves lepton momenta are discussed in Ref. [82].

The neutrino potential can be divided into three separate leptonic structures

Vo= —(n'1) Z (k1) {VL Pp+ Ve Pp + Var 7"} u(ks) . (3.55)
We separate the structures
2

6 Mz (7 q +m12 sd
VLrM = VL(,})z,M + TVL(J?Z,M L L(,R),M7 (3.56)

into three parts. The part with superscript (6) denotes contributions from the dim-6 operators
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in Eq. (2.21) and is given by
2
V[€6) = my (C\(/?IZL + C\(/'ﬁliL) A |: hF + 0102 h —l— 5(12) hMM:|
+m (0(6) _ o ) [a’ (RAA 1+ WAL 4 hEE) 4 512 (pAP 4 PP
VLL VRL 1 o2 (hGp + hgh + hir) + (hp" +hp")

6)
+m; (CéRR + CSLR)

6
i (O~ k) 5 s [cn g (WEF + 2hF) + 802 (h? + 207 |

2 1642

(), -2

B (Cly ~ CB) (8~ 8L [ s (085 + 205 + 50D (" 4 20

e (G ), (), |02 (o -ounit = 5024

—4g§§VT‘£VhF : (3.57)
v = Vi op (3.58)
Vi = (CRLCE ~ Lo ) 2 [or - hlf 4 502 ni]

(O ), (G )~ o B 2

[ (O~ O%) , (CBL),, — 1 R] 2 [ oo (20t + 1) + 599 1

+8 (8 —c8k) (cfL) -1 R]if[al o2 b+ SV R (3.59)

Instead, VL(% s arise from the dim-7 operators in Eq. (2.22). As these terms are parametrically
suppressed by a power of m,/v or A, /v, we refer to Ref. [78] for details.

Finally, the short-distance part of the potentials, VL(ZCQM, are induced by dimension-nine
operators as well as the exchange of hard neutrinos, see Sects. 3.2.5 and 3.2.6, they are given by,

T AP
v = glx { (C + C’”) (hGT +hE > o109+ <hT + h§P> S(m]
m2 2 2
CiN - O™ AP (12) 2 NN
+f<hGT0'1 O'2+h S >_720L hF s
9A
(sd) _
VR - ‘L<—>R7
s CTI’N
vid = 4T { ! (hGT o109+ hAPS<12>) = C{/VNhF} . (3.60)
9A
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[111] MGe #Se 130Te 136Xe
Go1 022 1. 14 15
Goa 019 08 1.1 1.2
Gos 033 1.1 1.7 18
Gog 048 2. 28 28
| Q/MeV [112] | 204 30 25 25 |

Table 3.2: Phase space factors in units of 1074 yr~! obtained in Ref. [111]. The last row shows
the @ value of Ov3f3 for various isotopes, where ) = M; — My — 2m,.

3.4 The neutrinoless double beta decay master formula including
sterile neutrinos

The nn — ppee amplitude is defined by

3 .
A= <0+]Z/(;l:)l3e’q'rV(q2)|0+>, (3.61)

where V(q?) are the neutrino potentials from the previous section, and the sum extends over all
the nucleons in the nucleus. r = r,, — r,, is the distance between nucleons m and n and |r| = r,
and the potentials are inserted between the 0T initial- and final-state nuclei of experimental
interest. The leptonic part of the neutrino potentials can be taken outside of the nuclear wave
functions and we define

g4GEm < )
A:% { ZAL(mz)—k Z AL (mz) ﬂ(kl)PRuc(kg)
A =1 i=np+1 ]
-nL N i
+ 1Y Ar(m) + > AR ma) | aky) Pruc(kz)
_izl i=nr+1 ]
_nL N
12 Anm) + S0 A () ﬂ(kl)vov%c(kz)}
i=1 i=nr+1
giG%‘me

=2 R X [ApL (k1) Pru‘ (ko) + Ag a(k1) Prut(ke) + Ang (k1 )7 ul (k2)] (3.62)
where R4 = 1.2 A'/3 fm is the nuclear radius in terms of the atomic number A and u(k1,2) denote
the spinors of the outgoing electrons. This factor is introduced to align the definitions of the
NMEs to those in the literature. The subamplitudes Az, g ar(m;) and A(LS)’)Rv v (m;) depend on
nuclear and hadronic matrix elements, the neutrino masses, and the Wilson coefficients of the
higher-dimensional operators. They are discussed in detail below. We have explicitly separated
contributions from light neutrinos (with masses m; < A, ) and heavy neutrinos (m; > A,).

With the definitions of the amplitudes in Egs. (3.61) and (3.62), we express the inverted
half-life for 0% — 0T transitions as

(%)

gi{Gm (|.AL|2 + |.AR|2) - 2(G01 — G04)R6A2AR

+Gog |./4]\/[|2 + Gog Re [(.AL — AR).A?W] } . (3.63)
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Here Go; are electronic phase-space factors given in Table 3.2 that have been calculated in the
literature [111,113,114].

The subamplitudes depend on a product of Wilson coefficients and hadronic and nuclear
matrix elements. To keep the expressions somewhat compact, we list here only the contributions
from the standard mechanism and dim-6 interactions. Contributions from dim-7 interactions can
be found in Ref. [78]. The amplitude Ay, which includes the standard mechanism, is given by

1 2

Aulm) = = {mmwm» (G0 + ). +miMatm) (G, - O )

et

B2 6 6 6 6 6 6
+Mps(m;) [mz 2 <Céng CéL)R> —2B (C\(/L)L - C\(/}){L>ei (CéPzR - CEE;L)R)

el et

2 2

+myMry (m;) (C\(/GL)L + C\(IGF){L> g (C%ﬁf)m) g } + AW (m) (3.64)

where M;(m;) are combinations of LECs and NMEs defined below and B = Mz g an LEC

My +m
introduced in Sect. 3.2.2, also see Table 3.1. Most of the terms above describe the lgng—distance

contributions, while A(LV) is due to the exchange of hard neutrinos and given by

. m ok C7‘rN _ C(ﬂ'rr
AV (my) = m—’;} ( W;L + C”“) Mps,sd + % (MET s + Mipq)
€ s
C MF sl (3.65)

where the subscript ‘sd’ on the NMEs refers to their short-distance nature and the combinations
of couplings, Cf'3, are defined in Sect. 3.2.6. The subamplitude for right-handed electrons, which
does not appeaf for the standard mechanism, has a very similar structure. At the dim-6 level,
this amplitude can be obtained by exchanging L <> R

Ar(m;) = Ap(m; (3.66)

Neor:
where Ag)(mi) can be obtained by replacing Cf, — Cf% in Eq. (3.65). Once dim-7 operators
are included there appear differences between AL(ml) and Apr(m;) due to the dim-7 tensor
operators. We refer to Ref. [78] for the explicit formulae.

The “magnetic” subamplitude Ay is given by

Ay (mg) = ! { — myMy a(m;) (C\(/GL)L)eZ. (C\(?L)R> g

2me

1 qgv 6 6 6
+2szS<mz) 75 (C( )L + C\(/12LL> o (CéL)L + CéR)L)

+m Moy a(m;) (C{/GﬁL - C\(IGP){L) o (C(TGEL>

el

el

+Mrp(m)B (6L, - CQL) (Ch) — (L e R) } + A (my) . (3.67)
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Here AS\Z) (m;) again describes the contributions from hard neutrinos,

m2

Ag\;) — m;;} — ac MF sd + C ( GT sd + MT sd) (368)

Finally, we have the subamplitudes related to heavy neutrinos. Since they are induced by the
same 7w, 7N, and NN interactions as those arising from hard-neutrino exchange, the resulting
amplitudes are very similar to those mentioned above. In particular, one can obtain the dim-9
amplitudes using the following replacements,

9 v
APy = ALY () (3.69)
CfL,R,V_)cg,R,V
The combinations of couplings cg are defined in Sect. 3.2.5.
In the above expressions we have defined the combinations of NMEs and LECs
2
My(mi) = = Mp(mi) + MEM (mi) + M (i)
A
Ma(mi) = Mg (mi) + Mgr (mq) + MEF (mg) + Mp" (mg) + M£" (my)
1 1
Mpg(mi) = 5 &t (mi) + MGt (mi) + iMAP(mz‘) + M7 (my),
Mpssa = MGT sa(0) + MGT sa(0) + MT sd(o) MT sd(o)
g2
Ms(mi) = =5 Mp(m;),
9a
_ QT
Mrp(m;) = 16% M Ami) (3.70)
94

which arise from the insertions of the same currents on the nucleon lines, and the combinations

2 16
Mry(m;) = 4ngV T 5 MFp, sa(mi) + —— 9T (MM (ms) + MP™M (my)]
gA mN gMm
My a(m;) = 29% (MMM (my) + MMM (my)]
My smi) = L9500 (my),
9a
My ) = T [2Maf (m) + M (mi) + Mt (m)]
Mrp(m;) = g [MAF (my) + M4F (my)] (3.71)

which appear when two different currents interfere. We explicitly denoted the dependence on
the neutrino mass in Eqgs. (3.70) and (3.71).

3.5 Nuclear matrix elements

While the expressions for the subamplitudes given in the previous section look complex, they
actually only depend on a relatively small set of structures. It is useful to introduce the Fourier-
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transformed functions in r-space

b 2 > q’ by 2
rom) = ZRa [ dlal % mata?) el
a 2 Ra o q4 a .
i atrom) = 2o [ dal L hala?) el (372

where jj(|q|r) are spherical Bessel functions, and the functions h%(q?) are defined in Eq. (3.52)
for K = {F, GT, T}, and ab = {AA, AP,PP,MM} for K = GT, ab = {AP,PP, MM} for
K =T, while for K = F the ab superscript should be ignored. Finally, A\ =0 for K = {F, GT'}
and A = 2 for K = T. The factor of R4 in Eq. (3.72) cancels against the 1/R4 in Eq. (3.62).
Note that the hllj( .4(r,m;) are normalized using a factor of m_? instead of (mym.)~' as was
done in Ref. [115]. Apart from this rescaling, these definitions agree with the literature once we
neglect the energy of the intermediate states, which is a subleading correction in chiral EFT.

We define the nuclear matrix elements (NMEs) from these functions via

Mp, say(mi) = (07> hp, (s (r, ma) T H Mot

M ay(mi) = (073 Wiy (g (rymi) o - g™ 7+ M+ W0t |
Mia“f)(sd) (mi) = <0+’ Z h%lf (sd) (r,m;) gmn) (T) THm ) ’0+> ) (3.73)

where the tensor in coordinate space is defined as
Sm)(p) = — (U(m) o™ —35M . fo). f') : (3.74)

The set of NMEs have been calculated with various nuclear many-body methods and for different
isotopes in the limit m; — 0. We use calculations in the quasi-particle random phase approxima-
tion (QRPA) [115], the Shell Model [116], and the interacting boson model [117,118| and their
values are given in Table 3.3. We focus on these particular calculations because, in those works,
the results were presented in terms of the different components (i.e. AA, AP, PP, M M) of the
F, GT, and T long- and short-distance matrix elements. At leading order in Chiral EFT, not
all NMEs are independent. The momentum dependence of gy (q?) and ga(q?) is a higher-order
effect in xPT. Neglecting this dependence gives leading-order relations such as

Mg 4(0) = —3Mp, 54(0) . (3.75)

3.5.1 Interpolation formulae

To calculate Ov3 decay rates when sterile neutrinos are present, we require an understanding of
the m; dependence of the NMEs. For certain linear combinations of the NMEs given above, this
mass dependence has been explicitly calculated [119,120], but the results are often not split up
as in Table 3.3. Furthermore, in certain cases we also require the derivative of the NMEs with
respect to the neutrino masses. Inspired by Ref. [120], we therefore construct an interpolation
formula for the m; dependence of the NMEs. For most NMEs, we know the behavior in the small
and large neutrino-mass limits. For instance, for Mp(m;) we have

2
lim Mp(m;) = Mp, lim Mp(mi):%MEsd. (3.76)

m;—0 m;—00 ;
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NMEs 6Ge 82Ge 130Te 136Xe
[115] [116] [117,118] | [115] [116] | [115] [116] | [115] [116]
Mp -1.74  -0.59 -0.68 | -1.29 -0.55 | -1.52 -0.67 | -0.89 -0.54
Ma# 548  3.15 506 | 3.87 297 | 4.28 297| 3.16 245
MAE || -2.02 -0.94 -0.92 | -1.46 -0.89 | -1.74 -0.97 | -1.19 -0.79
MEE 0.66  0.30 0.24| 048 028| 059 0.31| 039 0.25
MMM 0.51 0.22 0.17| 037 020| 045 023| 031 0.19
MpA — - - - - - - - -
MAP | -0.35  -0.01 -0.31| -0.27 -0.01| -0.50 0.01 | -0.28  0.01
MEP 0.10  0.00 0.09| 0.08 0.00| 0.16 -0.01| 0.09 -0.01
MMM 10,04 0.00 -0.04 | -0.03  0.00 | -0.06 0.00 | -0.03  0.00
Mp sq || -3.46 -1.46 -1.1| -2.53 -1.37| -2.97 -1.61| -1.53 -1.28
MEP 4| 111 4.87 3.62| 798 4.54| 101 531| 571 4.25
MEF o0 || -5:35 -2.26 -1.37| -3.82 -2.09 | -4.94 -2.51| -2.80 -1.99
MED 4 || 199 0.82 0.42| 142 0.77| 1.86 0.92| 1.06 0.74
MpL, | -0.85  -0.05 -0.97 | -0.65 -0.05| -1.50  0.07 | -0.92  0.05
MFE, 0.32  0.02 0.38 | 0.24 0.02| 058 -0.02| 0.36 -0.02

Table 3.3: Comparison of NMEs computed in the quasi-particle random phase approximation
[115], shell model [116], and interacting boson model [117,118]| for several nuclei of experimental

interest. All NMEs are evaluated at m; = 0. The NMEs are defined in Eq. (3.73).
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Figure 3.3: The NME M&# (m;) for 136Xe from the interpolation formula in Eq. (3.77) (dashed)
and Eq. (3.79) (solid) using the quasi-particle random phase approximation [115] (red) and the
Shell Model [116] (blue).

Note that when we give an NME without an (m;) dependence, it is implied that it is an NME
given in Table 3.3 corresponding to m; = 0. We stress that the meaning of an NME becomes
ambiguous for m; 2 A,. For example, in the standard mechanism, the contributions are pro-
portional to the NME My + M 4. However, for large neutrino masses, m; 2 A, the neutrino
mass eigenstate should be integrated our before matching onto xEFT, which would contribute
via the dim-9 operators in Egs. (3.9)-(3.11), and its effects are no longer captured by My + M4
alone. This implies that the correct large-m; limit is not necessarily equivalent to naively taking
the m; — oo limit in the NMEs. We discuss this issue in detail in the next section.

To nevertheless capture the m; dependence of the NMEs in the m; < Ay region, we can
construct a simple Padé approximation of order (0,1) that interpolates between the limits in
Eq. (3.76)

m2

Q . (3.77)

2 9 MF, sq
m; + M7l

Mpin(m;) = MFp sq

We can do the same for M’GL‘j’i"Tint(mi), Mé‘ﬁTim(mi), and MgﬁTmt(mi). The formulae for the
tensor NMEs are less reliable due to smallness and large model dependence of the tensor NMEs.
The functional form in Eq. (3.77) was used in Ref. [120] and was shown to agree well with the
explicit m; dependence calculated in the interacting boson model.

In case of Méﬁ (m;) we can use additional information to further constrain the interpolation

formula
3
Ml =ma) = —SMF,
9 ., ap 3 pp Ly ap
WMGT (mz) = W MGT + 5MGT . (378)
7 m; =M s

With additional constraints, we can construct an order (1,2) Padé approximation

ap + aym? /m2

Ming2(m;) = .
ini2 (17:) L+ bym?/m2 + bgm;‘-‘/mﬁ

(3.79)
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For an NME, M, with the large m; behavior of Eq. (3.76), the coefficients are given by

M(mz)? — M(0) (M (mz) + M'(m))
M(mz)? + M'(mg)Mgq ’

ap + ax

b= o) —(ba+1),  by=a1/My, (3.80)

ayg = M(O), alesd

where M'(m,) = %Aﬁl(zﬂ

m;=mx

In Fig. 3.3 we plot M&#. . (m;) and M&#. ., (m;) for neutrino masses between 1 MeV and 1
GeV for 136Xe based on two nuclear many body methods. The two interpolation formulae agree
within 25% over the whole range of neutrino masses, and the associated spread is smaller than
the spread between different many-body methods. We therefore use Eq. (3.77) for the NMEs
where we do not have sufficient information to construct the more accurate approximation in
Eq. (3.79).

Armed with these interpolation formulae it is straightforward to obtain the m; dependence of
the remaining NMEs in Table 3.3. For the magnetic GT NME we use

m2

g
MEM (mi) = 67]% —MET a — Q’M 7 (mi)| (3.81)
94 LMy my
while for the short-distance NMEs we obtain
m2
Mg, sa(mi) = Mg sqa— —5Mp(m;),
mﬂ'
2
me
M a(mi) = M 40— ml &r(mi)
ab m2 ab
My’ q(mi) = MTsd mz 7 (mi) . (3.82)

™

3.5.2  O(m?) corrections in the small neutrino mass limit

From the functional form of Egs. (3.77) and (3.79) it is obvious that the NMEs quickly saturate
for small neutrino masses, m; < m,, and become constant. However, in certain interesting cases
it is important to understand how fast the functions become constant. For instance, as observed
in Ref. [119], in scenarios with light, m; < my, sterile neutrinos and no additional higher-
dimensional operators, i.e. My = 0, the leading nn — ppee transition operator is proportional
to

- > (m 4V a2
> (G, <q2 +m2> = S [PUMUTPT], = B (M) =0, (359
i=1 7

and vanishes. In this case, the m?/q? correction is necessary to get a non-vanishing result. This

correction can in principle be estimated from expanding the interpolation formulae in the small
mf limit. We write for m; < m,

2
/ab my

M3 army(mi) = MEG oy + M{Borry—s m2 - (3.84)

Using the interpolation formula in Eq. (3.77), we can directly calculate M {jff’GT 7y and we give
the results in Table 3.4 for 36Xe. We stress that the results for the derivatives for the NMEs
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NMEs(13¢Xe) | [115] [116]
M, 0.52  0.23
MaA -1.75  -1.41
Miar 0.51 0.31
MEE -0.14  -0.09
MMM -0.15 -0.11

Table 3.4: Comparison of the derivative of *6Xe NMEs with respect to m? in the quasi-particle
random phase approximation [115] and shell model [116]. The NMEs are defined in Eq. (3.84).

in the small m; regime are associated with significant uncertainties even beyond those from the
dependence on the nuclear many-body method. By using the interpolation formulae in Eq. (3.79)
for M&#(m;) instead of Eq. (3.77) leads to O(100%) corrections in M3:'. More importantly, for
neutrino potentials scaling as 1/q*, contributions from ultrasoft neutrinos can be as important
as those from potential neutrinos that are considered here.

3.6 Neutrino mass dependence of subamplitudes

The master formula in Eq. (3.62), combined with the results presented in Ref. [71], describes all
possible contributions to Ov36 from sterile and active neutrinos, capturing both the regime of
heavy sterile neutrinos, m; > A,, and light sterile neutrinos m; < A,.. In the former regime, the
heavy neutrino is integrated out at the quark level, while in the latter regime it has to be kept as
a degree of freedom in chiral EFT. In the region m; ~ A,, however, both approaches are ques-
tionable. Within chiral EFT, diagrams arising at the n-loop level give corrections ~ (m;/ AX)Q”

and the loop expansion breaks down. Instead, when integrating out the heavy neutrino at the

n
quark level, operators involving additional derivatives, ~ (%) x OO cannot be neglected as

they induce corrections ~ (A, /m;)". This implies the m; ~ A, regime is beyond the reach of
chiral EFT and of perturbative QCD methods, and it is therefore hard to treat rigorously. In
this section we discuss the m; dependence of the amplitudes in more detail and employ what is
known of the amplitudes in the two regimes to suggest approximate interpolation formulae that
link the low- and high-mass regions.

Before discussing the interpolation it is useful to consider the two regimes in an example
involving one neutrino mass eigenstate with mass m; which couples to left-handed electrons,
and to right- and left-handed quark vector currents. The low-energy amplitudes depend on the
neutrino masses in two ways, explicitly through the light neutrino propagator, and implicitly via
the mass dependence of the low-energy constants in Eqgs. (3.38) and (3.40). The resulting 0v33
amplitude, valid in the region m; < A, can be written as

A = = Lac) o (W (m) - Matm)
+ [(C@L)Q + <C$%L>T (My(mi) + Ma(m;)) } (3.85)

where we include the contributions from the hard neutrino exchange amplitudes, .A(LV) (m;), in
My, a(m;). In the limit of large neutrino masses, A, < m;, we can integrate out the neutrino in
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perturbation theory, as discussed in Sect. 3.1, and consider the hadronization of the four-fermion
operators with coefficients C{i), Cg), and C’ii). Using Eq. (3.69), we find

9 1 6) 1.6 6 1 (6
AP (el - s o) a0
5 o o m2 2
X {6 magl™ (M&f oq + M7 %) + 7 NA(MEE oa+ M) — 2 —m2Zgr " Mp, sd}
A
1 _ _ 2
g (o €+ Cllum ) { 305" Mesaa = Zm2ai™M ]
Me gA

where gf™ = O(A2) and gy~ = O(A2/F?), while gi ™ AN _ 0(1).

Although the amplitudes in Eqgs. (3.85) and (3.86) look rather different from one another, one
can see that they take similar forms in the large-m; limit. To naively take this limit for the
long-range contributions, as discussed in Sect. 3.5.1, we use

lim M@ = M( D i A — 3"y 3.87
m ’I’)’L K sd> m_lgl GT mg F,sd ( . )

m;—00 ‘
g P v )

and neglect the magnetic contributions which lead to short-range derivative operators, subleading
in the power counting. Using the above expressions, we obtain naive estimates of the LECs g™
gtV and ¢ in Eq. (3.86). By matching terms that depend on the same NMEs in Egs. (3.85)
and (3.86), which is equivalent to matching the 7w — ee and nn — pp ee amplitudes, we obtain

) . (3.88)
m; >Ny

These equations were obtained by setting A(Lg) = Ay in the regime m; > A, where the left-hand
side should be reliable, while the right-hand side receives large contributions from loop diagrams
that were neglected. This implies that Eq. (3.88) can only give an order-of-magnitude estimate.
Nevertheless, neglecting the g (m;) contribution, we see that these estimates are consistent
with the NDA expectation and coincide with the “factorization” approximation. The value of
gT™ extracted from the lattice, g™ (u = 2 GeV) = 0.36, is about 40% smaller than Eq. (3.88).

While these estimates are not very accurate, they at least give the right scaling. This is not
so clear for the LECs in the third line of Eq. (3.86). For instance, we can obtain

: (3.89)
m; ZAX

where the first two terms on the right-hand side are O(1), whereas Table 3.1 tells us that
g = O((47)?). In similar fashion, we obtain

3 1
9" ==, gN =1, ¢\N= 1 (1 +3g3 — 2migy " (my)

1
= (13 2ntoton)

2 7
gf™ = —4 IR g%f;(ml) +0O(m2). (3.90)
™

T
m; >Ny

gi" = O(Ai) which is not clear from the right-hand side. Similarly, it is not obvious that the
g)'N term in Eq. (3.88) scales the same as the left-hand side which is O(1). In all of these cases,
the comparison of the naive limit of Eq. (3.85) with Eq. (3.86) suggests that the hard-neutrino
LECs should have a non-trivial m; dependence. As we will argue below for the case of g, it is
indeed the m;-dependence of these LECs which ensures that the matching relations are restored.
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Figure 3.4: The LEC ¢JF in units of F? as a function of the neutrino mass m;. The blue and
green lines denote the three- and five-resonance models, while the red line denotes the naive
interpolation formula in Eq. (3.93).

3.6.1 A naive interpolation formula

It will prove useful to construct a simpler interpolation formula that can be applied to LECs
for which we have less information or where the resonance model is not applicable. We follow a
similar strategy as in the start of this section and impose

‘AAint(mi)‘mi»AX = AD(m,), (3.91)

where Apine(mi) = AL (m;) + AY) (m;) with A € {L,R,V} and AL (m;) = A, (m;) —
Agj) (m;) is the purely long-distance part of the amplitude constructed in Sect. 3.4. Instead,
.%_l(Xi)nt = Ag)‘gaﬁga involves ‘effective’ LECs, go(m;), that capture both the hard-neutrino ex-
change contributions as well as the loop corrections that become large in the m; ~ A, regime. In
the limit of zero neutrino mass, we have g, (0) = go(0). In this way the interpolated amplitude
has the correct limiting behavior in both the low- and high-mass regions.

The condition Eq. (3.91) can be used to obtain expressions for these ‘effective’ hard-neutrino
LECs at a scale m; > A, in terms of LECs arising from dim-nine operators and possible long-
distance contributions. To do so, we employ the large-m; limits of the NMEs, see Eq. (3.87), and
demand that the contributions proportional to each NME in Eq. (3.91) match (this is equivalent
to demanding that Eq. (3.91) not only holds for the nn — ppee amplitude, but also for the
mm — ee and n — pr ee subamplitudes). We then construct an interpolation formula

92(0)
1+ 9a(0) [0m0 — m2) 2 ga(mo) + B(mi — mo)ga ()|

ga(mi)’naive = -1 (392)

where mo ~ 2 GeV is a scale at which the procedure of integrating out the heavy neutrino
becomes reliable and we use Eq. (3.91) to obtain expressions for go(mo ;). The ‘effective’ LECs
in the large-m; region scale as mi_2, due to the mf in the denominator of the neutrino propagator.

This scaling ensure that g, (m;) ’naive reduces to g (m;) for m; — oo, while it reproduces g,(0) in
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the opposite, m; — 0, limit. Using ga(mi)}naive in the interpolated amplitude, A 4int(m;), then

allows us to obtain amplitudes for any value of m;.
2
Applying this procedure to the case of gff, we again obtain g{'g () |m,>A, = —fﬁgf{” (m;)
from Eq. (3.91), which, in combination with Eq. (3.92), leads to

nr 9tr(0)
9LR (M) = = —, (3.93)
naive 1-— m%ﬁlgLFiP:%(O) [0(mo — ms)gT™ (mo) + 0(m; — mo) g™ (m;)] ™"

where on the right-hand-side we use the observed value for g7%(0) = 0.8F2 (see Eq. (3.39)).
It has the correct logarithmic dependence on m; in the perturbative QCD regime due to the
0(m; —mg)g;™(m;) term. This naive interpolation formulae is shown in red in Fig. 3.4, where it
is compared to the results from the three- and five-resonance models. The formulae agree over
the whole range of m; within 20%. Based on this success, we will use similar naive interpolation
formulae for the other LECs.

It remains to understand the relations in Egs. (3.88) and (3.89) and the m; dependence of
gYN(m;) and gNR(m;). These equations imply that ghY is enhanced with respect to gi™ in
the m; > A, region. This can be understood from the different RGEs of these couplings. For
m; < A, the RGE for ggll;f receives contributions from both light neutrino exchange and the
7w — e~e” coupling, while gNN only from the former

d NN 1 2
= —(1+2
d NN 1 2 2 9Lk (M)
= —-(1-2 2 3.94
dlogugLR 5 < 94t 292 P2 ) (3.94)

where gi'N = (myC/4m)2gNN ~ gN’N/F2. While the first term is independent of m;, the second
term in the RGE of gl scales as Ai /m? for large m; as can be seen explicitly from Eq. (3.93).
It is this behavior which ensures that the left- and right-hand side of Eq. (3.89) match.

We can now construct interpolation formulae for g3 (m;) and Mg (m;) similar to Eq. (3.93),
by using the matching conditions at large neutrino masses

2 2 1
BN m > ) = =N m) = 2 () - 036
m; my;
_NN 2 NN 2 NN 1 2
IR (mi > Ay) = ——53g; (mi) =——5 (g2 (mi) — (1 —-3g3) |, (3.95)
m; m; 4
to obtain
NN/, _ guNN(O)
gy (mi) B 295N (0) ~NN ~NN -1
naive 1 — mZ2%222 [0(mg — my) g (mo) + 0(mi — mo) g™ (my)]
NN
NN 9ir (0)
JLR (ml) = NN (o —1 0 (3'96)
naive 1-— m%gLRT() [G(mo - mZ)QEN(mO) + G(mz - m0)§4NN(mz)] !

where we use the following RGEs to express g&N(m,) in terms of glNAN (1~ 2GeV)

3« 1 m2
A m) = g ()= (1 — Nc> g log 5

3o 1 m?
Nm) = g+ 2 (AN ™) o (3.97)
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Armed with the interpolation formulae we are now ready to calculate the Ov58 amplitude
in Eq. (3.85), starting with the combination of NMEs and LECs My 4+ M 4. The combination
My + M 4, relevant for scenarios without higher-dimensional operators, depends on NMEs such
as Mp(m;) for which we use interpolation formulae of the form in Eq. (3.77). In addition,
there is a dependence on g™ (m;) for which we use Eq. (3.96). Unfortunately, the latter formula
depends on two LECs, g)N(0) and gY¥N(myg), that have not been determined with nonperturbative
methods. For a discussion of the required lattice QCD calculation, as well as recent steps towards
such a determination, we refer to Refs. [121-125]. We use two reasonable choices for the LECs
to assess the associated uncertainty. We use the estimates from Refs. [106-108|

A N(0) = —9254+46.2 GeV=2,  gNN(myp) = i(l +3¢%) +1, (3.98)
where the latter choice is guided by the factorization approximation in Eq. (3.88).

Similar interpolation formulae can be derived for the other LECs introduced in Sect. 3.2.6 by
matching via Eq. (3.91) and employing the interpolation formula in Eq. (3.92). This procedure
allows us to smoothly interpolate between the m; < A, and m; > A, limits. In Appendix B we
discuss several cases that we require in Sect. 3.7.3.

3.7 Phenomenology

We now turn to applications of the master formula in Eq. (3.63) by investigating several scenarios
involving sterile neutrinos. We emphasize that our purpose is not to find phenomenologically
viable models of neutrino masses, but mainly to illustrate the use of the framework developed
in this chapter. The search for sterile neutrinos is a very rich field with searches in a wide range
of experiments, see e.g. Refs. [126-131], of which Ov/3f is only a small, but crucial, part. The
framework presented here can be used directly in future global analyses of sterile neutrinos.

In what follows we study several relatively simple scenarios. We start by considering minimal
scenarios in which we extend the SM by one or two sterile neutrinos that are gauge-singlets and
do not interact via higher-dimensional interactions. In these so-called 3 + 1 and 3 4+ 2 models,
Ovp3f arises solely from the Majorana masses of the sterile neutrinos. We begin by studying
whether OvB3 can be measured in these minimal models and discuss the m; dependence of
the resulting decay rates. After considering these cases, we turn on several higher-dimensional
operators that are induced in BSM scenarios involving leptoquarks and determine the impact of
such interactions on the Ov3f3 predictions.

The current experimental bounds on the half-lives of various isotopes are summarized in
Table 3.5, where the expected future sensitivities are also shown. In our numerical analyses, we
use the limit on Tlo;’Q(l%Xe) obtained by KamLAND-Zen?, which is the strongest one at present,
and take into account the following future prospects

177 (*°Xe) > 2.0 x 10* [yr] (KamLAND2 — Zen), (3.99)
T7)y (1%°Xe) > 1.0 x 10%° [yr] (nEXO). (3.100)

The prospects for the LEGEND experiment are of high interest as well, with an expected sensi-
tivity of TP/”2 (76Ge) ~ 1028 yr.
Before we begin analyzing the scenarios with sterile neutrinos mentioned above, we first briefly

discuss the scenario of 3 light Majorana eigenstates, that is, the standard mechanism. This case

3In the following work we use the old limit 1.06 x 10%® years. The limit was increased to 2.3 x 10%° years right
before finalizing this thesis but no major changes of our results will occur.
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Isotope Experiment Current limit (x10%%yr) Future sensitivity (x10%°yr)
BCa ELEGANT-IV 5.8 x 1073 [30] -
CANDLES 6.2 x 1073 [51] 102 [56]
NEMO-3 2.0 x 1073 [37]
Ge  MAJORANA DEMONSTRATOR 2.7 [50] —
GERDA 9.0 [52] -
LEGEND — 103 [57]
82Ge CUPID 3.5 x 1071 [53]
NEMO-3 2.5 x 1072 [48]
SuperNEMO - 10 [58]
967y NEMO-3 9.2 x 10~* [31]
100Mo NEMO-3 1.1x 107! [36]
CUPID-1T - 9.2 x 102 [65]
AMoRE 9.5 x 1073 [54] 5.0 x 10 [59]
116¢1q NEMO—3 1.0 x 1072 [41]
128Te — 1.1 x 1072 [29] -
130Te CUORE 3.2 [49] 9.0 [60]
SNO-+ - 1.0 x 10? [61]
136X e KamLAND-Zen 10.6 [38] 2.0 x 102
EXO-200 3.5 [55] 103 [62]
NEXT — 2.0 x 102 [63]
PandaX - 1.0 x 10? [64]
150N NEMO-3 2.0 x 1073 [40]

Table 3.5: Current and future experimental limits on Tlo/”2 at 90% C.L.

corresponds to only turning on the LNV operators that generate Majorana masses for the left-
handed neutrinos, M}, in Eq. (2.8). We use the standard parametrization and write

U = RPWBRYdiag(1, e, e2) | (3.101)
in terms of the rotation matrices [W“b(Gab, 5ab)] = 0;5+ (5ia5jbei5ﬂb — 5¢b5jae_i5ab)sab+ (0iadja+

(]

5ib5jb)(cab - 1) and R“b(eab) = W“b(eab, O), so that

3
2 2 2 2iA1 2 2 2i(A2—0d13) 2
mpg = miUg = miciacty + mae® M stocly + mge® 2 708) gl (3.102)

=1

in terms of the sines (cosines) of the neutrino mixing angles, s;; (c;;), the Dirac phase d13, and
the Majorana phases, A 2. We set the mixing angles to their central values [132] (see Table 3.6).
The relevant subamplitude is Ay (m;) that depends on the combination My (m;) + M a(m;), but
since all mass eigenstates are at the eV scale or below, we actually only require My (0) 4+.M 4(0).
This combination depends on the unknown LEC gYN(0) associated with the exchange of hard
neutrinos. This contribution is usually not considered in the literature, but as demonstrated in
Refs. [93,94] appears at the same order as the exchange of potential neutrinos. To calculate
decay rates we marginalize over the Majorana phases and vary g\ (0) between —92.5 + 46.2
GeV~2 as discussed below Eq. (3.96).
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Figure 3.5: 0v38 half-life of 136Xe as a function of the lightest neutrino mass in the scenario of 3
light Majorana neutrinos in case of the normal hierarchy (blue) and inverted hierarchy (red). We
show results obtained with QRPA (solid) or the Shell Model (dashed) NMEs. In the left panel,
the bands reflect the uncertainty due to LECs associated to hard-neutrino exchange and the
unknown Majorana phases. In the right panel, we ignore the contributions from hard-neutrino
exchange as typically done in the literature and the bands arise solely from varying the unknown
Majorana phases. The shaded regions in both panels correspond to the present experimental
limit, and expected future limits are depicted by the two dashed lines.

The resulting 26Xe half life is depicted in the left panel of Fig. 3.5 for the normal hierarchy
(NH) in blue and inverted hierarchy (IH) in red as a function of the lightest neutrino mass, m.
We used two sets of NMEs obtained with the QRPA (solid) and Shell Model (dashed). Around
m = 5-1072 eV, the usual ‘funnel’ appears for the NH due to a possible cancellation in mgag-
For smaller m, the uncertainty on the half life is roughly two orders of magnitude for both the
NH and IH. This uncertainty arises roughly in equal parts from the uncertainties in the LECs
and Majorana phases, and in smaller amount from the change in NMEs between the QRPA and
Shell Model.

3.7.1 341 model

The simplest scenario we investigate is the 3 + 1 model where the SM is extended by one gauge-
singlet neutrino. That isn = 1 and N = 4. This model leads to two massless neutrinos and is thus
ruled out by the combined atmospheric, AmiTM ~2.4-1073 eV? and solar, Am%OL ~75-107°
eV?, squared mass differences. Nevertheless, due to its simplicity, the scenario provides a useful
toy model. In the flavor basis, we write the neutrino mass matrix as

0 0 0 Mp,
| o 0 0 M,
M= 0 0 M| (3.103)

* * *
MD,I MD,2 MD,3 Mp

and we set Mp, = My, = Mp 43 = Mp. The neutrino mass matrix is then described by
just two parameters My, and Mp. Note that in the absence of higher-dimensional operators,
(M,)i; = 0 for i, = 1,2,3 is required by gauge invariance. This simple setup predicts two
massless neutrinos, m; = me = 0, and two massive neutrinos described by

1 1
my = 5 |VIMaP +12]MpP — [Mgl| ,  ma= 5 |V/IMgl + 12[MpP + [Mzl| . (3.104)
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where we assumed m3 < my, while the inverted relations are

1
|Mg| =m4—m3, |Mp|= ﬁ\/m (3.105)

It is straightforward to diagonalize the mass matrix to obtain the PMNS matrix, which can be
parametrized as [133]

U = DLR34R24R23R14R13W12DR
D = é'lertar/2diag(1,1,1,e @rten)y Dp = diag(1,1,4,1), (3.106)

where W% and RY are defined below Eq. (3.101) and ap,r = Arg Mp g. In this fairly simple
case nearly all the mixing angles can be expressed in terms of the neutrino masses

m,
S23 = C34/V2, s34 =los, So4 = S137/mafmy =ty =) — (3.107)

2ms + 3my

where t;; = s;;/ci;j, while s12 is unconstrained due to the two vanishing neutrino masses. One
useful result of the above is

U% =——1u2 =—-— "1 ilaptan) (3.108)
3

As mentioned, this model of neutrino masses is too restrictive to reproduce the oscillation data.
To nevertheless investigate the effect a sterile neutrino would have on Ov3f3 in this scenario we
approximate AmiTM ~ 0, and set mg = \/Am 31 ~ 0.05 eV. For my < A, the Ov3p3 half life is
then simply given by (Eq. (3.63))

4 2
~1
(TI/Q) = ghGor > Ar(mi)| (3.109)
i=1
where — . )
Ap(my) = == [My (my) + Ma(m)] (O (3.110)
and
C\(/@IZL = _2Vud(PU)ei = _2VudUei- (3.111)

All other Wilson coefficients vanish. The combinations of NMEs and LECs M\ﬂ A(m;) are defined
in Eq. (3.70), with the inclusion of the short-range pieces in Eq. (3.65), and their dependence
on the neutrino masses is discussed in Sects. 3.5.1 and 3.6. For my4 > A, instead, the half life
becomes

2

3
S Ap(mi) + AP (ma) (3.112)

=1

<T1/2) 1 = gfﬁGm

as the fourth mass eigenstate is integrated out on the quark level. In this case .A(Lg) (my) is defined
in Egs. (3.69) and the neutrino mass dependence enters via

9 [ 6 QUVu
Cp = 2 Vin)? = m4dU (3.113)

The interpolation formulae described in Sect. 3.6.1 ensure that the m4 < A, and m4 > A, limits
smoothly match.
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We set app = 0 and the result for the Ov33 '30Xe rate is depicted in the left panel of
Fig. 3.6 as a function of m,4. It can be divided into three regions. For m4 < m, the life time
increases as mji for decreasing neutrino masses. For m4 > A, the lifetime becomes independent
of the neutrino mass. The intermediate region is more complicated and shown in more detail
in the right panel of Fig. 3.6. The behavior in the three regions can be understood from the
neutrino mass dependence of My (m;) + M 4(m;) shown in Fig. 3.4. For small neutrino masses
my <€ my ~ kg, the NMEs become almost independent of the neutrino mass. The dominant
contribution, however, is proportional to

4
> miU% =0, (3.114)
i=1

as can be seen explicitly from Eq. (3.108), see also Eq. (3.83) and Ref. [119]. The first non-
vanishing contributions in this regime are suppressed by m?/m?2 as discussed in Sect. 3.5.2 and
the half life is proportional to

2

— |Mp2Mg|* ~ m3md, (3.115)

4

3772
E m; Ug;
i=1

in the regime my4 > mg3. For large neutrino masses, m4 > A, we need to compare the two terms
in Eq. (3.112) which are both non-zero. The first term involves the sum over light neutrinos, but
only the mg contribution is nonzero, and depends on Ueg ~ —1/ /3 which is constant in the 3+ 1
model up to mg/my corrections, see Eq. (3.108). Similarly, we can see that m4U?2 is roughly
independent of m4 from Eq. (3.108), but in this case the amplitude scales as Ag?) (myg) ~ CS,) ~
U2,/my ~ my? and thus quickly drops off. In fact, already for m4 = 1 GeV the fourth neutrino
only contributes at the 10% level.

From Fig. 3.6 it is clear that for small neutrino masses, the 3+ 1 toy model predicts extremely
slow OvBp rates, orders of magnitude away from present or projected sensitivities. For my > 1
GeV, the half lives are roughly -10%7 yr. The uncertainty in the half life is at the order-of-
magnitude level and mainly due to our poor knowledge of the short-distance LEC ¢gNN(m;).
Although the uncertainty in the small-my4 region looks small this is probably unrealistic. In
this regime, the amplitudes depend on the derivative of the NMEs with respect to m;, which
we estimated by expanding the interpolation formula. However, as discussed in Sect. 3.5.2, this
expression might not be accurate in this region and a realistic uncertainty would likely be at the
order-of-magnitude level as well. Since the decay rates are immeasurably small, this uncertainty
is not too relevant.

3.7.2 342 model

We now consider a minimal 3 + 2 model, where we extend the SM with two sterile neutrinos
(n = 2). This model is more realistic as it can readily accommodate the measured neutrino
mass splittings, mixing angles, and CP phase. We closely follow the analysis of Ref. [134]
to conveniently parametrize the 5 X 5 mixing matrix in terms of neutrino masses and PMNS
parameters. The original 5 X 5 mass matrix is given by

0 0 0 M, Mp,
0 0 0 M, Mp,
M= 0 0 0 M, M, (3.116)

* * *

MD14 MD24 MD34 MR44 MR45
* * *

MD15 MD25 MD35 MR45 MR55
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Figure 3.6: 0v3/3 half-life of 36Xe as a function of my in the 3-++1 model. We show results obtained
with the QRPA (solid) or Shell Model (dashed) NMEs. The bands reflect the uncertainty due to
LECs associated with hard-neutrino exchange. Right-panel: same as left panel but for neutrino
masses around the pion mass.

This mass matrix leads to one massless and four massive neutrinos and can be diagonalized by
a b x 5 unitary matrix U that consists of physical parameters [134]

UM, U = diag(mq, ma, ms, mg, ms) , U= <g‘“’ Z‘LS> , (3.117)

where, in the normal hierarchy, we have

1 0 . 0
Usa = Upnins (O H) , Uas = iUpnNs <Hm§RTM_;> ; (3.118)
I h

Uwy = i (0 ﬁMh*%lel/?) , U= H. (3.119)
Here, m; and M}, are 2 x 2 mass matrices
(M2 0 L 0
m; = < 0 m3> N Mh = < 0 m5> s (3.120)

and Upyns and R are 3 x 3 and 2 x 2 matrices

Upnns = REBWBRIZ diag(1, 1, '), (3.121)
n_ < cqs (045 + iq'/45) sin (045 + ?745)) ’ (3.122)
—sin (f45 + i745)  cos (045 + iv45)

where 045 € [0,7/2] and Y45 € (—00,00). As the name implies, Uppsngs is the usual PMNS
matrix consisting of 3 mixing angles, 1 Dirac phase, and 1 Majorana phase (there is only 1
Majorana phase because mj = 0). The matrices H and H are composed of the above mass and
rotation matrices

— _1 1
, H= [I+Mh *RmyR'M, 2} : (3.123)

N[
N|=

1 1
H= [1 +m] RTMthmf]
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NH Am3; [eV?] Am3, [eV?] 1,2
7.39-107° 2.449 -1073 0
30 [6.79, 8.01]-107° [2.358, 2.544] - 103 [0, 7
sin2 912 sin2 923 sin2 013 513/7‘(
3.10- 1071 5.58 107! 2.241 - 1072 1.23
30 || [2.75, 3.50] - 10~ [4.27, 6.09] - 101 [2.046, 2.440] - 1072 [0.78, 2.06]
IH Am3, [eV?] Am3, [eV?] A1,2
7.39-107° —2.509 - 1073 0
30 [6.79, 8.01]-10~® [-2.603, — 2.416] 1073 [0, 7]
sin2 012 sin2 923 sin2 013 513/7‘(
3.10- 1071 5.63-107! 2.261 - 1072 1.58
30 || [2.75, 3.50] - 107! [4.30, 6.12] - 101 [2.066, 2.461] - 102 [1.14, 1.97]
3+2 045 V45
/8 0.5

Table 3.6: Input parameters used for the analysis of the standard three-light Majorana neutrino
scenario, depicted in Fig. 3.5, and the 342 model. The values of the light neutrino mass splittings
and the PMNS angles are taken from Ref. [132].

The above form of U assumes m; = 0 making it directly applicable to the case of the NH,
while in the case of the IH we instead have mgs = 0. To account for this change we can replace
mao3 — myz2 in the above, leading to a solution of UTM,U = diag(0,m1, ma, my, ms), after
which the mass matrix can be brought into its usual ordering by rearranging the columns of U.
Although this procedure leads to a perfectly adequate parametrization of U, it does not lead to
the familiar identification of the mixing angles s;; with the solar and reactor angles. To ensure
that the usual Upy;ng appears as the upper left-hand block in our parametrization of U (in the
limit my5 — 00) we simply follow the steps of the derivation in Ref. [134], starting from Eq.
(3.117) with mg = 0 instead of m; = 0. This leads to a form of U which can again be written as
in Eq. (3.117), but now

Uaa

. . 0
U H7 Uas = iU HR — )
PMNS WUWPMNS 3 (mll/QRTMh 1/2)

Usa = 1 (0 FIMh_l/szll/2> RT7 Uss = H, (3124)

where m; = diag(my,my), while H = R (é 2) RY, with H as in Eq. (3.123) but using

my = diag(mq,ms), and Rz = W3(—n/2,0)W23(7/2,0). M}, and H are left unchanged. To
obtain these expressions we used the relation

T
diag(my,m2,0,mq, ms) = (%3 (1)> diag(0,m1, ma, myg, ms) (%3 ?) : (3.125)
to write Eq. (3.117) in the form of Eq. (2.3) of Ref. [134]. The rest of the derivation then closely
follows that of Ref. [134], leading to a similar form of U as in the NH case, but with additional
factors of Rg.

We do not wish to perform a fully general analysis of the parameters in the mixing matrix.

Instead, we fix all parameters except for m4 and ms. We work in the normal hierarchy and set
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Figure 3.7: Left panel: 0v33 half-life of 136Xe as a function of my for ms = 30 MeV (blue),
ms = 100 MeV (red), ms = 500 MeV (green), and ms = 5000 MeV (orange) in the NH. Right
panel: Same as left panel but now we included uncertainties from NMEs and LECs. Bands
correspond to ms = 30 MeV (blue), ms = 100 MeV (red), ms = 500 MeV (green).

my = /Amiy ~8.58-1073 eV and mg = /Am3y; = 0.05 eV. We pick the best-fit values for
the PMNS mixing angles and Dirac phase [132]. For simplicity we set the Majorana phase to
zero, a = 0. While the choice of 645 does not affect the unitary matrix drastically, Ues and Us
can deviate from the experimental values if v45 2 O(1). Taking into account this restriction, we
pick moderate values for 045 and 745. All choices of parameters are given in Table 3.6.

We show the lifetime Tlo/”2(136Xe) in the case of the NH as a function of m4 for four different
values of ms in the left-panel of Fig. 3.7. We use the QRPA NMEs of Ref. [115] and a specific
value of the short-distance LECs to not clutter the plots too much. We set

PN0) = —138.7GeV2,  gNN(mg) = (5+3¢%)/4, (3.126)

as discussed in Sect. 3.6.1. We can observe a few things. For small ms < m, and m4 < ms the
half life becomes independent of my4 and scales as m3, similar to the behavior of the 3+ 1 scenario
for small my (the left part of Fig. 3.6). This is the ‘cancellation regime’, where the NMEs and

LECs become m; independent and
Z Zmi(My(mg) + (Ma(mg)) ~ O(UZEm?) oc m?, (3.127)

since Ues ~ y/my/ms. The scaling with mé breaks down for larger values of ms, in fact, for
ms > 500 MeV and my < m, the half life becomes essentially independent of both my4 and ms
as can be seen by comparing the left part of the green and orange lines.

For m4 > my, and ms > A, (the right part of the green and orange lines), the scenario
becomes similar to a standard seesaw scenario with 3 light Majorana neutrinos and ‘decoupled’
heavy states. The lifetime becomes roughly 10%® yr, the predicted lifetime in the NH for a
massless lightest neutrino and vanishing Majorana phases. Shorter half lives are possible if one
neutrino is heavy while the other is at or below the pion mass. Finally, for almost degenerate
my and ms there is a cancellation leading to a peak in the half life. In the right panel of
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Figure 3.8: Left panel: Ov33 half-life of 13¢Xe as a function of my for ms = 30 MeV (blue),
ms = 100 MeV (red), ms = 500 MeV (green), and ms = 5000 MeV (orange) in the IH. Right
panel: Same as left panel but now we included uncertainties from NMEs and LECs. Bands
correspond to ms = 30 MeV (blue), ms = 100 MeV (red), ms = 500 MeV (green).

Fig. 3.7, we show the same results for three choices of ms, now including the uncertainty from
the short-distance LECs and we show results for two choices of NMEs. The uncertainties are at
the order-of-magnitude level.

The case of the IH is shown in Fig. 3.8, which shows a behavior that is very similar to that of
the NH scenario. In particular, at large values of ms the half life becomes almost independent of
my, 5, while, in the small mass region, the scaling ~ mg reappears. We again see a cancellation
when my ~ ms, and the half life approximates that of a seesaw scenario with 3 light neutrinos
in the large-my 5 region. In contrast, the absolute value of the half life does differ between the
scenarios and is roughly an order of magnitude smaller in the IH than in the NH.

It should be mentioned that Figs. 3.7 and 3.8 depend on the choice of mixing angles and
phases, for which we used a = 0 and the values in Table 3.6. Varying the phases can lead to
significantly larger half lives, especially when they are tuned to induce cancellations between the
different contributions, while in other parts of parameter space (often milder) enhancements are
possible.

3.7.3 A 3-+1 scenario with leptoquark interactions

In this section we illustrate the use of the EFT framework by performing the matching in the
case of an explicit model of BSM physics. Our main goal is to illustrate the framework and we
consider a simple SM extension. We extend the SM with right-handed neutrinos that interact
with leptoquarks (LQs). Leptoquarks are hypothetical particles that convert quarks to leptons
and vice versa. All possible representations of LQs are summarized in Ref. [26], and among them
is a scalar LQ that transforms as an SU(3). triplet, an SU(2); doublet, and carries nonzero
hypercharge: R (3, 2, 1/6). The LQ interaction with sterile neutrinos is given by

Lrq = ~yay draR'e Ly, + v Qha Rivey + hic., (3.128)

where a, b and i, j are flavor and SU(2) indices, respectively. In addition to these interactions, we
include the right-handed neutrino Majorana mass terms and Yukawa interactions as in Eq. (2.2).
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The LQ interactions are LNC so that LNV only arises from the Majorana mass of the sterile
neutrinos. Integrating out R, one dim-6 operator in Table 2.3 is generated

£ =), (Lidy) €7 (Qivpa) + huc., (3.129)
abed
where
_ L e
COoy = —5—yERUEE (3.130)
abed LQ

with my,q being the mass of the R LQ. The above operator, as well as O LvQd generated through
the RGEs of Eq. (2.5), induces the dim-6 scalar and tensor operators in Eq. (2.10) below the
electroweak scale. We focus on operators involving the first-generation quarks and charged
leptons

(6) 2Gr | (6) (6)

L = Cop ULARELVR, + C
AL=0 SR YLYRCLYRa T
\/i ea ea

’LLLJM dReLU“ VRa | (3.131)

where the subscripts e and a denote the charged-lepton and neutrino flavor, and

(6) _ 4o6) _ V' TR pis 5 130
Cor = *Cp” = 9 2 la Y1e > ( . )
ea ea mLQ

where a runs from 1 to n.
Of course, we also have to include the SM weak interactions and together we obtain the
following matching to the operators in Eq. (2.23)

(C\(/?L)LL%. = —2VuaUei, (Cé%)R> o 4( TRR> o ZC U3+az (3.133)

With these nonzero Wilson coefficients the Ov33 decay rate can be directly read from the master
formula in Eq. (3.63). We use the procedure outlined in Sect. 3.6.1 to obtain matching relations
for the relevant LECs and we explicitly give the resulting interpolation formulae in Appendix B.

We first consider the 3 + 1 scenario, but now with the additional LQ interactions described
above. This only provides a simple toy model in which to study the effects of the LQs, as it also
leads to two massless neutrinos and cannot explain the observed oscillation data. A more realistic
342 scenario is studied in the next subsection, we note, however, that is also possible to explain
the neutrino masses in LQ models without introducing sterile neutrinos, see e.g. [135-137]. For
simplicity we set the couplings yﬁRyﬁL* = 1 as deviations can be absorbed in my,q. For the
contributions from the standard mechanism we set the unknown LECs as in Eq. (3.126). The LQ
interactions induce a large number of contributions to the subamplitude Ay, as given in Eq. (B.4).
Unfortunately most of these contributions are associated to LECs we do not control. To simplify
the analysis somewhat we only include contributions from purely pionic operators, where lattice
results are available that can help constrain the LECs. The missing contributions from pion-
nucleon and nucleon-nucleon interactions can be added once more information about the LECs
is obtained. The missing contributions appear at the same order as the pionic contributions we
do include, and thus correspond to a significant uncertainty. For the pionic operators we require
the interpolation formulae discussed in Eq. (B.11) of Appendix B. These depend on 915345
that are known (see Table 3.1) and the unknown couplings ¢§7(0), 9775(0), 95%11,(0), 97751, (0).-
In this section we use the NDA estimates

iwiy iwis 1 T iwis
981 (0) = —g71(0) = 72 983v1L(0) = g77v1L(0) = —1, (3.134)

T
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Figure 3.9: Left panel: Tlo/”2(136Xe) as a function of my in the LQ 3 + 1 model. The solid
(blue) line is the total half life whereas the dashed (red) line depicts the contribution from just
the standard mechanism (exchange of neutrinos interacting via left-handed currents). We have

set yLByRl* = 1.0 and mpq = 10 TeV. Right panel: Similar but now we fixed my = 10 eV

(blue), my =1 keV (red), and m4 = 5 GeV (green) and vary mp,q. In both panels the Dirac and

Majorana phases were set to zero, mg = ./Am%TM, and the QRPA NMEs were used.

where the signs were chosen in such a way that the LECs do not change sign when varying the
neutrino mass.

We plot the resulting Ov33 half-life of 136Xe in the left panel of Fig. 3.9 for mrq = 10 TeV as
a function of my. The red dashed line denotes the limit of mrg — oo corresponding the 3 41

scenario discussed above. We have set the Dirac and Majorana phases to zero, ms = 4 /Am%TM,
and used QRPA NMEs. The theoretical uncertainty due to NMEs and LECs is not shown, but
is similar to the 3 + 1 and 3 + 2 scenarios and thus roughly one-to-two orders of magnitude on
the half life. The plot shows that for a light fourth neutrino, m4 < 100 GeV, the LQ interactions
completely dominate over the standard mechanism. In fact, the current experiments rule out 10
TeV interactions for 100keV < my < 100 GeV. In the LQ scenario, Ovf35 experiments are most
constraining at my ~ 170 MeV, where we find my,q > 56 TeV. Future experiments could push
this towards mpq > 150 TeV.

In the right panel of Fig. 3.9 we show the half life as a function of myq for three specific
values of my. We set myqy = 10 eV, with the eV-scale being motivated by anomalies in neutrino
experiments [138-141] (but see Ref. [142] as well), m4 = 1 keV, as motivated by models of sterile
neutrino DM [18,143], and my4 = 5 GeV as motivated by studies of low-scale leptogenesis [144].
For these cases, the limits on my,q are respectively mrq > 1 TeV, mpq > 3 TeV, and my,q > 23
TeV. While it is difficult for present and future Qv experiments to probe scenarios with just
light sterile neutrinos, these results illustrate that prospects are much better in scenarios where
the sterile neutrinos have non-standard interactions.

3.7.4 A 3+2 scenario with leptoquark interactions

We now repeat the analysis in the 3 + 2 model. In Sect. 3.7.2 we concluded that detection of
Ov 3 is not possible with the next generation of experiments in the pure 3 4 2 model for the NH
(see Fig. 3.7). It is interesting to investigate what the scale of BSM physics should be to make
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Figure 3.10: Top-left panel: T 10/1’2(136Xe) as a function of my in the LQ 3 + 2 leptoquark model
for different choices of ms = 10 €V (blue), ms = 1 keV (red), ms = 1 MeV (green). We consider a
leptoquark mass of 10 TeV. Top-right panel: same as top-left but now for ms = 100 MeV (blue),
ms = 5 GeV (red), ms = 100 GeV (green). Bottom panels are the same as the top panels but
now for a leptoquark mass of 50 TeV. All panels use the same phases, mixing angles, and LECs
as in Sect. 3.7.2.

a detection possible. We take the LQ interactions as an example of BSM physics in order to
determine the relevant mass of my,q for different choices of m4 and ms. To reduce the number
of parameters we set ylLlRyﬁL* = ylLQRyf%eL* = 1 and use the same phases, angles and LECs as
in Sect. 3.7.2. We do not show the dependence on the LQ couplings explicitly, but note that
they always appear in the combination 79%: %%L*, so that a shift in the couplings of, for example,
yERyRLx 5 1072 is equivalent to rescaling the LQ mass by a factor of 10.

In the top-left panel of Fig. 3.10, we set myq = 10 TeV and ms = 10 eV (blue), ms = 1 keV
(red), ms = 1 MeV (green) and vary my4. Current experiments already rule out such scenarios
for a significant range of my4. For mjs in the MeV range, the resulting half lives are too short and
excluded. For light ms < keV, the scenario is excluded for 100keV < my4 < 100GeV. In the
top-right panel, we set ms = 100 MeV (blue), ms = 5 GeV (red), ms = 100 GeV (green) and
conclude that such values are ruled out independent of my4. Of course, the results depend on the
scale of BSM physics. In the bottom panels we repeat the analysis but now set myq = 50 TeV.
The bottom-left panel, corresponding to light ms, tells us that future experiments are sensitive
if mq > 10 MeV, while scenarios where both m4 and ms are light lead to decay rates that are
too slow to observe. The right panel shows that current limits already exclude the scenario for
ms = 100 MeV independent of my4. For larger ms, nEXO can observe Ov3p3 events if my < 1
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Figure 3.11: Tlo/”2(136Xe) as a function of mrq for 4 choices of my and ms. The blue line
corresponds to m4 = 0.69 eV and ms = 1 eV, the red line to my = 1 eV and ms = 1 keV, the
green line to my4 = 1 keV and ms = 1 GeV, and the orange line to my = 3 GeV and m4 = 4 GeV.
The same phases, mixing angles, and LECs as in Sect. 3.7.2 were used.

GeV.

Our main goal is not to exhaustively investigate the parameter space of this LQ model.
Instead, we wish to highlight that future OvBf3 experiments are sensitive to a class of BSM
models with light sterile neutrinos if they have weak non-standard interactions with SM fields.
How weak these interactions can be depends on the exact value of the neutrino masses, but scales
of 1-100 TeV can be accessed. We illustrate this in Fig. 3.11. In scenarios with my4 and ms around
1 eV, the ¥6Xe half life from just the standard mechanism is roughly 10%° yr, but nEXO can
make a detection for mpq < 1 TeV. In this particular case, LHC experiments already strongly
constrain such LQ masses [145,146|, but for heavier neutrinos much higher LQ mass scales can
be probed. For instance, for my4 at the keV scale and ms at the GeV scale, next-generation
experiments are sensitive to leptoquark masses up to 100 TeV.

This discussion highlights the important role that Ov38 experiments can play in understand-
ing the nature and interactions of sterile neutrinos. While a positive Ov53 signal alone cannot
unambiguously be interpreted as evidence for sterile neutrinos, Ov58 experiments, in conjunc-
tion with direct observations in laboratory experiments or astrophysical probes, can put severe
constraints on the possible interactions of these particles that are very competitive with other
low-energy probes and high-energy collider experiments.

3.8 Conclusions

Sterile neutrinos are natural candidates to explain the origin of active neutrino masses via the
type-1 seesaw mechanism [14-16], which, however, does not definitively point towards a specific
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mass scale. While the smallness of neutrino masses can be realized with very massive vg,
My, ~ 10 GeV, with O(1) Yukawa couplings to SM leptons, the sterile neutrino mass scale can
be lowered to the TeV scale [16], inducing interesting signals at the Large Hadron Collider [147],
or even to the GeV or sub-GeV region [144,148|. In such scenarios the sterile neutrinos could
provide a dark matter candidate and induce the correct matter-antimatter asymmetry in the
Universe [19,20, 144, 148|. While muon, meson, and nuclear 5 decays constrain the interactions
of sterile neutrinos with SM particles to be more feeble than the weak interaction, in generic
models vg can be charged under new forces, mediated by bosons with masses much larger than the
W and Z masses. These interactions, while weak, can leave traces in high-precision experiments,
including searches for Ov58.

In this chapter, we studied the impact of light sterile neutrinos with mass smaller than the
electroweak scale, m,, < v, on Ov33, in a systematic framework which relies on a tower of
EFTs. The contribution of sterile neutrinos to Ov3/S has been investigated extensively in the
literature (97,119, 120, 149, 150|, in the minimal scenario in which vz has only renormalizable
interactions, namely the Majorana mass term Mp and a Yukawa interaction Y, in Eq. (2.2).
Here we extend these works in several, significant directions

e We extend the SM by adding a (family) of sterile neutrinos v, which are singlets under the
SM gauge group. At scales larger than the electroweak scale, we allow the vg to interact
with SM degrees of freedom via a dimension-four Yukawa interaction, and the most general
set of gauge-invariant higher-dimensional operators up to dim-7, in the framework of the
sterile-neutrino-extended SMEFT (27,28, 151]. With the exclusion of the Majorana mass
term in Eq. (2.2), we consider operators with at most one vg, which are the most relevant
for OvBB. The dim-6 LNC operators with active and sterile neutrinos are listed in Tables
2.1 and 2.3, respectively, while the dim-7 LNV operators are given in Tables 2.2 and 2.4.
The renormalization-group equations describing the QCD evolution for the coefficients of
the dim-6 and dim-7 operators is given in Eqs. (2.5) and (2.7).

e We match the SMEFT operators onto SU(3) X U(1)ep-invariant operators, by integrating
out heavy SM degrees of freedom. For 2GeV S m,, < v, the sterile neutrino is also
integrated out in this step, and one is left with dim-9 operators in Egs. (3.2) and (3.3),
with coefficients given by Egs. (3.9), (3.10), and (3.11). If vy is lighter, it remains dynamical
in chiral EFT. In this case, at the quark level, one finds the generalized LNC and LNV
p-decay Lagrangians in Egs. (2.9), (2.10), (2.11), and (2.12), which involve, vector, axial,
scalar, pseudoscalar, and tensor currents as well as derivative operators. Rotating these
interactions to the neutrino mass basis gives rise to the operators in Egs. (2.21) and (2.22),
whose coeflicients can be expressed in terms of the gauge-invariant operators in Sect. 2.2.

e We systematically construct the chiral Lagrangian in the presence of light sterile neutri-
nos with non-standard interactions, starting from the quark-level operators in Eqs. (2.21)
and (2.22). This Lagrangian includes terms with explicit neutrinos, that couple to pions
and nucleons via the vector, axial, scalar, pseudoscalar, and tensor currents. These are
constructed in Sects. 3.2.1 and 3.2.4, and the neutron $-decay transition operator is sum-
marized in Eq. (3.26). In addition, the Chiral Lagrangian contains LNV operators that
couple pions and nucleons to two leptons, which are induced by the exchange of virtual
light neutrinos. In Sect. 3.2.6 we construct, for the first time, these operators in full gen-
erality and we show that the mmee and nnppee couplings contribute at LO for several
higher-dimensional operators. We discuss the dependence of the LECs of these operators
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on the neutrino mass, and demonstrate that they are needed to guarantee that the Ov3g3
amplitude has a smooth dependence on the neutrino mass.

e We identify all the chiral EFT low-energy constants required for the derivation of the Ov 33
operator at LO. They are summarized in Table 3.1. With the exception of the recoil-order
LEC appearing in the tensor current, ¢/, all LECs in the neutron S-decay operator are well
known, either from experiment or Lattice QCD. The 77 couplings induced by dim-9 oper-
ators are also well known [100], while 77 couplings induced by hard-neutrino exchange and
7N and NN couplings induced by dim-9 operators and hard-neutrino exchange are at the
moment mostly undetermined. The ignorance of these LECs causes a sizable hadronization
uncertainty in the Ov5S half-lives, which, though usually neglected, is often as big as the
error from nuclear matrix elements, see for example Figs. 3.5.

e We derive the Ov 5 transition operator in Sect. 3.3 and the master formula for O35 in Sect.
3.4. In spite of the large number of operators, we find that the final form of the amplitude
and the half-lives, Egs. (3.62) and (3.63), are rather compact and involve structures that
are very similar to those found for the exchange of active neutrinos in Refs. [71,82]. In
particular, they involve the same nuclear matrix elements, with the difference that, for
1 MeV < m, < A, the NMEs acquire a non-trivial dependence on the neutrino mass.

e We study the dependence of the Ovf5S half-lives on the neutrino masses. For neutrino
masses below A, the dependence arises in two ways, explicitly via the neutrino propagators
in the neutrino potentials and implicitly via the LECs induced by hard-neutrino exchange.
In contrast, if m,, > A, the mass dependence appears through the matching coefficients
of dim-9 operators. We derive interpolation formulae, grounded in QCD and xPT, for both
the nuclear matrix elements, in Sect. 3.5.1, and the LECs, in Sect. 3.6. These formulae allow
us to smoothly interpolate between the m,, < A, and the m,, > A, regimes, as shown
in Figs. 3.9, and to get the correct chiral EFT scaling of the amplitudes. The interpolation
formulae for the LECs are partially phenomenological, due to the difficulties to treat the
intermediate region m, < m,, < A, rigorously, but can be systematically improved by
calculating pion, nucleon, and two-nucleon LNV matrix elements with nonperturbative
methods for different neutrino masses.

e As a consequence of the systematic construction of the chiral Lagrangian and the study
of the mass dependence of NMEs and LECs, we can address all sources of theoretical un-
certainties on the OvS3p3 half-lives, induced by active and sterile neutrinos. An important
finding is that the hadronization uncertainty is very significant. We estimate this uncer-
tainty by conservatively varying the unknown LECs in the range expected on the basis
of naive dimensional analysis and internal theoretical consistency. We recommend to in-
clude the hadronization uncertainty in future analyses of Ov53. As an example, in the
left panel of Fig. 3.5 we show the usual inverted and normal hierarchy predictions for the
136X e half life as a function of the lightest neutrino mass with errors bands that include the
hadronization uncertainty. This can be compared with the right panel where this hadronic
uncertainty has been neglected.

To illustrate the use of the developed EFT framework, we studied several scenarios with
light sterile neutrinos. Scenarios with two additional sterile neutrinos can reproduce all neutrino
oscillation data. In the normal hierarchy, a minimal model where sterile neutrinos only interact
via mixing, leads to '3%Xe half lives that for all choices of m4 and ms are (slightly) above
10?8 yr, the prospected sensitivity of next-generation experiments. In the inverted hierarchy a



3.8. CONCLUSIONS 71

detection will be possible if at least one of the neutrinos has a mass above O(500) MeV. These
conclusions change drastically in the presence of higher-dimensional interactions. For instance,
Ov B experiments already exclude scalar interactions at a scale of 10 TeV if one of the neutrinos
has a mass around the keV scale and the other at the GeV scale. Such mass ranges appear in
scenarios where sterile neutrinos can account for both Dark Matter and the matter-antimatter
asymmetry [20], although to account for both at least three sterile neutrinos are necessary.
Depending on the exact neutrino masses, next-generation experiments are sensitive to scales up
to O(100) TeV. The framework developed here, and the master formula in (3.63) in particular,
can be used directly to assess the impact of Ov33 experiments on any BSM scenario with light
sterile neutrinos and should prove useful when comparing Ovf35 with other probes of sterile
neutrinos.
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Chapter 4

Lepton-number-violating kaon decays
in vySMEFT up to dimension seven

In this chapter! we study the lepton-number-violating kaon decays KT — 7¥IFIT in the presence
of sterile neutrinos. We consider minimal interactions with Standard-Model fields via Yukawa
couplings as well as higher-dimensional operators in the framework of ¥SMEFT up to dimension
seven. If neutrinos are heavier than the EW scale, we integrate them out and their low-energy
signature is captured by SMEFT operators with odd dimension. Refs. [85,152] have investigated
this case in detail. When neutrino masses are below the EW scale, the operators of YSMEFT are
evolved to the EW scale and heavy SM particles (top, W, Z, Higgs) are integrated out to match
to a Fermi-like EFT extended with vg fields that obeys SU(3). x U(1)en gauge symmetry. If
the sterile neutrinos are heavier than A, ~ 1 GeV, they can be integrated out before matching
to a chiral EFT Lagrangian. We obtain LNV dimension-9 operators, which involve two up-type
quarks, two down-type quarks and two charged leptons as discussed in Sect. 4.1 . These operators
induce short-distance LNV contributions and were systematic studied in Refs. [78,85]. Sterile
neutrinos with masses below A, are active degrees of freedom at hadronic scales. We apply
SU(3) chiral EFT extended with sterile neutrinos to describe LNV kaon decays in this mass
regime. Such neutrinos can be looked for in many different experiments, ranging from oscillation
to beta-decay to collider experiments [130, 153-159].

The current experimental upper bounds on the LNV branching ratios of charged kaons are
very stringent (5.3 x 107 and 4.2 x 107 [68,69] for K~ — nte”e™ and K~ — ntu—pu~,
respectively). Nevertheless, unlike the case for Ov35 these bounds are too weak to set meaningful
constraints on the BSM scale A for the exchange of virtual sterile neutrinos . However, if a sterile
neutrino can be produced on shell, the LNV decay rate is significantly enhanced due to the small
width of the sterile neutrino [160]. We apply the narrow-width approximation to modify the
decay amplitude and use the resonance to constrain the neutrino mixing angles and the BSM
scale. Similar ideas were used for other kinds of LNV decays including D, Dy, B, Bs, B, and 7
decays, see Refs. [161-167| for discussions on the minimal scenario without higher-dimensional
operators and Ref. [168] on the left-right symmetric model.

We present the possible Feynman diagrams relevant with K~ — 77171~ in Fig. 4.1. The first
three accomplish LNV through the exchange of a light neutrino (long-distance contribution).
They can be divided into two parts, one for the leptonic decay of K~ and the other for the
leptonic decay of . To get the hadronic operators that induce leptonic decay of mesons, we
need quark-level operators involving an up quark, a down (strange) quark, a charged lepton and

'This chapter is based on G. Zhou, JHEP 06 (2022) 127.
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Figure 4.1: Possible Feynman diagrams for K~ — 7717~ and the black blob denotes LNV
interactions.

a neutrino, which are at least dim-6 after EWSB. The fourth diagram contains no neutrino and
we call it the short-distance contribution. It may be induced by integrating heavy neutrinos out
or arise from dim-7 operators without neutrinos (see Eqs. (4.4) and (4.5)).

The method to study LNV kaon deays is very similar to that of Ov33. The relevant operators
that contribute to LNV kaon decays are also listed in Tables 2.1-2.4 and after EWSB, the resulting
operators are the same as those in Sects 2.2 and 2.3, except the different flavor indices of the
Wilson coefficients. The Wilson coefficients of Eqs. (2.21) and (2.22) carry flavor indices ijkl
where ¢ = u denotes the up quark, 7 = d, s indicate the down quark and strange quark, k = e, u
labels the generation of charged lepton and [ = {1, ...,72} denote neutrinos in the mass basis. In
this chapter we focus mainly on the operators in Eq. (2.21) as the operators in Eq. (2.22) are
relatively suppressed by m /v or v/A.

4.1 The full complete set of dim-9 operators in case of LNV kaon
decays

Before discussing the calculation details we first list the complete set of dim-9 operators , which
contain two up quarks, a down quark, a strange quark, and two electrons or muons. Dim-9
operators are induced at the electroweak scale and, when sterile neutrinos have a mass above the
chiral-symmetry-breaking scale A, at the sterile neutrino mass threshold. We thus again list all
possible SU(3). X U(1)epm, invariant operators

1 - _ _
L= [ (CRCT + CRUCIE) 01+ CP s OF |, (4.1)

where | = e, p, and O; (O) contain four quarks and they are Lorentz scalars (vectors). In
general there should also be Lorentz tensors, but here we only consider the case when both of
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the two outgoing leptons are electrons or muons and thus the tensor operators vanish. The scalar
operators are [83-85]

Or = ufmud] apytsy.  Of = ufyudf ugy"sp .

Oy = aRHd$ whsh Ob = u§d$ a) s |

O3 = afd; hst, 0% = ugd?, al) s%

Oy = aRd$ ahs?, O} = ugd$ uhsh

Os = ald; a)s%, 0% = ugdy, uhs$ (4.2)

where «, 3 are color indices and a summation over them is implied. We get O} by changing the
parity of O; . For the vector operators, we have [83,85]

. B r_ B B
Og,udus - u%fyud% ULS?%, Og,udus - u%vud% URST, »
_ _ / _ _
Og,usud = U%’}’NS% ugdib Og,usud = uaRPyuS% u%di ’
_ _ / _ _
Ol?iudus = u%ryﬂdg UES%, Oét,udus = u%ryﬂd% U%S% ’
_ _ / _ _
Oi?iusud = u%ryﬂsg uﬁd%, Oi?iusud = UQRVMS% ulﬁid% ’
_ _ / _ _
Og,udus = u%’y#d% u%sg ’ Og,udus = u%’y#d%ﬂ ugs% )
_ _ / _ _
Og,usud = u%’y“s% ulﬁ%dfﬂ Og,usud = u%’yﬂs% ugdlﬁ% )
_ _ / _ _
Og,udus = u%’y”dg u%‘s% ’ Og,udus = U%W”d}ﬂ% uﬁs% )
_ _ / _ _
Og,usud = u%7”8€ u%da ’ Og,usud = U%W”S’% uéd% : (43)
The matching conditions for the relevant dim-9 operators are [79]
L o 7 *
ﬁ C£L) = *4Vudvus <C£[3D 1 + 4CLHW) )
L 9 . (7)x
E 5L 4iViq CLLJuD 1,us’
L oy . (7)*
03 5L = 4iVus Cp L dup 1 ud - (4.4)

Note that the notations and basis for dim-9 operators in the cases of LNV kaon decays and Ov50
are different because they contain different types of quarks. The higher-dimensional operators
are evolved from some BSM scale u = A to the EW scale 4 = myy and then to the QCD scale
A,

To integrate out heavy neutrinos above the chiral-symmetry-breaking scale A, ., we again write
the Lagrangian containing heavy neutrinos as Eq.(3.5) and by using the equation of motion we

integrate out the heavy neutrinos and get the following effective Lagrangian

1 .
s7i = Jud,i + Jus,i + jud,i + jus,i y

12

1{_ _ _ _ i i
2 [“LVMdL [eRWC\(/GIZR + eL%C\(/(jIZL] + ury*dp [eR Vuc\(/ﬁf)m ter ’YHC\(/GP){L}

+ urdgr [éL Cé%{ +eégr CE(;%J + urdp, [éL Céi)R +eégr Céiﬂ

Jud,i

+ urodp éLU#ungLR + uro™dy, éRU#l/Cé‘GIEL] ’

2

Jus,i = Jud,i‘d—)sa (45>



CHAPTER 4. LEPTON-NUMBER-VIOLATING KAON DECAYS IN vSMEFT UP TO DIMENSION
76 SEVEN

where J; is the hermitian conjugate of J;, a sum over i is implied and by transposing the leptonic
part of J; we get jiT. The interactions relevant with K~ — 71~ [~ are

ny

1 .
L = D o Jusilid +mu)C (4.6)

i=1 Vi

which contain two kinds of terms, one proportional to i

with an additional derivative. Here we give the matching conditions for terms of the first kind.
We find for the scalar dim-9 operators

1
P
m2,

0{9})2 = _UC$3R,usm; 10\(/6131:;,1“1 ) C(gz)%, = _UC\(/61)KR us!T _lcgilzdg ud

Oy = O Cilig — 160030 iy O3l g C5) = vOSRL My CRL
C:E,Q})z = _32”C(T613L,usm; 1C”E“GI)JL,ud’ C:?EQIZB =0,

04591% = UcégL,usm_lcéi)LTud ) Oigz)%, = Ucéi)L,usm_lcgfigg ud ’

Osn = 200Vhn ' Oiiaa: Co = 200405 1y Ol - (4.7)

where C’>(Q)<X 4 and C>(<6))<X .q are the coefficients of dim-6 operators in Eq. (2.21) involving a

strange quark and a down quark, respectively. We get the matching conditions for the C’i(%)
operators via the replacement

c - oy, ) -,
6 6 6
Cili, © Cian: Chm © Ciin,  AE{SV.T}. (4.8)
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7

The matching contributions for the vector dim-9 operators are given by

(9)
6,usud

(9)
CY6,udus

9
C§,3sud

o®

7,udus

()
6,usud

9)/
Cé,gdus

9y

7,usud

9y
CY'7,udus

(9)
CYS,usud

(9)
8,udus

(9)
9,usud

(9)
9,udus

(o)
8,usud

0(9)’

8,udus

9)/
Cfg,lisud

(9)r
CYQ,udus

The matching conditions for terms proportional to - are given in Appendix A.

g (C\(EBR,usmljilCé?giud - C\(EIZL,usm;ilcégguO
+%C§?ﬂsud )

g (Cgfng,usm;ilc\(gzg,ud - Céflj:gL,usm;ilc\(/(sl),gud>
+%C§?U)1dus )

0O T
4UC'(I‘6F){R,uSmljilC\(/§I)JZ:,ud )

g (C\(/fif){R,usm;ilCéi)P:ud - C\(/(if){L,usm;ilCéi)Lj,ﬂud>
"’%Cg;ud )

g (Céi)R,usm;ilc\(/ﬁf){}:g,ud - Céi)L,usm;ilc\(/(sl)%I?ud)
450,

(6) -1~(6)T
_4UCVRL,usmV¢ C’TLL,ud )

(6) —1,~(6)T
_4UCTLL7usmVi CVRL,ud )

% (C\(EER,usmljilcéi)lg:ud - C\(/EiIZL,usm;ilcgi)L:,ruJ
+%C€(),912dus )
g (Céi)R,usm;ilc\(/%:{ud - CéGL)L,usm;ilc\(?L)LT,ud>
+%Cé?3sud )

(6) —1~(6)T
4”CTLL,usmw CVLL,ud ,

(6) —1~(6)T
4UCVLL,usmw CTLL,ud ’

% (C\(/6}:){R,usm;ilcégpzud - C\(?f){L,usmzzlcégﬁud)
450

g (CégR,usmrjilc\(?}){a,ud - CégL,usm;ilC\(/'Gf){g,ud)
450

~400 R s, O\ Rt

(6) —1~(6)T
_4UCVRR,uSmVi CTRR,ud :

1

Vi

(4.9)
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4.2 Amplitudes for LNV kaon decays

4.2.1 The case of light sterile neutrinos

When neutrinos are lighter than A,, we use chiral perturbation theory to get the amplitudes.
Her we still use the external source method as that in Sect.3.2.1, but now with ¢ = (u,d, s)7,
M = diag(my,, mg, ms) and replace 7 with \;. i = d, s denote a down quark or a strange quark
in the currents. The matrices \; are given by

010 0 01
=100 0], N=[0 00 (4.10)
0 0O 0 00
In SU(3) chiral perturbation theory U(z) is given by
L + +
iVaTI(z) vitve T f(o
U(z) = exp R | II(z) = ™ Bt . (4.11)
K- R /%

The contribution from tensor sources first appears at O(p*) and it can not contribute to
K~ — 77171~ at tree level. Hence we ignore the tensor sources in this part. While for the
remaining sources, we expand U(z) to the leading order and the interactions relevant with the
decay v; — 7t + e; are

Ly = GpFy0H'n™ {éR,z"Y”Vj(C\(/G}){R - C{/'GI_)lRMdij + éL,i'YMVj(C\(/GP){L - C\(ZGEL)Udij}

(4.12)
— i BGrm~ {éL,iVj(Céfﬁ)R — O udis + Eravs (CST, — CégL)udij} )

where we add indices to denote the generations and we can replace the index d with s and 7~
with K~ to get the operators relevant with the decay K~ — e;” +v;. By contracting the neutrino
in mass basis, we connect the operators containing a 7~ with those containing a K~ and get
the amplitude. For the process K~ (k) — 7" (p)l] (p1)l5 (p2) where [1 2 is an electron or a muon,
there are two types of Feynman diagrams. They are different in the positions of the outgoing
charged leptons. For the type where [; and K~ share the same vertex, we get the amplitude

iF2G2 6 6 6 6 — c
M= {miB? (C8k — Cn) ,  (Ciin — ), 501 Pru (p2)
+miB (C\(/ﬁL)R - C\(/61)%R> y (Cé%ZR - Cé(Ii)R) d u(p1)fPru(p2)
ustyt uat2t

6 6 6 6 _ c
+miB (CéL)L - CéR)L)usl”. <C\(/1F){L - \(,L)L)udZQiU(pl)]ﬁPRu (p2)
6 6 6 6
-8 (0§ - 08, (O —C8k)

6 6 6 6 ~ .
+m; (C\(/IEL - C\(/P){L) sl (C\(/IEL - C\(/%L>u y u(pl)}épPRu (p2) (4.13)

u(p1)gdPru (p2)

dl
6 6 6 6 _ .

- B (C\(/IZL - C\(/I-){L> wslyi (CéR)R - CéL)R) wdlyi u(pl)kgPR“ (p2)
6 6 6 6 _ .

- B (Cé}gR - CéL)R) wslyi <C\(/L)L - C\(/I){L) wdlgi u(p1)gpPru’ (p2)
6 6 6 6 _ .

B (C‘(’L)R B C‘(/}){R> uslyi <C£’L)L B C\(/}){L>udl2i w(p)KgpPruc(p2)

+ (terms by flipping the chirality of leptons) } ,
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where ¢ = k — p1, l12 can be an electron or a muon, u(p; 2) denotes a spinor with momentum
p1,2, m; is the Majorana neutrino mass below GeV scale and a summation over 4 is implied. In
the second type of Feynman diagrams lo and K~ share the same vertex. To get its amplitude
M, we only need the replacement p; <+ p2 and add one minus sign in M. The total amplitude
is

Mp =My —M; . (4.14)

P1>p2

4.2.2 The case of heavy sterile neutrinos

The chiral Lagrangian induced by the dim-9 operators in Eq. (4.1) has been discussed in Refs. [85].
The most relevant hadronic interactions involve one pion, one kaon and two charged leptons. The
mesonic chiral Lagrangian is

Fy |5

WK()
o ¢

Ls= 39 1 2yrlhiLsi + (93 e L)/R + QWKCPEL)/R)Ule:n

+(g KCﬁEIB/R—i_gSKCéIB/R)U?lUSl er/rCeL R

4

9 9 T 9
4 5 ( KC( 135ud + g7Kc’§ 13sud)Lgl U21 ( K/Cé 13dus chg 3dus)L51 U?])Ll

e’y,/y5Ce

T 9
+ 98/Ig(cég/2),usud + Cég/z) udus)(LglU21 + L§1U31)

i 9 9
+ gg/jg/(CS(/z),usud B Cé/)g,udus)(LglU21 - L51U31)

+ (-,

(4.15)
where L, = iU DMUT and the parity invariance of QCD implies that the hadronic operators
induced by O; are the same as those induced by O} and they share the same LECs. Then we
expand the U matrix and get operators involving two mesons and two leptons [85]

1
Ls EK T [cléLCéf + CQéRCéﬂ + > [038“K_7r_ + 04(9“7T_K_] 6'7#7505[
(4.16)

+ —58“K_8M7r‘ [C5éCPLéT + CGéCPRéT] ,
v
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where the parameters c; are
e = — Rl (C) + OF)) + g5 () + O
— gT (O + ) = g5 () + ),

Cy =C1 )
L—R

]
cs = — S FGEI (O g+ CON )+ gF (O L+ O )

9 6,usu usud 7, usu usud

K (~(9) (9) (9) (9)
B 98/9 (08/9 usud + CS/Q,usud + C(8/9 udus + 8/9,udus)

T 9 9 9 9
B gS/Ig/(Cé/)Q usud + C(/Z)/usud CE(S/Z) udus Cé/z)/udus)] ’ (417)
€4 = FO [ TFK/(CG( zzdus + C((i qidus) 7rK/(Cfgzdus ngzzilus)

vy el el )

9)
_98/9(0 8/9,usud 8/9,udus 8/9,udus

8/9,usud

K1 ~(9) () (9) (9)/
+ g8/9/(08/9 usud + C8/9 usud 08/9 udus C'8/9 udus)] )

5
6F2 FK(C§2+C(9)/)

Ce —Ch

C5 =

L—R '

The LECs, ngK , can be estimated by using naive dimensional analysis (NDA)

g¥=01), gGEs=0042), gGk=004y. (4.18)

We can also relate g7 with the LECs appearing in K — K° [169], K* — 7570 [170] and
7~ — 7w [169], some of which have been computed by several lattice QCD groups [171-177].
Finally the tree-level amplitude for K~ (k) — 7" (p)l~ (p1)l~ (p2) can be read off directly

Mg = —iv% 2¢11(p1) Pru(p2) + 2c2t(p1) PLu®(p2) — 2icsti(pr) kysu(p2)
+  2icqu(pr)pysu’(p2) + 2k - plest(pr) Pru®(p2) + coti(pr) PLu(p2)]| . (4.19)

4.3 Phase space integral

The momentum products in the amplitude square | M |? of the decay K~ (k) — 7 (p)l; (p1)l5 (p2)
have two independent terms, (k—p;)? = ¢ and k-p, and all the other products can be expressed
in terms of these two products and particle masses. To simplify the integral further, we write [152]

1 1
— (m¥% +a—mj)(a+mj, —m2) + —m|q||p2|cosf, (4.20)

4a Va
1 1
Mm;;l—\fﬂml), |p2| = w with A(a, b, ¢) = a?+b+c—2a2b?—2a? 2 —2b* 2

and my; is the mass of lepton /;. The decay rate becomes

(k*P1)2=a7 k-ps =

where |q| =

1 1 o)
r=2- 61112)2'2 5 647r3/da/dc059\q]|\/2>’|/\/ﬂ (a, k-p2), (4.21)
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and the integration domains are given by
a €[(my, +mx)?, (mxg —my,)?], cosf e [-1,1]. (4.22)

If the mass of neutrino is in the range [my, , + My, mx —my, |, the exchanged neutrino can
go on shell. Near the pole, we modify the propagator

1 1
_> s
@? —m? +ie @ —m? +im;[;

(4.23)

where I'; is the total decay width of v; in the mass basis. When the mass of sterile neutrino is
much larger than its decay rate, we use the narrow width approximation

1
—
(q2 - m?)z + m?FZQ mZFl

5(q® — m2), (4.24)
to simplify the phase space. The resulting m;/I'; enhancement is typically large enough that
other contributions can be neglected.

4.4 Phenomenology

The EFT approach to the long-distance contributions without a sterile neutrino and the short-
distance contributions has been discussed in Refs. [85,152], which considered dim-7 LNV opera-

tors in SMEFT and matched them onto dim-9 operators (C’égL), C’égL)/ and C’f?), and the resulting

Ci(g) are proportional to X—z given that the WCs of dim-n operators are proportional to A—ln Using
the current experimental limit, they obtained a relatively weak bound on A > O(10) GeV. This
scale is too low for the SMEFT approach to be valid. However, this is not the case when we
work in the framework of ¥SMEFT.

In the presence of a sterile neutrino with mass my > A,, where the same CZ-(Q) are induced,

the bound on A can be slightly improved. For instance, let us consider a dim-9 operator, C’égg,

which could receive a contribution from two dim-6 operators C\(g)m us X C\(,GIZR ud» OT equivalently

from two dim-6 operators Oéi)y o X 01(5)”@- C’égé is thus proportional to v°/(myA*). Due to the
enhancement by v/my it is possible to get a more stringent bound.For instance, for my = 1
GeV, we get a better lower limit on A with A > O(100) GeV based on current experimental
limits, which improves the result in Ref. [85] by one order. Nevertheless, it is clear that for
sterile neutrinos with masses above a GeV or so, the resulting limits are rather weak and it is
unclear whether the use of the SMEFT or ¥*SMEFT frameworks are justified.

If a sterile neutrino exists with a mass inside the resonance range [m; + my, mg — myl, the
decay rate is significantly enhanced [160] and we can get much stronger constraints on A and
neutrino mixing angles. From now on we ignore sterile neutrinos with mass outside the resonance
range and discuss two scenarios, the minimal scenario and the leptoquark scenario, and show
their effects on the decay rates of K~ (k) — 7+ (p)l~(p1)l~ (p2). Finally we give constraints on

the energy scale of operators in Table 2.3.

4.4.1 The minimal scenario

In the minimal scenario, we add a sterile neutrino vz with mass my in the resonance region
and it can only interact with the SM particles via the mixing with active neutrinos. We get the
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Figure 4.2: Decay rates of the sterile neutrino in the minimal scenario for cases Ueq # 0 (green
solid) and U4 # 0 (pink dashed ). The kinks at my ~ 140 and 240 MeV are due to threshold
of decay channels N — 7° + v, /v, and 7% + T /uT.

Lagrangian by setting the WCs of operators from Tables 2.1-2.4 to zero and writing the active
neutrino v, in the weak interaction in terms of the neutrino mass eigenstates v;

Vo = Uqnivy (425)

where o = e, pand ¢ = 1,2, 3,4. We also assume the sterile neutrino mixes only with the electron
neutrino v, in K~ — w7e”e” or with the muon neutrino v, in K~ — 7" p~pu~. Due to the
small mixing angles between the sterile- and active- neutrinos, vg is approximately equivalent
to vy.

We can calculate the rates of sterile neutrinos by expanding Eq. (3.20) to the leading order
in SU(3) framework. We show the decay rates I'y of the sterile neutrino in Fig. 4.2. In Fig. 4.3
we plot the branching ratios of kaons as a function of my for the case of final-state electrons
(left panel) and muons (right panel). When calculating the decay rates, the mixing angles |Ue4|
and |Ups| are set to the see-saw prediction /0.05 eV /my. It is clear that my/I'y > 1 and it
is safe to use the narrow-width approximation. The two branching ratios are slightly above the
current limit around 300 MeV. Hence either there is no such a sterile neutrino with a Majorana
mass around 300 MeV, or the mixing angle |Uyy| (I = e, u) is smaller than the see-saw relation.

In Fig. 4.4 we show the limits on |Ug|? and |U,4/|? as functions of my. The limits are quite
close to the black curve indicating the type-I seesaw relation. The constraints on |Ues|? and |Up4|?
could reach O(1071?). The limits on the mixing angles detoriate quickly near the boundaries of
resonance regions due to the phase space suppression.

4.4.2 The leptoquark scenario

In this section we neglect the interactions of the minimal scenario and the SM is extended only
by interactions with leptoquarks (LQs), which can convert quarks to leptons and vice versa.
Ref. [26] summarized all the possible representations of LQs and we focus again on the scalar
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Figure 4.3: Branching ratios of K~ — mTe~e™ (left panel) and K~ — 7wt~ pu~ (right panel )
as functions of the sterile neutrino mass my in the minimal scenario.
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Figure 4.4: The excluded parameter space above the curves for |Ues|? (left panel) and |Up4|?
(right panel) from the limits on branching ratios of K~ — 71~ 1~. The two black lines corre-
spond to the type-I seesaw relation {|Ues|?, [Ups|?} = 0.05 eV/my. The gray (dashed) lines are
the modified limits when including the finite detector size effect.

LQ: R(3, 2, 1/6). Its interactions with quarks and leptons are given in Eq. (3.128). After
integrating the LQ we get the following dim-6 operator

_ 6 - B
E(V(Q = Céd)Qu,ijkl (L?dj) e (QZVPJ) +h.c., (4.26)
where
(6) _ 1 TR R«
CLdQu,ijkl = W?Jkl Yii (4.27)

and my,q is the mass of the LQ. Below the electroweak scale, four operators are induced

(6) 2Gr | (6) - _ 6 g o uw
Lrp—o= 73 | CoRiikt UridRr €L kVRL + Cr 4 ULio" dr €L k0" VR

_(6 7 — _(6 7 _
+C1(\1§R,ijkz dpidr VL kVR + Cl(\I%,ijkl drio"dR;vL k0" VR | +hec., (4.28)
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where the two neutral currents contribute to the decay width of the sterile neutrino and thus
affect LNV decay process in the resonance region, and the coefficients satisfy

2
—~(6) _ a6 _ v LR, RLx
CsRijkl = 4T 0 = o ; (4.29)
Q
2
—(6) —(6) v RLx1 7%
CNSR,ijkt = 4ONT ijkt = o 2Qyml Yik Vi - (4.30)
The matching to the operators in Eq. (2.21) is
®) ©) ~ )
6 6 (6 .
CSrR.ijki = 4CTRR ik = Z CSRijktUs i (4.31)

=1

where n is the number of sterile neutrinos and here we consider only one sterile neutrino. Since
we focus on the resonance region, the contributions from other light neutrinos can be safely
ignored and the mixing angle |Uyy| =~ 1.

In order to induce the decay K~ — mte e, we set yﬁf%yé?* = yﬁf%yfeL* to one and all other

indices configurations to zero. Similarly for K~ — 77 p~ ™ we assume yﬁf%yﬁf* = y{ilRygLL* =1

with all others being zero. Then the decay rates are a function of the leptoquark mass mrq
and the sterile neutrino mass mpy. One can check the decay rate of the sterile neutrino is much
smaller than its mass and thus the narrow width approximation is still valid. In Fig. 4.5, we
show the limits on my,q by varying my. The regions below the two colorful curves are excluded,
and the green curve (K~ — mte " e™) reaches an energy scale around 300 TeV while the pink
curve (K~ — mtpu~p™) could reach 250 TeV. Due to the same reason as that in the minimal
scenario, mp,q approaches 0 near the resonance boundaries.

4.5 Limits on dim-6 operators with a sterile neutrino

In principle by using the current limit on K~ — 7 +[~[~ in the resonance region we can make
a limit plot for every operator from Tables 2.1-2.4. The strongest limits arise from (part of)
the operators in Table 2.3, because contributions from the operators in the other tables are
suppressed by either the small mixing angles |U, /4| for those containing a left-handed neutrino
or A for the dim-7 operators. Not all YSMEFT dimension-six operators contribute equally. For
instance, (926”) g has no direct effect on the LNV kaon decay and is ignored here. (95?,)[/ can induce
the decay N — vy, which is relatively fast and decreases the LNV kaon decay rates in the
resonance region. O( ) s strictly constrained because it generates neutrino dipole moments at
one-loop [178,179] and it is also ignored. We are then left with four operators ((’)( )Q has been
discussed in previous subsection) in Table 2.3. These operators can easily be obtained in models
with Z’' bosons (ng)wu Oégy)Q 4), and left-right symmetric models (Og?} .)- We refrain from
introducing specific models and focus on giving the limits on the WCs of these four operators
directly.

To induce the LNV kaon decay, we turn on a single operator with specific flavor configurations
at a time and ignore the minimal interactions. For Og)iy ;, and (’)gl)j . We only need to turn on one
flavor configuration to induce LNV kaon decay. We set CS,)/ ell = % to induce K~ — e e”
with all other indices configurations being zero. Then we can get limits on A as a function the
sterile neutrino mass mpy. Because the left handed down-type quarks are not in mass eigenstates,

_ _ o . . 9 .. .
K~ — wte~e™ can also be realized via Céh)w L1111 = ﬁ The remaining two operators are special
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Figure 4.5: Limits on the leptoquark mass my,q versus the sterile neutrino mass my in the
resonance region. The green curve is based on current limit for K~ — 7Te~e™ and similarly the
pink one for K~ — 7wt~ pu~. The gray (dashed) lines include the finite detector size effect.

in the sense that we need to turn on two flavor configurations to induce LNV kaon decays.

: o 9) _ 0 _ 1 ) _ ~9 _ 1
For convenience we assume Cg 01111 = Coupenitn = a2 °F Crogaiinn = Crogaine = iz
: - to—o— Qi (9) 9 9) _ ~9)
to induce K~ — w7e”e™. Similarly, we set C’HV&IQ, CQuuL,lllQ’ Cduue,1112 = Cduue,2112 and
9) _ ~9) 1 . - + -
CLqu,lel =Cl 042112 to 1z to induce K~ — w7~ pu™.

We show the limits on A for these four operators in Fig. 4.6. The two scalar-type operators
give stronger limits than the two vector-type operators, because the decay rates from the latter

are relatively suppressed by m2/B2. The contributions to the LNV kaon decay rate from 01(731)16

and qu)wL are further suppressed by |Vus|2. Note that near the threshold my = m; + m, for
the plot of 09 " the decay rates of the sterile neutrino and the |ps| in Eq. (4.21) approach

)
to zero at thedgz’;ine speed. Hence the two curves for A approach to some fixed values instead of
going down straightly around my = m; + m,. While for the plots from other three operators,
the decay rates of the sterile neutrino are not zero around my = m; + m, as the sterile neutrino
can still decay into light particles, e.g. 7% + .. We refer to Ref. [180,181] for a more detailed

discussion and calculation on the decay modes of the sterile neutrino for various dim-6 operators.

4.5.1 Finite detector size effect

In the resonance region where a sterile neutrino could be produced on-shell, we consider the
intermediate neutrino as a real particle and it propagates for some distance before decaying into
a pion and a charged lepton. In the case when sterile neutrinos decay outside the detector, we can



CHAPTER 4. LEPTON-NUMBER-VIOLATING KAON DECAYS IN vSMEFT UP TO DIMENSION

86 SEVEN
OHV@ Oduue
| | | | | 1000
100 | ‘ | |
50F : ‘ 1
| | | | 100
s 0 | | o
B 5 ‘ ‘ T (|| R R e S ] ]
< | | | < | |
1k 1 1 1 1 ]
05f | | T oo | (e
| | | 1 1
| | | 1 1
| | | 1 1
01 1 1 1 01 Il 1 Il 1 Il 1. |1l
100 200 300 400 500
my [MeV]
OrvQd
1000 —— : : : : 1000 :
100+ 100t
z \ Z : ]
= 10; : = 10: i i
—_— —_— | |
< i < : :
1k | 1 : i
] | |
1 | |
1 | |
1 | |
01 L L L 1 L 0'1 1 1 1 1 11 1
100 200 300 400 500 100 200 300 400 500
my [MeV] my [MeV]

Figure 4.6: Same as Fig. 4.5 but now we present limits on the BSM scale A associated to various
dim-6 operators.

not reconstruct the LNV process and thus get no valuable bound on the mixing angles or energy
scales of the higher-dimensional operators. The observed branching ratio is suppressed due to
the fact that some neutrinos decay outside the detector. Refs. [166,182-186] have discussed this
effect. Here we follow the method used in Ref. [183] to make a rough estimate. We include
the finite size detector effect by a probability factor Py, which is the probability of vr to decay
within the detector. We write Py as

_Lp
Py=1—-¢e i~ (4.32)
where Lp denotes the typical detector length and Ly = mi J}N with py the momentum of vg.

In the rest frame of K~, the momentum of the sterile neutrino is given by

1
A2 (my,mg ,my)

*x 4.33
Pn ImK ( )
We can relate the energy En of vg in the lab frame with those quantities in the rest frame of

K~ by the relation

*
En = E%(y+ ZJ;VV VA2 — 1cosby), (4.34)

where v = 7%{( denoting the boost factor of K, EY is the energy of vg in the rest frame of K~
and 07 is the emission angle of vg relative to the velocity direction of K~ in the rest frame of
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K~. The energy of v lies in the range Ey < Ex < E;{, with E]j\E, =vE}, £ pyv/7? —1 and
obeys a flat distribution.

We then can get the total number of LNV kaon decays inside the detector by integrating
neutrino energy F,

Et - -+
BR(K
Novent = Nyc / N dEx R( — 17l ")

B T — N
. = By (4.35)
N Ey d BR(K_ — l_I/R) F(I/R — l_7r+)
~ NK_ _ EN E+ — Ei F PN,
Ey N N N

where Ny - is the number of K~. In NA62 experiment, 400 GeV protons collide the target and
produce a large number of K mesons, which carry a momentum of 75 GeV. Assuming three
years of running, the expected number of K decays in the fiducial volume is Nx+ = 1.35 x 103,
Following Refs. [183,187], we assume zero background events and Lp ~ 65 m.

By requiring the signal events to be Ngyent = 3.09 we get bound on the mixing angle or new
physics energy scale A as a function of sterile neutrino mass my. We show our results in Figs.
4.4-4.6, where we use the gray lines to denote the sensitivity for K~ — nTe~e™ and gray dashed
lines for K~ — mu~p~. Through the gray (dashed) lines, we find the limits on |U?| are of the
order 1079, and the limits on A are 5 - 30 TeV.

4.6 Conclusions

In this chapter, we used a systematic framework to study the effect of light sterile neutrinos
with mass smaller than the electroweak scale, m, < v, on the lepton-number-violating decays
K~ — 717 1~. We find the presence of a sterile neutrino and the non-standard interactions have
a dramatic impact on the LNV kaon decay phenomenology. In the case of a sterile neutrino with
mass A, < m, < v, the new physics scale probed by the dim-9 operators is improved by one order
compared to the case without a sterile neutrino [85]. Nevertheless, the BSM physics scale that
can be probed is of order O(100) GeV which is still too low to make the vYSMEFT approaches
valid. The limits are also much weaker than the corresponding Ov53 decay limits for similar
operators with different generation indices because of the relatively small data samples of kaon
experiments. However, very stringent bounds on the EF'T operators emerge if the sterile neutrino
mass lies in the resonance region (m, + my;,mg — m;). The resulting lepton-number-violating
decay rate are highly enhanced and we obtain strong limits on the neutrino mixing angles |UZ,|
and |UEL4] at the level of 1072-1071°, close to seesaw predictions, and on the BSM scales A, up to
O(300) TeV, for various higher-dimensional operators. After considering the finite detector size
effect, we find the limits on mixing angle |UA| become at the level of 1075 and the BSM scales
A are weakened to O(30) TeV. These limits obtained this way are very strong though only in
a narrow window of sterile neutrino masses with 150 MeV< m, <490 MeV. The framework we
developed in this work can be readily extended to probe BSM physics in other types of decays,
e.g. the LNV decays of charm and bottom mesons, or 7 leptons.
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Chapter 5

Long-lived sterile neutrinos at the LHC
in vYSMEFT

In this chapter', we study relatively light GeV-scale sterile neutrinos. Sterile neutrinos can be
produced either via direct production with parton collisions, or via rare decays of mesons that
are copiously produced at the LHC interaction points [188,189]. For sterile neutrino masses
below the B-meson threshold the primary production mode is through rare decays of mesons
with subleading contributions from partonic processes, which we estimated using MadGraphb
3.0.2 [190] to be less than 10%. The latter become more important and even dominant for
heavier sterile neutrinos. We choose to focus on the mass range below about 5 GeV and hence
on the rare meson decays. If the sterile neutrinos are relatively long-lived, their decays lead to
displaced vertices that can be reconstructed in LHC detectors. We consider a broad range of
(proposed) LHC experiments: ATLAS [191|/CMS [192|, CODEX-b [193], FASER [194,195|, MATHUSLA
[196-198|, AL3X [199], ANUBIS [200|, MoEDAL-MAPP 201, 202|, as well as the proposed CERN
SPS experiment SHiP [203-205], and discuss their potential in probing vYSMEFT operators. We
calculate ¥YSMEFT corrections to sterile neutrino production and decay processes and perform
simulations for the various detectors, to estimate their search sensitivities. Our simulations show
that the experimental reach is strong, probing dimension-six operators associated to BSM scales
up to a hundred TeV. In a simple 3 + 1 model, adding just one sterile neutrino field, we compare
our results to existing OvB33 decay limits, showing that these experiments are complementary.

5.1 The effective neutrino Lagrangian

We are interested in the production and decay of sterile neutrinos at the LHC. In particular,
we investigate the production of sterile neutrinos in the decay of mesons containing a single b
or ¢ quark, as these are copiously produced and are sufficiently massive to produce GeV sterile
neutrinos. This is an interesting mass range that appears in scenarios of low-scale leptogenesis
[144,148,206-210]. In this chapter we only consider the operators of Table 2.3, which involve
a single right-handed neutrino? and lead to hadronic processes at tree level. After EWSB and

!This chapter is based on J. de Vries, H. K. Dreiner, J. Y. Giinther, Z. S. Wang and G. Zhou JHEP 03 (2021)
148.

20perators with a left-handed neutrino also contribute to the same observables we discuss here, but the
contributions are suppressed by small heavy-light neutrino mixing angles.
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rotating to the neutrino mass basis, we can only get part of the operators in Egs. (2.21-2.22)

2GFr | _ _ _ _ _
60 — 7\/§F {uL’y“dL [eL%C\(,GL)L v+ eR'yuC\(,GﬁR v| +ury'drer 7”0\(,61—3& v

urdper, CégRI/ + ugrdy ey, Cé?_,)RV + a0 dg éLO'W,Cr%GI;){RI/

1 VN
+ouratdrer C\(ZL)RZ'DW} +hee.. (5.1)

For convenience we use a new notation for the flavor indices in this chapter. Each Wilson
coefficient carries four flavor indices ijkl where i,7 = {1,2,3} indicate the generation of the
involved up-type quark and down-type quark, respectively. k = e denotes the electron and [ now
is for the particular neutrino mass eigenstate and runs from 1 to 7.

5.2 Production of sterile neutrinos

In this section we discuss the production of sterile neutrinos at collider and fixed-target experi-
ments. For concreteness we consider the case where the sterile neutrinos are Majorana particles.
We consider the production through the decay of mesons, produced at the interaction points,
containing a single charm or bottom quark. We neglect the subdominant contribution from B,
J/¥, and T mesons although they would allow to probe a larger neutrino mass range. Produc-
tion via the decay of pseudoscalar mesons dominates over the contribution from vector mesons
of the same quark composition, due to the much shorter lifetime of the latter. Sterile neutrino
production via direct decays of W-, Z-, and Higgs bosons is subdominant for O(GeV) neutrinos,
mainly because of their smaller production cross sections [128,197,211].

5.2.1 Sterile neutrino production in minimal models

We begin by discussing sterile neutrino production in minimal models where sterile neutrinos
interact with SM fields only via mixing. For simplicity, we consider a single sterile neutrino with
mass my and set n = 1 (7 = 4). The production then arises solely from the first term in Eq. (5.1)

with (C\(/?L)ijkzx = —2Vj; Uga, where V is the CKM matrix and U the lepton mixing matrix. A
broad range of processes are relevant. Naively one might think that leptonic meson decays
M; — N+ lki would dominate because of phase space suppression associated to semi-leptonic
decays, but CKM factors and powers of meson/neutrino masses in the amplitude expressions
change this picture. To calculate the production rate, we require the number of mesons produced
at the various experiments and the branching ratio to final states including a sterile neutrino.
The former is discussed below, while here we calculate the latter. For minimal models, these
branching ratios have been calculated in the literature, see Refs. [212,213] for recent discussions,
and here we confirm (most of) these results.

We consider leptonic and semi-leptonic decays of D, D°, D, B* B° and B, mesons. For
semi-leptonic decays, we consider final-state pseudoscalar and vector mesons. The decay rate
formulae and the associated decay constants and form factors are given in the Appendix. In
the left and right panels of Fig. 5.1 we depict a selection of branching ratios for decay processes
of D™, D, and B, B, mesons, respectively. Branching ratios for analogous decays of neutral
DO or BY are similar and not shown to not clutter the plots too much. For these examples we
considered a final-state electron and set U,y = 1. All branching ratios are in excellent agreement
with Ref. [212]. From the plots it is clear that, depending on the mass my, both leptonic (solid
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Figure 5.1: Branching ratios of sterile neutrino production channels through D (left figure) or B
(right figure) mesons in the minimal scenario for final-state electrons and Ugy = 1.

lines) and semi-leptonic processes (dashed, dotted, and dot-dashed lines) must be included and
the latter involve both final-state pseudoscalar and vector mesons.

5.2.2 Sterile neutrino production from higher-dimensional operators

For higher-dimensional operators the quark flavor structure of the Wilson coefficients is unknown
in contrast to the minimal case where the CKM matrix provides the relation between processes
involving different quarks. As such, each flavor structure is independent unless model assump-
tions are used. This leads to a large number of possible cases corresponding to several flavor
structures for each effective operator in Eq. (5.1). All branching ratios can be calculated from
the expressions given in the appendices.

Here we discuss a few cases only. We consider the operators with Wilson coefficients C&QR,

CéGF){R, and C’\(;SER. We consider the flavor structures {ijki} = 13e4 and {ijkl} = 2le4 that
allow for leptonic decays B — N + e and D — N —+ e, respectively, if the Lorentz structure
permits this. These choices also allow for semi-leptonic decays of the form B — N + e+ X and
D — N + e+ X where X is a pseudoscalar or vector meson consisting of just up, down, and
strange quarks (strange quarks only if the decaying meson contains a strange quark as is the case
for By and Dg mesons). For the plots in this section, we assume the weak interaction is turned
off and consider only one non-zero EFT operator at a time. The results are depicted in Fig. 5.2.

The three chosen operators correspond to quark bilinears with different Lorentz structures
(scalar, tensor, and vector, respectively). In the scalar case, leptonic decays are allowed and
these dominate over semi-leptonic decay modes for all considered values of the sterile neutrino
mass. For the tensor operator, however, the leptonic decay mode is forbidden and a final-state
meson must be produced. In these cases, the dominant decay modes are those with a final-state
vector meson. Finally, the C\(,?R vector operator has a similar Lorentz structure as the SM
charged weak current, but with different flavor structure. As was the case in Fig. 5.1, depending
on the sterile neutrino mass, either leptonic (solid lines) or semi-leptonic processes (dashed,
dotted, and dot-dashed lines) can dominate the production of sterile neutrinos, and must all be
included.

5.3 Decay of sterile neutrinos

5.3.1 Sterile neutrino decays in minimal models

We begin by considering the minimal scenario, where we assume that the only non-zero term
in Eq. (5.1) is (C\(/612L>ijk4 = —2V}j Ua. For concreteness we consider decays of Majorana sterile
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Figure 5.2: Branching ratios of D and B mesons in the left and right panels, respectively.
Left: from top to bottom the figures correspond to (Cé(l);{)R)Qlezl = 0.1, (C%%R)glez; = 0.025 and

(C\(/GIZR)2164 = 0.1, respectively. Right: from top to bottom the figures correspond to (Cé?;gR)lgezl =
6

0.1, (Cr%GP?{R)lgezl = 0.025 and (C\(/IER)1364 = 0.1, respectively

neutrinos into final-state electrons and set Uey # 0 and Uy = Urys = 0. In addition, we
consider the SM weak neutral current (see Eq. (2.14)), which leads to N — v + f + f decays
where f denotes any SM fermion that is kinematically allowed (in case of quarks, we consider
a final-state neutral meson). These decay rates have all been calculated in the literature, see
e.g. Refs. [162,164,212-215]. Most results agree with each other and with our findings given in
the Appendix, with the exception for decay processes into final-state neutral mesons where some
differences appear. For these cases, our results agree with Ref. [213].

We consider N — leptons through both charged and neutral weak currents. The latter leads
to the invisible three-neutrino decay mode. We include decays into a single pseudoscalar (7, K,
n, ', D, Ds, n.) and vector meson (p, w, K*, ¢, D*, D¥ J/¥). This effectively also takes into
account decay modes into two pions through the intermediate decays of p mesons [212], assuming
mpy > m,. For heavier sterile neutrinos other multi-meson final states become relevant and
summing exclusive channels becomes impractical. Instead we follow Refs. [212] and estimate the
total hadronic decay width by calculating the decay width to spectator quarks times appropriate
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hadronic branching ratio calculated via Eq. (5.4). Right: Decay length of the sterile neutrino in
minimal scenarios.

loop corrections. The loop corrections are taken from a comparison to hadronic 7 decays

I'(t — ve + hadrons)

1+ A my) = , 5.2
acnlms) = ¢ e i+ D)) (5:2)
where D denotes a down or strange quark and
Qs a?
AQCD = 7_‘_5.272_’__“ , (5.3)
m m

where dots denote higher-order corrections. This gives a good description of the inclusive
hadronic 7 decay rate and we assume this to hold for sterile neutrino decays in the minimal
scenario as well. That is, we use

I'(N — e~ /ve + hadrons)
Ftree(N % 6_/Ve + qq)

1+ AQCD(mN) = , (5.4)
to calculate the inclusive hadronic sterile neutrino decay rate through both charged and neutral
weak currents.

We find that single meson channels dominate for my < 1 GeV, while the decay to quarks
become relevant for larger masses, indicating that multi-meson final states become significant. We
demonstrate this in the left plot of Fig. 5.3, which shows branching ratios to individual mesons,
compared to the sum of all single-meson final states, and compared to quarks, for my 2 1 GeV.
At my = 5GeV, the single meson final states make up roughly 20% of the hadronic decay rate.
Our results are in good agreement with Ref. [212], apart from decays to neutral vector mesons,
which only play a small role.

We write the total decay rate as

I‘N = 9(1 GeV - mN)FN%single meson + a(mN -1 GGV) [1 + AQCD (mN)] FN—ﬂjq
+PNaleptons . (55)

In the right panel of Fig. 5.3, we show a plot of the scaled proper decay length, U624CTN, as
a function of my in the minimal scenario, where c is the speed of light and 7 is the proper
lifetime of N. The branching ratios to individual mesons, leptons, and three neutrinos (invisible)
for my < 1GeV are shown in the left panel of Fig. 5.4 while the branching ratios to quarks,
leptons, and invisible for mpy > 1 GeV are shown in the right panel of the same figure.
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flavor assignments. The Wilson coefficients are set to unity and the minimal active-sterile mixing
is turned off.

5.3.2 Sterile neutrino decays from higher-dimensional operators

The EFT operators in Eq. (5.1) involve two quarks and a charged lepton and induce new channels
for sterile neutrinos to decay into hadrons. Depending on the flavor structure of the operators,
typically only one or two single-meson decay modes are relevant. For instance for an operator
(C\(,GIZR)M% with ij = 11 we consider decays into a single charged pion or p meson, while for

(C’égR)H% only pions are relevant. As is the case for the minimal scenario, one can imagine
multi-meson states to become relevant for larger sterile neutrino masses (for this flavor choice,
such states would be three- or more pions). We do not include such states here, although we
find that decays to quarks become dominant around my 2 2 GeV for scalar operators, as we do
not have the benchmark of hadronic 7 decays to verify our results for non-SM currents. We only
consider decays into individual mesons. This leads to a potential underestimate of the sterile
neutrino decay width and consequently renders our sensitivity limits for future experiments
conservative in the large decay length regime. As all our results below are given on log scales, we
do not expect significant deviations from our findings. In Fig. 5.5 we plot the proper decay length
of N, ¢y, against its mass for various choices of Wilson coefficients and flavor assignments. We
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consider one effective coupling at the time, turn off minimal mixing, and the Wilson coefficients
are set to unity.

5.4 Theoretical scenarios

We focus on the production of sterile neutrinos through the decays of B and D mesons. We
consider three classes of scenarios that are representative of the effective Lagrangian in Eq. (5.1).
We always consider the case of a single sterile neutrino which is mixed with the active electron
neutrino. The three classes of scenarios are listed below:

1. Here we consider the minimal scenario without higher-dimensional operators and 1 sterile
neutrino (a 3 + 1 model). Because of minimal sterile-active mixing, the sterile neutrino
only interacts through charged and neutral SM weak interactions. In the 3 + 1 minimal
seesaw model, the mixing angle is related to the ratio of active and sterile neutrino masses
|Ueq|? ~ my,/my, but we treat the mixing angle as a free parameter. We stress that the
minimal 3+ 1 model leads to two massless active neutrinos and is thus ruled out by neutrino
oscillation experiments, but with its simplicity it provides a useful benchmark.

2. In this scenario we extend the minimal 3 + 1 model by interactions generated by the
exchange of leptoquarks. We again focus on the representation R (3, 2, 1/6) and the
coefficients satisfy

2
=(6) _ ,-(6) _ U ~(6)
Csp =40y = 5 CLagw- (5.6)
Finally, going to the neutrino mass basis and focusing on the couplings to electrons and
sterile neutrinos, we obtain the matching contributions to the effective operators in Eq. (5.1)

<C\(/6L)L>ij64 = —2VijUes, (CSQR)UM =4 (CéﬁliR)ij% = (%ﬁ%)ml U » (5.7)

where i and j denote the up- and down-quark generation, respectively, and V;; elements of
the CKM matrix. In this scenario, we have contributions from minimal mixing proportional
to the mixing angle Ug4 and from leptoquark interactions proportional to Uj,. We will use
the canonical see-saw relations

Ue4 = 3 U44 = 17 (58>

and set m, = 0.05 eV as representative for the active neutrino masses. For a specific
quark flavor choice of ¢ and j, this reduces the effective number of free parameters to

two: the sterile neutrino mass my and the combination of the LQ couplings and mass
LR, RLx

Yi1 Yje / m%Q'

3. The final scenario we consider is inspired by models, such as left-right symmetric models,
with right-handed charged gauge bosons, which can mix with W¥. Instead of implementing
the full left-right symmetric model, we take a simplified scenario and consider the effects
of a nonzero C\(,GIZR in Eq. (5.1) in combination with the SM left-handed weak interactions.
That is, we consider

(W), = Wl (%), >0. (5.9)
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In left-right symmetric scenarios nonzero C\(/61%R and C’%L are generally induced as well.

The resulting phenomenology is very similar to C'\(,GIZL and C\(,GIER and for simplicity we do
not consider these effective operators here. They can be easily added to the analysis if
so required. For the active-sterile neutrino mixing parameter, we follow the leptoquark
scenario and set Ugqy = y/my, /my. In minimal left-right symmetric models with exact P or
C symmetry, the dependence of the effective operators on the quark flavor indices ¢j can
be calculated. We do not consider this here and consider one particular choice of ij at a

time. It is straightforward to generalize this choice.

5.5 Collider and fixed-target analysis

We proceed to explore the search possibilities for the above scenarios at the LHC, considering
both existing and proposed experiments, as well as the proposed fixed-target experiment SHiP
at the CERN SPS [203-205]. Currently at the LHC we have the operational experiments ALICE
[216,217], ATLAS [191], CMS [192], and LHCb [218,219]. Of these we shall focus on the search
sensitivity for long-lived sterile neutrinos at ATLAS, which is the largest experiment in detector
volume, and can thus in principle explore the largest decay lengths. Beyond this, a series of new
experiments has recently been proposed at various locations near the LHC interaction points
(IPs), namely in alphabetical order: AL3X [199], ANUBIS [200]|, CODEX-b [193|, FASER and FASER2
[194,195], MATHUSLA [196-198|, and MoEDAL-MAPP1 and MoEDAL-MAPP2 of the MoEDAL collaboration
[201,202]. These latter experiments, including SHiP, are all designed to specifically look for
neutral long-lived particles (LLPs). We shall discuss the search potential of all the above-
mentioned experiments specifically for sterile neutrinos.

In this section, we review briefly the setup of the beam and detector geometries for each
experiment and introduce the Monte Carlo (MC) simulation procedure for the event simulation.
We focus on the production via the rare decay of B- and D-mesons. This can proceed via either
purely leptonic two-body decays, or semi-leptonic three-body decays, as discussed in Sect. 5.2.
Similarly, for the displaced decay of sterile neutrinos, we consider both the two-body decay into
a charged lepton and a charged meson, and decays into multiple hadronic states plus a lepton,
as explained in Sect. 5.3. It is worth mentioning that the heavy meson M; that is to decay into
a sterile neutrino, is produced in the process pp — M; + X and decays promptly into e.g. a
sterile neutrino (X denotes the remaining decay products). Such signal events can be observed
in the near detector such as ATLAS with e.g. the prompt lepton accompanying the production of
M. The long-lived sterile neutrinos decay at a macroscopic distance, where the displaced vertex
(DV) is reconstructed if at least two tracks are observed stemming from the same DV inside the
detector.

We do not study the production of the sterile neutrinos from the decay of lighter mesons such
as 7+ and kaons as these are only relevant for very light sterile neutrinos, and their simulation
in Pythia 8 [220,221] is insufficiently validated in the forward direction, which is relevant for
the FASER experiments. In fact, even for D* and B* mesons, we will use FONLL [222-225| to
correct the behavior of Pythia 8 in the very large pseudorapidity regime. Finally, we ignore
the vector mesons decays into sterile neutrinos, as their decay width is typically many orders of
magnitude larger than that of pseudoscalar mesons leading to tiny branching ratios for sterile
neutrino production.

Instead of performing a detailed study considering different components of the detectors sep-
arately, for simplicity we will take the whole detector as the fiducial volume, and make a com-
parison between the various experiments. Since the ATLAS detector was not designed to look for
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Experiment SHiP ATLAS AL3X ANUBIS CODEX-b
Int. Lumi. | 2 x 102° POT 3000 fb~! 100 or 250 fb=' 3000 b=t 300 fb~!
Angular Cov. 0.89% 100% 13.73% 1.79% 1%
Experiment FASER FASER2 MAPP1 MAPP2 MATHUSLA
Int. Lumi. 150 fb~! 3000 fb~1 30 fb~! 300 fb~! 3000 fb~!
Angular Cov. | 1.1x107% 1.1x1076 0.17% 0.68% 3.8%

Table 5.1: Summary of integrated luminosities for the various experiments. “POT” for SHiP
stands for “Protons on Target”. We also list the simple geometric coverage for each experiment.

neutral LLPs, we shall add an estimate for the efficiency factor based on existing neutral LLP
searches, which, however, search for heavier candidates than considered here.

One potential issue relates to possible background events which, depending on the placement of
the detector, may consist of long-lived SM hadron decays, cosmic rays, hadronic interaction with
the detector material, etc. All the experiments considered in this study, except ATLAS, employ
a far detector with a distance 5 — 500 meters away from the IP. The space between the IP and
the far detector is usually sufficiently large to allow for the installation of veto and shielding
segments, as argued in Refs. [193,194,196,197,199,200,202,226,227|. For MATHUSLA the rock and
shielding below ground should remove the SM background. As for cosmic rays, directional cuts
will be applied. To assess and compare the sensitivities of different experiments, we show 3-event
isocurves which correspond to 95% confidence level (C.L.) with zero background. This is not
appropriate for the ATLAS detector which has an almost 47 coverage immediately around the IP,
and a large irreducible SM background is expected. Depending on the signal type, the number
of such background events may vary. Instead of performing an estimate of background events
for each scenario, we shall implement an estimate for the efficiency, which we discuss below.

In addition, since the detector efficiency of the future experiments is unknown, in order to
make a fair comparison, we assume a 100% reconstruction efficiency for all the experiments
except ATLAS.

The search potential of these experiments, but also of other fixed-target experiments, has been
investigated for example for neutralinos [228-232|. For various other theoretical scenarios, see
Ref. [233] for a recent review.

We start with a brief introduction of the fixed-target experiment SHiP, as its beam setup
is different from the other experiments, and then discuss the other experiments, which are all
associated to either the ATLAS, CMS, or LHCb IP and the LHC accelerator?. Since these experiments
differ in the projected integrated luminosity, we summarize them in Table 5.1.

5.5.1 SHiP

The SHiP facility was proposed to make use of the high-intensity CERN SPS beam of 400 GeV
protons incident on a fixed target made of e.g. a hybrid material composed of (solid) molybdenum
alloy and pure tungsten [203—205]. It has not been approved yet. With a center-of-mass energy
of approximately 27 GeV, large production rates of D- and B-mesons are expected. The SHiP
experiment is proposed to have a cylindrical detector downstream at roughly 70 m away from the

3We consider the LHC center-of-mass energy at 14 TeV for all experiments. We assume an LHC upgrade
before the experiments are online. Changing it to 13 TeV would only have a small effect on our results.
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IP. The experiment is specifically designed for detecting long-lived neutral particles, which are
produced from e.g. charm or bottom meson rare decays, fly an extended length, and then decay
inside the detector chamber downstream, especially if the lab-frame decay length of the LLP lies
within the SHiP sensitivity range. For the lifetime of the SHiP project, a total of 2 x 10?2 protons
on target (POT) are planned.

At SHiP, the initial meson M; of sterile neutrinos is produced in a hadronic collision between
the beam protons and the target material. The differential production cross section is strongly
forward peaked, and the M; will have a significant forward boost. This will be passed onto
the decay products, including N, the sterile neutrino. The active decay chamber is 68.8 m
downstream of the target. It has a cyclindrical shape with a length of 60 m, where the first 5m
are to be used for placing background suppression vetoes. The front surface has an elliptical
shape with semi-axes of 5m and 2.5m. The optimal sensitivity is for particles with

68.8m < Sy ynverny < 123.8m, (5.10)

where 8%, v are the relativistic speed along the beam axis and the Lorentz boost factor of N,
respectively.

In order to study sterile neutrinos produced from the decays of D- and B-mesons, we need to
know the total number of these mesons expected at SHiP in its 5 year lifetime: Np+, Npo, Np,,
Np+, Npo, and Np,, respectively. These numbers can be estimated by following Ref. [212]. See
also the earlier work in Ref. [230]. The c¢ (bb) production rate is 1.7 x 1073 (1.6 x 10~7) per
collision. After the fragmentation factors are taken into account, the numbers of the heavy-flavor
mesons can be estimated and reproduced below from Ref. [212]:

NP =14 x 10",  NJP =43 %1017, NP =6.0 x 10'9, (5.11)
NPEP =27 x 10", NJEP =27 x 1013, NFP =72x10". (5.12)

We note that B. mesons are in principle also produced and may extend the upper reach in
my. However, given the much smaller production cross section, we do not take it into account.
Similarly for the other LHC experiments, as discussed below.

5.5.2 Experiments at the LHC

For ATLAS and extended programs at the ATLAS/CMS/LHCb sites, we consider pp collisions at
Vs = 14TeV with equal beam energies. These experiments benefit from a beam energy that is
orders of magnitude higher compared to SHiP. As a result, the mesons and the therefrom produced
sterile neutrinos are much more boosted, leading to good sensitivities even for detectors that are
to be installed hundreds of meters away from the IP.

To perform the sensitivity estimate for experiments at ATLAS/CMS/LHCb, it is necessary to
know the inclusive production rate of the heavy-flavor mesons at the HL-LHC with up to 3ab~!
integrated luminosity. To achieve this, we follow the procedure in Refs. [230,231,234]. The LHCb
collaborations reported D-meson and B-meson production cross sections for a 13 TeV pp-collider,
for certain kinematic range. Using the simulation tools FONLL [222-225] and Pythia 8 we can
extrapolate these cross sections to the whole kinematic range. We find that for 3ab™! integrated
luminosity over the full 47 solid angle the following list of numbers of the produced charm and
bottom mesons:

NpEMHC =204 x 10, NHELHC =389 x 1016, NpLMHC =6.62 x 10",  (5.13)
NPFMHC =146 < 10"°,  NHFLHC =146 x 101, NEUMHC =253 10, (5.14)
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For the estimate of NEE‘LHC, the decay branching ratio of D** into D¥ is included, and for the
number of B-mesons the corresponding fragmentation factors determined by Pythia 8 are used.
These numbers will be used not only for the evaluation at the ATLAS experiment, but also for
all the extended programs discussed below with a possible overall re-scaling by the integrated
luminosity.

1. At the ATLAS IP, the differential cross section for the production of GeV-scale mesons is
strongly peaked at large pseudorapidities, i.e. close to the beam pipe in both directions.
The production rate of light neutral LLPs, resulting from the decay of the mesons, should
then also be peaked in the large pseudorapidity regime. A far detector known as FASER
(Forward Search ExpeRiment) [194,195] has been proposed, which is designed to specifically
make use of this feature. It has been officially approved by CERN and should be collecting
data during Run 3 of the LHC. It is placed in the existing TT12 tunnel at a distance of 480 m
from the ATLAS IP and has a cylindrical shape exactly aligned with the beam collision axis,
but slightly off of the beam due to the curvature of the accelerator. The FASER detector has
a cylindrical radius of 10 cm and a length of 1.5 m, and the expected integrated luminosity
is 150 fb=!. The corresponding angular coverage is 7 € [9.17, +0oc] in pseudorapidity and
full 27 in the azimuthal angle.

After Run 3 is finished, FASER is currently planned to be upgraded to a larger version
known as FASER2, to be under operation during the HL-LHC era, collecting up to 3ab~! of
data [195], and located in the same place. Its geometry is specified as a cylinder with 1 m
radius and 5m length, which is 300x larger by volume, than FASER. The pseudorapidity
coverage is correspondingly enlarged to n € [6.86,4+00] while the azimuthal angle remains
fully covered. Here we study the search potential of both FASER and FASER2 for sterile
neutrinos as neutral LLPs.

As mentioned earlier and discussed in Ref. [231], Pythia 8 is not well validated in the large
pseudorapidity regime for the differential production cross section of charm and bottom
mesons. To solve this issue, we re-scale the meson production cross section in Pythia 8 at
different ranges of the transverse momentum and pseudorapidity by using the more reliable
results given by FONLL.

2. A much larger experiment called “MATHUSLA” (MAssive Timing Hodoscope for Ultra Stable
neutral. pArticles) has been suggested to be constructed at the surface above the CMS ex-
periment [196-198]. It is proposed to be built for the HL-LHC phase with 3 ab~! integrated
luminosity. With a box shape, it has a base area of 100 mx 100 m and a height of 25 m.
Relative to the CMS IP, the front edge of the detector should be horizontally shifted along
the beam axis by 68 m, and vertically upwards by 60 m. Despite its huge size, the large
distance of MATHUSLA from the IP still leads to a small geometric coverage. It corresponds
to a solid angle or geometric coverage of about 3.8%. Nevertheless, it has been shown
to be one of the far detectors at the LHC that may have the strongest reach in the very
small active-sterile neutrino mixing at |Ues|? ~ 107%, when only the weak interaction is
considered [198].

3. It has recently been proposed [200] to construct a detector, named ANUBIS (AN Under-
ground Belayed In-Shaft search experiment), in one of the service shafts just above the
ATLAS or CMS IP. Consequently, a total of 3 ab™! integrated luminosity from the LHC is
projected. Similarly to the detectors discussed above, it also has a cylindrical shape how-
ever with the axis oriented in the vertical direction. The cyclinder diameter is 18 m and
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the length is 56 m. The axis of the cylinder runs from the middle point of the bottom:
(b, Y, 25) = (0,24m,14m) to the top (¢, ye,2¢) = (0,80m, 14 m), where z is along the
beam axis, = is horizontally transverse, and y is vertically transverse, and the IP is at
(x,y,2) = (0,0,0). Please refer to Refs. [200,211] for a sketch. MC integration finds the
angular coverage of ANUBIS to be 1.79% [234].

. An external detector extension has also been proposed at the IP8 of the LHCb experiment.

CODEX-b (COmpact Detector for EXotics at LHCb) [193] is designed as a cubic box of
dimensions 10m x 10m x 10m. Occupying an empty space with a distance ~25m from
the LHCb IP, it covers the pseudorapidity range of n € [0.2,0.6] with the azimuthal angle
coverage of ~ 6.4%. The total geometric coverage of the solid-angle is about 1%.

MAPP (MoEDAL’s Apparatus for Penetrating Particles) is proposed as one sub-detector of
the MoEDAL experiment [201,202] at the IP8 of LHCb, and designed for searching for neutral
LLPs. Similar to FASER, the MAPP experiment will have a significant upgrade in a second
version. MAPP1 is a rather small detector of volume ~ 130m?, currently under deployment
and expected to collect data during LHC Run 3 with up to 30 fb~! integrated luminosity.
It is roughly 55m from the IP8 at a polar angle 5° from the beam. During the HL-LHC
era, the MAPP2 program is planned to be under operation at IP8 until the end of Run 5,
accumulating up to 300 fb~! of data. It is designed to occupy almost the whole of the UGCS
gallery in the LHC tunnel complex, taking up a volume of about 430 m3. With a larger
integrated luminosity and a bigger volume, MAPP2 is predicted to have higher sensitivity.
The two detectors cover about 0.17% and 0.68% of the total solid angle [234], respectively.

AL3X (A Laboratory for Long-Lived eXotics) was proposed in Ref. [199] to be built at
the LHC IP2 where the ALICE experiment sits. Placed at a horizontal distance along the
beam line of 5.25 m from the IP, the detector has a cylindrical shape aligned with and
surrounding the beam line, corresponding to a full azimuthal coverage. The proposed
inner (outer) radius is 0.85m (5m) with the length 12m. This gives a pseudo-rapidity
coverage of n € [0.9,3.7]. The authors of Ref. [199] proposed two values of the integrated
luminosity, 100 fb~! and 250 fb~!, in order to accommodate practical concerns including
the move of the IP, beam quality, and investigation of background events. Here we focus
on the benchmark value of 250 fb~! integrated luminosity.

We have discussed proposed new experiments which are specifically designed to look for
long-lived particles. They are typically placed some distance away from the various IPs at
the LHC or, in the case of SHiP, designed as a fixed-target experiment with a long decay
path. In e.g. Ref. [230] some of us considered the search for light long-lived particles at
ATLAS. ATLAS can study decays upto a length of about /112 4 (43/2)? = 24 m, where 11 m
is the cylindrical radius and 24 m is half the detector length. Over this length, as we discuss
below in more detail, the fraction 1 —exp[—24 m/(57ycr)] of the LLP’s decay where 7 and ~y
denote the LLP lifetime and boost factor, respectively, and § is the relativistic speed of the
particle. However, ATLAS offers almost 47 in angular coverage, which is significantly larger
than the other detectors at the LHC. In Ref. [230], we found that for 100% signal efficiency,
an integrated luminosity of 250 fb~!, and assuming zero background, ATLAS is competitive
with or slightly better than SHiP for the LLPs produced from B-mesons decays, and was
somewhat worse in the case of D-mesons.

Here we describe in more detail the geometrical parameters we use for the fiducial volume of
the ATLAS detector. It has a cylindrical shape with inner (outer) radius of 0.0505 m (11 m)
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corresponding to the beginning of the inner detector (the end of the muon spectrometer),
and a length of 43 m. In principle, even if a DV is inside the beam pipe, as long as its
distance from the IP is larger than the detector spatial resolution and consists of displaced
tracks, it can be reconstructed. However, to be more conservative, we choose to include
only DVs that are located inside the detector volume. We take 3ab™! as the benchmark
value for the integrated luminosity over the lifetime fo the HL-LHC.

As we have mentioned, all the above proposed new experiments are specifically designed
to look for light long-lived particles. They are thus further away from the LHC IPs and
shielded from many SM backgrounds generated at the IP. All the same they will all have
separate background issues, depending on where they are located. MATHUSLA is to be
installed on the ground and thus highly susceptible to cosmic rays. ANUBIS is in a shaft
which has minimal overhead shielding. FASER is far down along the tunnel, but still close
to the beam pipe. In order to compare these experiments we have for now assumed that
they can tackle the issues concerning background, and assumed zero background for all.
The precise design of these detectors is also not yet well-established, except for the first
phase of FASER. We thus furthermore assume 100% signal efficiency.

All this does not hold for ATLAS (or CMS, of course). ATLAS is a well-established experi-
ment, operating in the immediate vicinity of the IP. There is purposely no shielding, as a
priori all events are of interest. With respect to light long-lived particles there are thus
large backgrounds which must be dealt with. Any cuts which are imposed to reduce the
background, will also affect the signal efficiency, most likely in a significant manner. In
order to compare a search at ATLAS with the other experiments we must impose a realistic
signal efficiency, to take this into account. To our knowledge at the moment, there is no
dedicated study at ATLAS or CMS for the scenarios we are considering here. We discuss
several related analyses and estimate a signal efficiency based on this.

In Ref. [235], ATLAS considered the following scenario proposed in Ref. [236]. A Higgs
boson decays to two dark fermions, which in turn decay to one or two dark photons plus an
invisible hidden lightest stable particle. The dark photons are the long-lived particles and
decay either to a pair of muons, or a pair of electrons/pions (light hadrons). Dark photon
masses between 0.4 and 3.5 GeV are considered, i.e. similar to our sterile neutrino mass
range. However the Higgs boson masses are 125 or 800 GeV and thus the dark photons
would have a much higher boost than our sterile neutrino’s. For the lighter Higgs mass
and the purely hadronic decay of the dark photon ATLAS finds a signal efficiency of at best
5-107° for ¢r ~ 35mm, and dropping off rapidly for smaller or larger cr.

In Ref. [237], ATLAS considered the following scenario. A Higgs boson decays to a pair of
neutral long-lived scalars, which in turn each decay to 2 jets, one in the inner detector and
one in the muon spectrometer, thus utilizing different parts of the ATLAS detector. For
the lightest mass scenario the Higgs boson is 125 GeV and the scalar is 8 GeV. A detector
efficiency of 3-107° is found, similar to the other analysis. In Ref. [238] ATLAS considered
a related scenario with scalar masses down to 5GeV. For a Higgs boson of 125 GeV, and
a scalar of 5GeV with a decay length of 75cm they find a signal efficiency of 7-1074,
somewhat better than in the other studies.

In all these analyses, ATLAS searches for pairs of produced particles. This reduces back-
ground but also efficiency. Overall we have applied a from the ATLAS point of view some-
what optimistic flat signal efficiency factor of 10~3 to all the ATLAS searches. In addition
we assume that the corresponding cuts reduces the background to zero.
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5.5.3 Monte-Carlo simulation

We perform the MC simulation with the tool Pythia 8.243 [220,221], in order to extract the
kinematics and to estimate the number of signal events. We express the number of sterile
neutrinos, N, produced as

N =" Ny, - Br(M; — N + X), (5.15)
[

where M; is summed over all mesons that can decay to N in a given scenario. “Br” stands for
decay branching ratio. Ny, is the number of initial mesons, M;, produced in the initial collisions
at the LHC or for SHiP.

The number of sterile neutrino decays in a detector volume N]‘\ifeC can then be estimated by
taking into account the boost factor and traveling direction of IV, geometries of the detector, and
the decay branching ratio of sterile neutrinos into the signal final-state particles. For the latter,
we consider all the decay channels except for the fully invisible state, which contains solely three
neutrinos, and is mediated by the SM weak interaction. We use the expressions

Ngee = NP4 (P[N in f.v.]) - Br(N — signal), (5.16)
NMC
1
(PINinfv)) = —55 Y P[N;in fv], (5.17)
Ny i=1

where (P[N in f.v.]) denotes the average probability of all the simulated sterile neutrinos to
decay inside the fiducial volume (“f.v.”) and P[N; in f.v.] is the individual probability of the
i—th simulated sterile neutrino to decay in the f.v., discussed in more detail below. N%IC is
the total number of sterile neutrinos N generated in the simulation. For all the experiments
except MAPP1 and MAPP2, we use formulas for calculating the individual decay probability with
the exponential decay distribution, extracted from existing references [211,230-232|. As input
we use the boosted decay length and the traveling direction of each simulated sterile neutrino,
denoted by \; = 8;v; ¢cTn, where §; is the speed and ~; the boost factor.

For the MoEDAL-MAPP detectors, following Ref. [234] we implement a code which determines
whether each simulated sterile neutrino travels in the direction pointing towards the detector
and if so returns Ly; and Lo;, where Ly; denotes the distance from the IP to the position where
the ¢—th sterile neutrino would enter the detector, and L;o the distance the i—th sterile neutrino
would travel across the detector, if it leaves the detector without having decayed. If the travel
direction of the long-lived sterile neutrino points towards the detector, we compute P[N; in f.v.]
for the MoEDAL-MAPP detectors through

P[N;in fv)] = e lu/di (1 — e lai/Aiy), (5.18)

We use the modules “HardQCD:hardccbar” and “HardQCD:hardbbbar” of Pythia 8 to simulate
the production of the charm and bottom mesons, respectively, including the processes qq, gg —
cé/bb. For each benchmark scenario, we simulate 10° events of the corresponding process, and
fix the initial-state mesons to decay to the various channels, mediated by both the SM weak
interaction and the EFT operators, with the corresponding decay branching ratios. From the
MC simulation with Pythia 8, we obtain the average decay probability from which we calculate
Ngee in Eq. (5.16).

We emphasize that for the partial decay widths of the heavy mesons into N and of the N into
light mesons, we take into account the weak interaction via active-sterile neutrino mixing, the
EFT operator(s), and also the interference between them. The computation for the production
and decay processes of sterile neutrinos are presented in Sect. 5.2 and 5.3 and in the appendices.
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5.6 Numerical results

To present the results of this collider study in a compact and representative manner we consider
a subset of possible EFT operators and focus on the three scenarios described in Sect. 5.4. For
scenario 1, the minimal scenario, there is no EFT operator involved, and we consider the full
standard model charged- and neutral-currents mediated via the active-sterile neutrino mixing.
For scenarios 2 and 3, which involve EFT operators, we must specify their flavor. In these
scenarios we consider 5 different flavor assignments. Each assignment involves two EF'T operators
of different quark flavors. All EFT operators are dimension-6, and we drop the (6) superscript
in the following. First, we fix the production mode via the "production operator" (Cp); n with
associated Wilson coefficients. We shall consider two cases for the indices ¢j, which indicate
the up- and down-type quark generations considered in a flavor benchmark, respectively. The
choices of the flavors should lead to charm and bottom meson decays:

(Cp)gl : D— N—i—e(—l—X),

Sterile Neutrino Production Modes : (5.19)
(Cp)13 : B— N+ 6(—|—X).

Here X indicates a potential final state meson. See examples below. Second, we simultaneously
turn on another EFT operator the “decay operator" (CD)ij’ which leads to the decay of sterile
neutrinos via semi-leptonic processes. Here, the ij indicate the flavor content of the final state
meson. We shall consider several decay modes

(Cp)i1: N — 7% +eF, pt+et,
Sterile Neutrino Decay Modes : (Cp)iz: N — K* +eF, K*F T, (5.20)
(CD)Ql : N—)Di+6$, D 4 eF .

Both the production and decay will be induced by various operators with associated Wilson coef-
ficients, which we discuss in detail below. For all scenarios we include the production and decay
of sterile neutrinos via the SM weak interaction (see Sect. 5.4 for details) and the corresponding
interference terms with the EFT operators. For the theoretical scenarios 2 and 3 we impose the
type-I Seesaw relation to include weak interaction contributions through minimal mixing, see
Sect. 5.4.

As indicated in Eq. (5.19), we only include sterile neutrino production via B and D decays,
also for lighter sterile neutrinos with masses my < mpg, my, the kaon and pion masses, respec-
tively. We do not include possible production via kaon or pion decays for the following reasons.
Despite the larger production rates of these mesons, the simulation of soft pions is not well val-
idated in quick MC simulation tools. Furthermore, the kaons are long-lived, leading to further
complications. Finally, sterile neutrinos produced from pions and kaons are necessarily light,
resulting in limited sensitivity reach in my. To summarize, while we show results for light sterile
neutrinos in the following, these must be taken as conservative as we underestimate the number
of the produced sterile neutrinos from pion and kaon decays both via the SM weak interaction
as well as via the “decay operator" Cp.

5.6.1 The minimal scenario

In the minimal scenario, the interactions are purely mediated by the W- and Z-bosons via the
active-sterile neutrino mixing. Using the analytical expressions given in the previous sections
for the production and decay of the sterile neutrino, we estimate the sensitivity reach of the
experiments discussed in Sect. 5.5. We present the results in Fig. 5.6, shown in the plane |Ug4|?
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Figure 5.6: Results for the minimal scenario with the sterile neutrino mixed solely with the
electron neutrino.

vs. my. Here, we lift the requirement of the type-I seesaw relation |Ue4|2 ~my, /my, and treat
the mixing angle and the sterile neutrino mass as two independent free parameters. The light
gray area shows the present bounds obtained by various experiments including the searches from
CHARM [239], PS191 [240|, JINR [241|, and DELPHI [242]. The dark gray area corresponds to the
part excluded by big bang nucleosynthesis (BBN) [243,244]. We also show a brown band of “Type-
I Seesaw target region” for m,, between 0.05 eV and 0.12 eV with the relation |Ue4|? ~ m,, /mx.
These two limits are derived from neutrino oscillation and cosmological observations, respectively.
The former finds that there is at least one active neutrino mass eigenstate of mass at least 0.05
eV [245] while the latter imposed an upper limit of 0.12 €V for the sum of the active neutrino
masses [246].

The sensitivity reaches of the various experiments have been determined in the literature
[128,195,197,211,232,247|, except for the MAPP1 and MAPP2 experiments, for which we present
the estimate for the sensitivity reach for the first time. Our estimate for the ATLAS experiment
considers an integrated luminosity of 3ab™! and takes 3000 signal events before taking into
account an universal efficiency factor 1073 as the 95% C.L. exclusion limit. To the best of
our knowledge, a similar estimate for sterile neutrinos in the minimal scenario produced from
heavy-flavor mesons rare decays has not been conducted for ATLAS. See Ref. [248] for a related
study within the minimal model, with the sterile neutrino produced from W-decays, however
with promptly decaying sterile neutrinos. Furthermore, in Ref. [249] ATLAS investigated a sterile
neutrino mixing with v, and with a delayed decay, i.e. a displaced vertex, as well as a promptly
decaying sterile neutrino, which mixes with v, however only for my 2 6 GeV. For the other
experiments, we assume zero background and 100% detector efficiency. Hence we take 3 signal
events as the 95% C.L. exclusion limit. Comparing the sensitivity reach of the experiments
shown in Fig. 5.6 with those from the literature, we find a good agreement in most cases. For the
ANUBIS exclusion limits, our results shown in Fig. 5.6 are inferior by a factor ~ 3.5, to those given
in Ref. [211]. This difference is due to a corrected meson-production-rate and sterile-neutrino-
decay-width calculation.

Given the general agreement with the existing results in the literature, we proceed to evaluate
the sensitivities of these experiments to a set of benchmark scenarios, where the sterile neutrino
interactions with the SM particles are enhanced by heavy new physics, encoded by EFT operators.
There are a large number of possibilities for the flavor structure of the EFT operators. Here we
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Flavor benchmark 1.2 ‘ Flavor benchmark 1.3
production operator: Cp CgﬁR = 40%{1{ C\QflLR
decay operator: Cp C'Slfl{R = 4C%IRR C'\l,lLR
production process via Cp D*/D°/Dy — N + et (+X)
decay process via Cp N — 7t +eF, pt 4T

Table 5.2: Summary of flavor benchmark 1 for the theoretical scenarios 2 and 3 of Sect. 5.4,
respectively. X denotes any additional final state particles.

consider a few representative flavor choices, to get an understanding of the general features and
the sensitivity reach of various experiments. The calculations can easily be repeated for other
flavor choices, for instance those inspired from specific UV-complete scenarios.

We note that in the following EFT flavor benchmarks, with the choice of the canonical type-I
Seesaw relation, my < 1 GeV appears to be disfavored by BBN considerations. However, the
inclusion of the EFT operator Cp can reduce the lifetime of the sterile neutrinos, possibly circum-
venting BBN constraint and leading to a potential lower bound on the EFT Wilson coefficients.
Different flavor assignments result in different final-state particles, affecting the primordial he-
lium and deuterium abundances to different extents. A detailed study is necessary to investigate
the limits that can be set from BBN consideration on EFT operators and we do not present BBN
exclusion bands below.

5.6.2 Flavor benchmark 1

We consider the theoretical scenarios 2 and 3 of Sect. 5.4 for a specific flavor choice. We focus
on sterile neutrino production through decay of D-mesons, and thus consider the production
operator (Cp)yy. For scenario 2, the leptoquark scenario, for Cp and Cp we consider scalar
and tensor operators that are related through Csgr = 4Ctrr. For scenario 3 corresponding to
anomalous vector interactions, the production and decay operators are both Cyrr. The following
decays then produce sterile neutrinos

DY 5 et + N, DF 5 a04+ef+ N, D=0 +et 4N, (5.21)
D) s at4eF 4N, D= pf4eF4+ N, Dy— KW 4ty N. (5.22)

We are sensitive to sterile neutrino masses my < mp — me. For the decay operator we choose
(Cp)q; resulting in the decays

N—=ef+7T, and N —et+4pT. (5.23)

The essential features of this benchmark are summarized in Table 5.2. In addition, we include
production and decay modes via minimal mixing which extends both the upper and lower reach
in mpy.

Fig. 5.7 presents the sensitivity reach of all considered experiments for the flavor benchmark 1.
The left panels correspond to theory scenario 2 (leptoquark) and the right panels to scenario 3
(anomalous vector interactions). In the upper row we plot the value of the decay operator Cp vs.
the production operator Cp for a fixed sterile neutrino mass my = 1 GeV. In the bottom row we
have fixed Cp = Cp and show the dependence of the sensitivity of the experiments on Cp = Cp
and the sterile neutrino mass. Both the top and bottom panels show that the sensitivity reach
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Figure 5.7: Results for the sensitivity reach for flavor benchmark 1. On the left we have the
leptoquark-like case, and on the right the VLR case. For each case the upper figure shows Cp
vs. Cp, where as the lower case is for Cp = Cp and shows Cp vs. my. The color code for the
various experiments is shown in each figure.

in scenarios 2 and 3 are rather similar, indicating that the specific Lorentz structure of the EFT
interactions does not greatly affect the overall sensitivity. In the upper-left and lower-right part of
the top plots the curves become horizontal and vertical, respectively. In this part of the parameter
space either the production (horizontal, upper left) or decay (vertical, lower right) of sterile
neutrinos through EFT operators becomes sub-leading with respect to the contributions from
minimal mixing. This roughly happens for couplings Cpp < 10~?, indicating that EFT operators
can dominate over minimal interactions for a new physics scale of A ~ y/v2/Cpp = O(80) TeV.
This scale does not include possible small dimensionless couplings or loop suppressions of the
EFT operators and is thus only indicative of the sensitivity range.

For some experiments (CODEX-b, MAPP1, and FASER), there is no sensitivity in the upper left
corner (small Cp and large Cp). This is caused by the rather weak detector acceptance of these
experiments for the light sterile neutrinos produced from D-mesons decays.

In the lower set of plots, we assume equal Cp = Cp, and vary the sterile neutrino mass my
and jointly the Wilson coefficients. The plots for scenario 2 and 3 look rather similar although
in scenario 2, the sensitivity to smaller sterile neutrino masses is a bit better. The most sensitive
experiment would clearly be SHiP, which reaches roughly Cp = Cp ~ 2-107° in the range
0.5GeV < my < 1.8GeV. For couplings at this level, both the production and decay of sterile
neutrinos are still dominated by the EFT operators and minimal mixing plays a sub-leading role.
The sensitivity then depends a lot on the experimental setup under consideration. FASER reaches
couplings at the 1073 level (corresponding to scales of roughly 8 TeV in A). Next in sensitivity
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Flavor benchmark 2.2 ‘ Flavor benchmark 2.3
production operator: Cp CgﬁR = 40%{1{ C\QflLR
decay operator: Cp CS%R = 4C%QRR C\l,QLR
production process via Cp D*/D°/Dy — N + et (+X)
decay process via Cp N = K+ 4 eF, K*F 4 ¢F

Table 5.3: Summary of flavor benchmark 2.

is MAPP1 at 3 -107%, and then FASER2, MAPP2, CODEX-b, and ATLAS at roughly the 1074 level.
MATHUSLA, ANUBIS, and AL3X, should be sensitive to couplings down to around 5-107°, and finally
SHiP at the aforementioned Cpp < 2 - 107° level. The hierarchy in sensitivity reach shown by
the various experiments is essentially the same in scenarios 2 and 3, and is very similar to the
hierarchy in the minimal scenario (see Fig. 5.6) for masses my < mp.

Again, the sensitivity reach in my goes beyond the kinematical thresholds set by the pion
and D-meson masses. For my < mg, sterile neutrinos can still decay leptonically via the weak
interaction. Thus larger Cp values can still lead to detectable rates of sterile neutrino production.
We stress again that for my < m;, we underestimate the production of sterile neutrinos by
omitting production via pions and kaons. For my > mp, sterile neutrinos for this benchmark
can still be produced from the B-meson decays via the weak current. If Cp and Cp are large
enough, sufficiently many sterile neutrinos are produced. Furthermore, specifically for AL3X, and
SHiP, and to a lesser extent MATHUSLA, the boosted decay lengths of these sterile neutrinos can
fall into the respective geometric sensitivity ranges. This corresponds to the extended sensitive
parameter regions, as shown on the right-hand side of the two lower plots of Fig. 5.7.

5.6.3 Flavor benchmark 2

In flavor benchmark 2 we choose a different flavor-structure for the decay Wilson coefficient. For
the production operator we take again (Cp),; but for the decay now set (Cp),,. This leads to
sterile neutrino decay processes

N et + KT, and N —e* +K*F, (5.24)

Table 5.3 summarizes the details of this scenario.
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Figure 5.8: Results for flavor benchmark 2. The format is the same as in Fig. 5.7.

The sensitivity limits for this scenario are shown in Fig. 5.8 with the same format as in Fig. 5.7.
On the left we consider Cp = Cg%m = 40%1RR, and on the right Cp = C%ILR. Similarly for the
decay we have on the left Cp = Cé%{R = 4C¥RR and on the right Cp = C\1,2LR. In the upper
row, we show plots in the plane Cp vs. Cp with my at 1.2 GeV. Similar features as in the
previous scenario are observed and there seems hence to be little sensitivity in the event rates to
the specific final-state meson.

The hierarchy in sensitivity of the different experiments is also very similar. In the lower
panels we see some differences compared to flavor benchmark 1. The sensitivity to lighter my
is reduced due to the need to produce a heavier kaon in the final state. For my < mpg the
EFT operators no longer contribute to the decay rate and the SM weak interaction becomes the
only mechanism for sterile neutrinos to decay and be detected. This leads to a further reduction
in sensitivity. We stress again that our results in this regime are conservative as we have not
considered sterile neutrino production via kaon decays.

5.6.4 Flavor benchmark 3

We proceed to study a scenario where sterile neutrinos are mainly produced through decays of
B-mesons. Compared to flavor benchmark 1, we keep the same flavor structure for the decay
Wilson coefficient, but turn on C%,3. This leads to the sterile neutrino production via the decay
processes

Bf w et + N, BfF 5a%+ef+ N, BT p0+ef+N, (5.25)
B 5 rf e+ N, B pt4eF+ N, By KWEfef 4N (5.26)

The relevant information is summarized in Table 5.4.
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Flavor benchmark 3.2 ‘ Flavor benchmark 3.3
production operator: Cp CSI%R = 40%?1’{1{ C\%R
decay operator: Cp C’Sl}l{R = 4C%IRR C'\l,lLR
production process via Cp B*/B%/B, — N + e (+X)
decay process via Cp N — 7t +eF, pt 4T

Table 5.4: Summary of flavor benchmark 3.

Our results for the sensitivity reach for this benchmark are shown in Fig. 5.9. The two top
panels show results for the leptoquark (left) and Cyrr (right) scenarios in the Cp-Cp plane for
fixed my = 2.6 GeV. The resulting curves are rather different from the scenarios, where sterile
neutrinos are produced via D-meson decays. In the earlier flavor benchmarks, Cp can be turned
off and sufficient sterile neutrinos will be produced via minimal mixing to still detect sterile
neutrinos, as long as Cp is sufficiently large to ensure sterile neutrinos decay in the respective
detector volumes. This feature has disappeared in this benchmark scenario and for Cp < 107
no detection is possible in any of the experiments, even for large Cp. This lack of sensitivity is
explained by the fact that the production rates of B-mesons are smaller than that of D-meson
by roughly a factor ~ 20 at 14 TeV pp collisions and by a factor ~ 3000 at SHiP.

The two lower panels in Fig. 5.9 assume Cp = Cp and show sensitivity curves as a function
of the sterile neutrino mass. In the previous flavor benchmarks SHiP showed the strongest
sensitivity, but here it performs worse than MATHUSLA, ANUBIS, and AL3X. The reason is twofold.
First, the ratio between the number of B-mesons produced and that of D-mesons is much smaller
at SHiP than at the 14 TeV pp—collision experiments. Second, given their larger masses, the B-
mesons, are less boosted in the very forward direction, leading to weakened acceptance of the
SHiP detector for the long-lived sterile neutrinos. The hierarchies in sensitivity of the other
experiments is the same as in the minimal scenario and the other flavor benchmarks. However,
the overall reach is increased over the previous flavor benchmarks with the MATHUSLA sensitivity
to couplings at the impressive 5 - 1076 level, corresponding to scales of O(100) TeV.

5.6.5 Flavor benchmark 4

Flavor benchmark 4.2 ‘ Flavor benchmark 4.3
production operator: Cp C%%{R = 40%%&{ 0\1/3LR
decay operator: Cp Cidp =4CH CHr
production process via Cp B*/B°/By — N + e*(+X)
decay process via Cp N — K&+ 4 eF

Table 5.5: Summary of flavor benchmark 4.

For flavor benchmark 4 the production primarily proceeds via B-meson decay, as for the previous
benchmark, but here sterile neutrinos decay to a kaon through C}2. The relevant information is
summarized in Table 5.5.

Fig. 5.10 shows the numerical results for this benchmark. In the two top panels we show plots
in the Cp-Cp plane for fixed my = 2.8 GeV. In general these plots show very similar features as
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Figure 5.9: Results for flavor benchmark 3. The the scenarios and the labeling are as in Fig. 5.7.

their counterparts in Fig. 5.9, except for an overall small reduction in the reach of Cp because of
the choice for a slightly larger mass of the sterile neutrino. The two lower plots show sensitivity
curves in the plane Cp = Cp vs. my. Compared to the lower panels of Fig. 5.9, they show
similar exclusion limits for my 2 mpg. However, for lighter sterile neutrinos, since only the
decay modes via the weak current and active-sterile neutrino mixing are open, the sensitivity is
significantly reduced. The hierarchies of the various experiments is the same as in the previous
benchmark for both EFT scenarios.

5.6.6 Flavor benchmark 5

Flavor benchmark 5.2 ‘ Flavor benchmark 5.3
production operator: Cp Cé%m = 40%3RR C\lf?iR
decay operator: Cp C’gﬁR = 4C%IRR C\Q,ILR
production process via Cp B*/B%/Bs; — N + e*(+X)
production process via Cp D*¥/D°/Dy — N + e (+X)
decay process via Cp N — DWE 4 oF

Table 5.6: Summary of flavor benchmark 5.

In flavor benchmark 5, we turn on the operators 011)3 and C%l. In this case, the decay operator
also leads to production of sterile neutrinos, but the resulting sterile neutrinos are restricted to
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Figure 5.10: Results for flavor benchmark 4. The plot format is the same as in Fig. 5.7.

a mass range where they can only decay via minimal mixing. We summarize the benchmark
features in Table 5.6. Fig. 5.11 shows the resulting sensitivity reach. In the upper row we fix the
sterile neutrino mass at 3.5 GeV. In general the absolute and relative sensitivities to Cp and Cp
are comparable to the previous flavor benchmark, but the sensitivity in the bottom panel drops
a bit for my < mp. In this case sterile neutrinos only decay via minimal mixing. The exception
is SHiP for which the sensitivity grows for my < mp, where SHiP becomes the most sensitive
experiment in fact, because the production cross section difference between D- and B-mesons is
much larger at SHiP than at the other experiments.

5.7 Discussion

Our results indicate that proposed experiments to detect long-lived particles are very sensitive to
higher-dimensional operators in the vYSMEFT Lagrangian. In the mass range myg < my < mp
the sensitivity curves are rather stable with respect to different EFT operators in Eq. (5.1) and
the particular flavor configuration, as long as the sterile neutrino can be produced via the decay
of D- or B-mesons, and the sterile neutrino can, in turn, decay semi-leptonically. While each
particular choice of EFT operators and flavor assignment requires a detailed study, we find that
FASER is sensitive to Wilson coefficient couplings of about ~ 1073 (this is extended to ~ 10~*
for FASER2), while experiments such as MATHUSLA, ANUBIS, AL3X, and SHiP can reach down to
coupling strengths of ~ 5-1075. We see that such limits can be used to constrain the vYSMEFT
operators CJ(L?,)/ o Céi)y o Céﬁy)Q & Cgil)Qy, and CS?W - Assuming a scaling of these Wilson coefficients
as ~ v2/A?, the sensitivities range from A ~ 8 TeV for FASER up to A ~ 100 TeV for the larger
experiments.
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Figure 5.11: Results for flavor benchmark 5. The format is the same as in Fig. 5.7.

In this chapter we have focused on Majorana neutrinos (although our sensitivity curves are not
affected dramatically if we had considered Dirac neutrinos instead) for which strong constraints
can be set from Qv experiments. In Ref. [78] some of us developed a framework to calculate
OvpBp decay rates in the presence of light sterile neutrinos and the vSMEFT Lagrangian. In
particular, we investigated the reach of current and future experiments to probe scenario 2:
the 3 + 1 leptoquark model. As sterile neutrinos appear as virtual states, Ov35 experiments
are sensitive to a broad range of neutrino masses with a peak sensitivity at my ~ 100 MeV,

which drops off for larger or smaller masses. To make a comparison, we consider the case

LR, RLx* LR, RLx __ LR, RLx LR, RLx __

Y1yl = voi oyt =1 and vty = yiitysr = 1 and vanishing couplings for other flavors.
We can then compare flavor benchmarks 1 and 3 to the sensitivity of Ov53 experiments, which
only depend on sterile neutrino couplings to first-generation quarks and leptons.

For these choices of couplings, we can calculate Ov33 decay rates and determine the LHC and
SHiP sensitivity curves as a function of my and myq (0v(0 rates have a very small dependence
on phases appearing in the 3 4+ 1 neutrino mixing matrix and we neglect this dependence here
for simplicity). The results are shown in Fig. 5.12. We stress that the uncertainties associated
with hadronic and nuclear matrix elements for Ov53 decay rates are sizable and not included in
the plot, for details we refer to Sect. 3.7.3. For flavor benchmark 1 (left panel of Fig. 5.12), the
limits from O3 are somewhat stronger than the prospected sensitivity of FASER2 and MATHUSLA,
chosen as representative experiments, in the relevant mass range. For flavor benchmark 3 the
prospected MATHUSLA overtake current Ov343 limits for masses between 1 and 5 GeV.

We stress that the bounds from Ov58 decay experiments are only valid for Majorana neutrinos
and final-state electrons. However, the sensitivity curves for the various LHC experiments dis-
cussed here are (roughly) valid for (pseudo-)Dirac neutrinos, and in the appropriate mass range
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Figure 5.12: Comparison between constraints from neutrinoless double beta decay of 36Xe
(blue) [38] and projected sensitivity of FASER2 (red) and MATHUSLA (yellow) for the leptoquark
scenario. In the left (right) panel we turned on LQ couplings corresponding to flavor benchmark
1 (3). See text for more details.

also for couplings to muons and, to lesser extent, taus instead of electrons, and in general to a
broader range of quark flavors. They are thus more general than Or8g3 limits albeit in a much
small sterile neutrino mass range.

5.8 Conclusions

The possibility of sterile neutrinos provides one of the main motivations for the search for long-
lived particles (LLPs). Sterile neutrinos provide compelling solutions to major problems in
particle physics and cosmology, such as active neutrino masses and the baryon asymmetry of the
Universe. Sterile neutrinos are in fact predicted in a variety of theoretical models, ranging from
the minimal scenario where they interact with Standard Model (SM) particles through minimal
mixing with active neutrinos, to more exotic scenarios involving new fields with masses well
above the electroweak scale such as left-right symmetric models or grand unified theories.

In this chapter, we focused on relatively light sterile neutrinos with masses at the GeV scale,
down to about 100 MeV. This mass range is interesting, as it is linked to low-scale leptogenesis
and opens up the possibility of efficiently producing sterile neutrinos through the decays of pseu-
doscalar mesons, which are copiously produced in collider experiments. In particular at CERN,
besides the ATLAS and CMS LHC collaborations, various proposed experiments are presently under
discussion specifically targeting the detection of LLPs, such as the fixed-target experiment SHiP
and a number of so-called far detectors at various pp-collision interaction points e.g. FASER and
MATHUSLA. A large number of mesons are expected to be produced at the interaction points of
these experiments, which in turn can decay to sterile neutrinos. We focused on sterile neutrinos
which can be produced from bottom and charm meson decays in hadronic collisions, and inves-
tigated the sensitivity reach of present and future LHC experiments, and SHiP to detect sterile
neutrinos.

We performed Monte-Carlo simulations to evaluate the sensitivity reach of the considered
experiments: ATLAS, CODEX-b, FASER, MATHUSLA, AL3X, ANUBIS, MoEDAL-MAPP, and SHiP. For
the minimal scenario, the obtained sensitivity curves are in agreement with existing results with
minimal discrepancies, while we obtained sensitivity curves for the two MoEDAL-MAPP experiments
for the first time. For the EFT scenarios we consider active-sterile neutrino mixing, the EFT
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operators, and their interference terms simultaneously. For each EFT scenario, we considered
a series of different flavor benchmarks, where the EFT operators induce either D- or B-meson
decays into sterile neutrinos, and the sterile neutrinos decay to an electron and various mesons,
N — e+ M;;, cf. Tables 5.2-5.6. For the D-meson benchmarks, we found that SHiP and
MATHUSLA have the most extensive sensitivity reach. They are sensitive to dimensionless Wilson
coefficients at the 107> level, for most of the kinematically allowed sterile neutrino mass range.
For such values of couplings, the production and decay of sterile neutrinos is dominated by
the higher-dimensional operators with minimal sterile-active mixing playing a subleading role.
Apart from dimensionless couplings and potential loop suppressions, the dimensionless Wilson
coefficients scale as v2/A2, where A is the high-energy scale where the YSMEFT operators are
generated. The sensitivity drops at the edges of the allowed mass range, but does not disappear
completely, even for sterile neutrinos with masses above mp, because of the contributions from
SM weak interactions and active-sterile mixing. Assuming a v?/A? scaling, SHiP and MATHUSLA
could probe scales around 80 TeV. This scale is lowered to 8 TeV for FASER and 25 TeV for
FASER2, which are much smaller experiments.

For our B-meson benchmarks, because of its much smaller B-meson production rates and a
weaker acceptance, SHiP does not show the best performance. Instead, we found that MATHUSLA
and ANUBIS would be sensitive to Wilson coefficients at the 5-107° level. The sensitivity curves
appear to be fairly independent of the Lorentz structure and the exact flavor configuration of
the EFT operators, as long as sterile neutrinos can be produced through D- or B-meson decays
and sterile neutrinos can decay semi-leptonically.

For our ATLAS study we applied an overall flat efficiency factor of 1073, Of all the experiments
we have studied here only ATLAS is operational. Thus we strongly encourage our colleagues at
ATLAS and CMS collaborations to perform a proper full analysis of the scenarios we have presented
and investigated here. This should put our approximations on a much firmer footing.



Chapter 6

Long-lived sterile neutrinos at Belle 11
in effective field theory

In this chapter!, we focus on the B-factory experiment Belle II, which is in operation in Japan.
At Belle II, an electron beam of energy 7 GeV collides with a positron beam of energy 4 GeV,
reaching the CM energy 10.58 GeV, i.e. at the Y(4S) resonance. With a projected integrated
luminosity of 50 ab™!, this results in a very large number of BB events. Besides, Belle II is
estimated to generate a large number of 7-pair production events, allowing for the study of rare
7 decays to an unprecedented precision. This includes studying lepton flavor violation [250-254]
and LLPs [252,255-265]. In particular, Ref. [256] has studied the Belle II exclusion limits for
long-lived sterile neutrinos which mix dominantly with v, by considering 7 decays. Here, we
propose a displaced-vertex search strategy similar to that discussed in Ref. [256], reproducing
the minimal-scenario results, as well as extending the physics coverage to several scenarios in the
VvSMEFT, where one single EFT operator can lead to both production and decay of the sterile
neutrinos. We consider the dim-6 operators in Table 2.3 and one fully leptonic operator Or, e,
which is (Lvg)e(Ler). After EWSB, these operators together with the SM weak interactions
result in charged and neutral currents.

6.1 Theoretical scenarios

In this section, we study various possible channels for the production and decay of sterile neu-
trinos at Belle II. We extend the SM by adding a Majorana sterile neutrino vg, as well as the
non-renormalizable interactions discussed in previous section. The sterile neutrino is produced
by the decay of 7 leptons either from the mixing between active and sterile neutrinos, or from
the new higher-dimensional operators.

6.1.1 The minimal scenario

We first consider the minimal model, where a sterile neutrino interacts with SM particles only
through the mixing between the active tau-neutrino v, and the sterile neutrino. The active
neutrinos v, can be expressed in terms of neutrino mass eigenstates v;

Vo = UaiVi (61)

!This chapter is based on G. Zhou, J. Y. Giinther, Z. S. Wang, J. de Vries, and H. K. Dreiner JHEP 04 (2022)
057.
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T~ = vrp(r)+ X1 & vg = Xo X1 X5
Minimal scenario T ,p K7, K", (70, 0%, w, @,
e F+ Ve, b + 1, Ve +Ve,Uy+V,,Ur + Vs,
e tet p )+
Scenario (’)i’ﬁgj T (7, n,n', K°) + v,
Scenario (’)3555 T, K~ (7%, m, 1) + v,
Scenario O} e~ + v, (+7R) (nt, pt, KT, K*T,
e v, ut +v,) +e”
Scenario O}1/73 & O}lvrt T ,p (7t ,pT) +e”
Scenario (’)f;f’el e+, e +uv,+et
Scenario Oildgf TP (0% w0 n ' K° K*) + v,

Table 6.1: All possible production, X1, and decay, X2, modes of a sterile neutrino vi at Belle II.
The charge conjugate modes are implied.

where a@ = e, u, 7 and ¢ = 1,2,3,4. We only consider the mixing between v, and the sterile
neutrino proportional to Ur4 as the mixing matrix elements Ueq and U4 are severely constrained
from other observables, see e.g. Refs. [212,266]. We neglect the masses of the active neutrinos.
As a result of the small mixing U,4, vg is approximately equivalent to v4, and we hence refer to
both of them as the sterile neutrino. The production and decay rates depend on two independent
parameters, the mixing matrix element U,4 and the mass of the sterile neutrino my. We list all
the possible resulting production and decay channels in the minimal scenario in the second row
of Table 6.1. For instance, with X; = K~ and X5 = e~ + e’ + v,, we have the decay chain,

T~ —wvp+ K7, followed by, vp—e +et+u,. (6.2)

The branching ratios of the production and decay channels are displayed in Fig. 6.1 and
Fig. 6.2, as functions of mpy. As explained in Sect. 6.2, we do not consider all the decay channels
of vr as visible. Therefore, in Fig. 6.2 only the visible channels are shown. The resulting proper
decay length of the sterile neutrino times |U,4|? is presented in Fig. 6.3. For a discussion of the
expression of the decay rates, we refer to Appendix C.

6.1.2 Scenarios from higher-dimensional operators

We now discuss scenarios with the SM extended by one of the operators listed in Table 2.3,
possibly with more than one index structure. Here, we assume the type-I seesaw relation, so
that the effects from the active-sterile neutrino mixing are negligible.? We consider the following
operators in turn: Oguvr, OrLvgds Orvie, Onve and Orqg,. While we refrain from specifying a
UV-complete model, which is not necessary for the low-energy phenomenology we are after, it is
worthwhile to mention that these operators can easily be obtained in leptoquark models (Oraqu ),
models with Z’ bosons (Oguur, Orvgds OrvLe), and left-right symmetric models (Opye).

The above operators are special in the sense that each of them can induce both the production
and decay of sterile neutrinos by turning on only one flavor configuration. For example, with

05555 , we can have the decay chains,

T__>VR+(7T_’K_)7 VR_>VT+(7TO777777,)7 (63)

2That is, here we practically neglect the interactions of the minimal model discussed in the previous subsection.
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Figure 6.1: Tau decay branching ratios into a sterile neutrino in the minimal scenario.

where the production of the sterile neutrino from 7~ decays can be associated with a K, because
the left-handed down-type quarks dj are not in their mass eigenstates. In choosing the flavor
combinations, we focus exclusively on first-generation quarks.

For the operator Ogype, one single flavor setting cannot account for the production and decay
of the sterile neutrino simultaneously. Hence, we choose OMVES f41 the production and Oilvrl

duve duve
for the decay, and assume that C:1¥#3 = C1YR1 = A] the possible modes are listed in Table 6.1.

4 14

For each dimension-six operatgqrt ien Tablcéu;i%, we suppose their Wilson coefficients are given
by 1/A2. The production and decay rates are thus proportional to 1/A* and are functions of
both my and A. In Fig. 6.4 and Fig. 6.5, we present respectively the 7 decay branching ratios
into a sterile neutrino plus anything and the proper decay lengths, c¢7y, of the sterile neutrino, as
functions of my, for a fixed value of A =1 TeV. All the EFT scenarios summarized in Table 6.1
are included. Further, we show the branching ratios of the visible decay modes of the sterile
neutrino in Fig. 6.6. The branching ratio of the signature decay mode in the scenario with the

operator (’)il;’zil is not included here, as it is 100%.

6.2 Experiment and simulation

Belle IT is an ongoing experiment at the SuperKEKB accelerator, which is an electron-positron
collider operated at a relatively low center-of-mass energy /s = 10.58 GeV, i.e. at the Y(4s)
resonance. At Belle II an electron beam of energy 7 GeV collides asymmetrically with a positron
beam of energy 4 GeV. With a projected 50 ab™! integrated luminosity, besides the large number
of B-mesons, Belle II is expected to produce inclusively 4.6 x 1010 tau pairs, via e"e™ — 7777,
These events can be easily tagged, if one of the two 7’s decays into one prong. Given the clean
environment and the large production rates of the 7’s, Belle II provides an ideal avenue for
studying rare T-decays.

For the purpose of this chapter, we study rare 7 decays into a sterile neutrino, associated with
either a charged meson or a charged lepton, plus missing energy from an escaping active neutrino.
For the minimal scenario, the sterile neutrino is considered to be mixed with the v, only, while
for the EFT scenarios with higher-dimensional operators the sterile neutrino is assumed to have
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Figure 6.2: Branching ratios of visible decay modes in the minimal scenario.

four-fermion interactions with at least one third-generation lepton at the low-energy scale. We
focus on the case that the sterile neutrinos are long-lived and decay to lighter mesons or leptons,
disconnected from the production vertex, but within the tracker. We propose a displaced-vertex
(DV) search strategy for these reactions, which requires at least two charged final-state particles
for the signature. More concretely, the two displaced tracks can stem either directly from the
decay of the long-lived sterile neutrino, or from the subsequent prompt decay of a meson, such
as p° and 7, produced from the sterile neutrino’s decay.

We now explain the event selections we impose for this search. We define a fiducial volume of
the Belle IT detector by 10cm < r < 80cm and —40cm < z < 120 cm, where r and z are the
transverse and longitudinal distances to the IP, respectively. The positive z direction is defined
to be on the side of the incoming positron beam. The choice of r > 10cm ensures that the
background events from Kg decays, prompt tracks, as well as detector material interactions are
removed. The sterile neutrino is required to decay inside the fiducial volume. Second, in general
we expect the tracking efficiency to deteriorate with increasing (transverse) distance from the IP
inside the tracker. To parameterize this effect, we apply a naive linear function to interpolate
the displaced-tracking efficiency, ranging from 100% at » = 10cm to 0% at » = 80 cm; see also
Refs. [252,262].

The efficiency to reconstruct a DV relies on the final-state tracks. For the case of two tracks
stemming from a DV, we follow Ref. [258] to take this DV reconstruction efficiency to be 12%.
With any 70, K9 or photon additional to the two tracks in the sterile neutrino decay products,
the DV reconstruction efficiency is further multiplied with 70%. Similarly, for any additional
pair of charged pions, the efficiency is modified by a factor of 85%. 2 4

3These efficiencies are conservative estimates based on track finding efficiency investigations of the B-factory
experiment BABAR (see Ref. [267,268]). With the help of various Monte-Carlo event generators the efficiencies
of reconstructing processes such as ete” > 7777, ete” — 71'*777(71'*777)7153, where vrsr is a high energetic
photon emitted from an initial lepton, and hadronic decay modes are evaluated and compared to data of each
BABAR run.

4To apply the analysis to reduce background events described in the following paragraph, the final state must
be reconstructed as detailed as possible. Due to the unobservable neutrino in the final state we can not fully
reconstruct it, but every other charged particle should be tracked.
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Figure 6.3: Proper decay length of the sterile neutrino times |U,4|? in the minimal scenario.

On top of all these cuts and efficiencies, we expect that a more detailed analysis including
all detector effects can remove the remaining SM background events, while retaining about 75%
of the signal events. We therefore apply an overall efficiency of 75% on top of the previously
mentioned factors. This estimate is inspired by Ref. [256], where the authors showed that by
computation with the four-momenta of the final-state particles it is possible to derive the 7 energy
and the LLP mass up to a two-fold ambiguity at Belle II. By comparing their distributions it
is possible to remove the entire background events while keeping > 75% of all the signal events.

The final expected signal-event number can thus be computed as:

Ng =2-N;z -BR(r — 1 prong) - BR(7 = vr + X1) - € - BR(vg — visible), (6.4)

where N,; = 4.6x10'°, BR(7 —1 prong) ~ 85%, and € denotes the final event selection efficiency.
The factor 2 arises because in each signal event two 7’s are produced, which can potentially each
decay into a sterile neutrino. BR(vgr — visible) is the decay branching ratio of the sterile neutrino
into at least two charged particles. This excludes final states X5 (see Table 6.1) consisting of
neutrinos only, involving 7%, which decays mostly into two photons, or involving K° (i.e. Kg
or K1), which is itself also long-lived and hence predominantly escapes the detector’s fiducial
volume.

We perform Monte-Carlo simulations with Pythia8.245, in order to numerically determine the
event selection efficiencies € for each benchmark scenario. Pythia8 can generate e e™ — 7777
events including the effects of ISR (initial state radiation) and FSR (final state radiation). The
simulated 7’s are all exclusively set to decay to vg + X3, according to the computed branching
ratios of BR(7 — vr + X)) for different candidates of X1, ¢f. Table 6.1. With Pythia8 providing
the kinematics of each simulated sterile neutrino, we estimate its decay probability inside the
fiducial volume folded with the linear displaced-tracking efficiency. The DV reconstruction effi-
ciencies which depend on the final state particles are then multiplied with the cutflow efficiency,
according to the various sterile neutrino decay branching ratios. At the end, we include the final
overall efficiency 75% for removing the background events.
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Figure 6.4: Tau decay branching ratios into a sterile neutrino for A = 1 TeV.

6.3 Numerical results

As discussed in Sect. 6.2, with the proposed search strategy, and for 50 ab~! integrated luminosity,
we expect vanishing background at Belle II. In our numerical results, we show three-signal-
event isocurves as the exclusion limits at 95% confidence level, and also as a measure of sensitivity
of the experiment to the vr-models.

In Fig. 6.7, we present the sensitivity limits for the minimal scenario, c¢f. Sect. 6.1.1, shown
in the plane |U,4|? vs. my. We find general agreement with the exclusion limits obtained in
Ref. [256]. We also compare our limits with existing bounds (marked dark gray) obtained by
the CHARM [270,271] and DELPHI [269], experiments, respectively. Moreover, recently Ref. [272]
has performed a re-analysis of the CHARM search results [270,273|, obtaining updated bounds
on |U7-4|2 in the sterile neutrino mas range 290 MeV < my < 1.6 GeV. We have included these
exclusion limits in Fig. 6.7, shown in light gray. We find most of the parameter space that
Belle II is sensitive to has now been excluded, except a relatively limited region at 1.2 GeV <
my < 1.7 GeV for |Uy42 ~ O(107%). For values of |U,4|? smaller than the Belle II limits,
the production rates of the sterile neutrinos become too small and the sterile neutrinos are
too long-lived to decay inside the detector fiducial volume, resulting in fewer than three signal
events predicted. The left and right ends of the exclusion limits are determined by kinematical
thresholds. At mpy ~ 1.0 GeV the isocurve displays a kink. This is due to the threshold of a
T-decay mode into a sterile neutrino and a rho-meson.

The Belle II exclusion limits for the various EFT operators listed in Table 2.3 are presented
in Fig. 6.8, in the plane A vs. my. The left plot collects results for operators that are sensitive
to neutrino masses below ~ m, as they induce sterile neutrino decays into pions or charged
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Figure 6.5: Proper decay lengths of the sterile neutrino in various EFT scenarios for A = 1 TeV.

leptons. The right plot displays operators that are insensitive to sterile neutrino masses below
~ my. We find the Cr,gq (black) and Cgy.r, (yellow) sensitivities are almost identical, because
the production and decay rates of the sterile neutrinos are similar. In general, we find all the
six considered operators can be probed up to ~ 1 — 3TeV in A across the sensitive mass ranges
in the long-lived regime (large A). For even larger A values, the sterile neutrino lifetime would
become so long that they decay only after traversing the detector and their production rates are
also reduced too much, while for A < 100 GeV they decay before reaching the fiducial volume.
For such small values of A the vYSMEFT framework is inapplicable. For the same reason as in the
minimal scenario (see Fig. 6.7) we observe a kink at my about 1.0 GeV in the long-lived regime
for the Ogype and Oy, operators. For LdQuv the kink is not as pronounced as in duve or the
minimal scenario. Comparing the 7 — v + (7, p) branching ratios (see Fig. 6.4) for the EFT
operators, we see that the rho branching ratio of dure quickly dominates the my <1 GeV region
over the pion branching ratio, whereas for LdQv the rho only overtakes for my S 0.6 GeV. Thus,
the kink is less pronounced in this scenario.

In general UV-complete scenarios, several EFT operators can be induced simultaneously. In
such scenarios the limits could change somewhat from our results here. While a general scan is
not very useful, we have estimated what happens in a specific scenario where we have independent
couplings for the production and decay of the sterile neutrino. In Fig. 6.8 we show constraints
as a function of my for the choice C’;}LZ?S = C’;Z?l, where the first (second) coupling dominates
the production (decay) of the sterile neutrino. We label the corresponding A’s by Ap (for
production) and Ap (for decay). In Fig. 6.9 we investigated what happened if we freely vary the
two couplings for a fixed sterile neutrino mass of my = 0.8 GeV. We observe that in the window
where App > 1 TeV (where the EFT is valid) the constraints on the individual couplings can be
strengthened by roughly a factor of 3, at the cost of a reduced sensitivity to the other coupling.
With the expected sensitivities we therefore do not expect a significant difference in sensitivity
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Figure 6.6: Branching ratios of visible decay modes for the sterile neutrino in YSMEFT scenarios.

for scenarios with more EFT couplings. Of course, specific UV-complete models can be studied
in detail by matching to our EFT operators.

6.4 Conclusions

At Belle II, 10'° — 10! tau leptons are predicted to be produced with an integrated luminosity
of 50 ab™! over the whole experiment lifetime, making it possible to search for rare 7 decays.
We have proposed a strategy based on displaced vertex at Belle 11, to search for long-lived sterile
neutrinos produced from 7 decays. The search includes a requirement on the fiducial volume
consisting of the tracker and a linear displaced-tracking efficiency. Further, to reconstruct the
displaced vertices, we apply realistic efficiency factors depending on the final states of the sterile
neutrino decays. Finally, based on existing literature [256,258|, an overall factor of 75% is
imposed to account for removing the remaining background events.
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Figure 6.7: Expected sensitivity limits on the mixing matrix element squared, |U,4|?, as func-
tion of the sterile neutrino mass, for the minimal scenario. The dark and medium gray areas
correspond to the parameter regions currently excluded by DELPHI [269] and CHARM [270,271],
respectively. A recent re-interpretation [272] of the CHARM experiment results [270,273] further
excludes the light gray parameter region. The kink at mpy ~ 1 GeV is due to the p-threshold in
the 7-decay.

We have not only considered the minimal scenario where the sterile neutrinos are produced
and decaying via the same mixing parameter, |U,4|?, but also worked in the framework of the
Standard Model Effective Field Theory extended with sterile neutrinos encoding the effects
of heavy new physics into non-renormalizable operators with dimensions up to six. Following
the proposed search strategy, we obtained the sensitivity limits of Belle II to these theoretical
scenarios. In the minimal scenario, our results are in general agreement with those obtained in
Ref. [256]. For the EFT scenarios, we switch on one EFT operator at a time, and assume the
type-I seesaw relation allowing us to disregard the weak interactions with the mixing parameter
which is too small to affect the phenomenology. We find that with our search strategy for the
various VYSMEFT operators considered, Belle II can probe the new-physics scale up to about 3
TeV, assuming unity Wilson coefficients, in the kinematically allowed mass range, proving Belle I1
has unique sensitivities to ¥YSMEFT interactions with third-generation leptons.
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Figure 6.8: Sensitivity limits for the various EFT scenarios. We fix the Wilson coefficients at 1
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Figure 6.9: Sensitivity limits for the dure scenario for a fixed neutrino mass my = 0.8 GeV.
The respective Wilson coefficients are fixed to 1, allowing to show projected bounds on the new
physics scales Ap and Ap responsible for production and decay of the neutrino, respectively.
Further included are a green area marking the parameter region Ap,p > 1 TeV, for which the
vSMEFT framework is applicable, and a blue dot depicting the limit for Ap = Ap corresponding
to the limit of Fig. 6.8 at 0.8 GeV.



Chapter 7

Summary and outlook

The Standard Model is very successful and has passed a lot of stringent experimental tests
involving a wide range of energy scales. But there are still motivations to search for beyond-the-
Standard-Model physics both from observational evidence (dark matter, massive neutrinos and
the dominance of matter over antimatter) as well as theoretical motivations (e.g. the strong-CP
and the hierarchy problem). Since the discovery of the Higgs boson, the absence of evidence for
BSM physics at the LHC indicates that the SM is valid up to energy scales somewhere above
the electroweak scales indicating that, unless it is very well hidden, BSM particles have masses
well above the EW scale. This implies we can consider the SM as the renormalizable part of a
more general effective field theory, the so-called SM effective field theory (SMEFT). The SMEFT
Lagrangian consisting of SM fields can be expanded in inverse powers of A, the energy scale of
BSM physics, and obeys the SM Lorentz and gauge symmetries.

In this thesis we add right-handed neutrinos to the SM, which is the simplest BSM model.
Sterile neutrinos are a well-motivated solution to the problems mentioned above. If sterile neu-
trinos are light, they cannot be integrated out and the SMEFT framework is not applicable.
We therefore consider the neutrino-extended SMEFT (vSMEFT). Within this framework, we
investigate the effect of sterile neutrinos on various experiments from high-energy colliders to
low-energy high-precision OvS3 experiments.

Neutrinos are the only charge-neutral particles in the SM and could have a Majorana mass,
which violates the lepton number by two units. We did a systematic study on lepton number
violation in Ov33 and LNV kaon decays K~ — w17 [~. The higher-dimensional operators of
vSMEFT are evolved step by step to an energy level of O(1) MeV for Ovgg and of O(100)
MeV for LNV kaon decays. The decay rates are expressed in terms of the Wilson coefficients
and low energy constants, and thus can be used to constrain higher-dimensional operators. Our
results show that the Ov33 experiments can probe the scale of BSM physics around O(100) TeV.
Current experimental results on the LNV kaon decays are too weak to give a meaningful BSM
energy scale due to the small data samples. But this case can be changed when a sterile neutrino
lies in the resonance region as the LNV decay rates are then significantly enhanced. In this case,
we find a very strong limit around O(30) TeV on the BSM energy scale.

The long-lived sterile neutrinos at the collider are also investigated. Their decays lead to
displaced vertices which can be reconstructed in detectors e.g. LHC and Belle II. Sterile
neutrinos can be produced via rare mesonic decays that are copiously produced at the LHC
interaction points and via the decays of tau leptons produced at Belle II. We consider a broad
range of experiments at the LHC, the proposed fixed-target experiment SHiP, and Belle II.
The vSMEFT corrections to sterile neutrino production and decay processes are calculated and
we perform simulations for various detectors to estimate their sensitivity reaches. The LHC
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experiments could probe BSM physics up to a hundred TeV while Belle II can only probe
interactions related with tau leptons up to a few TeV.

In conclusion, we have probed the effects of higher-dimensional operators on several experi-
ments and find that non-standard interactions involving sterile neutrinos have a dramatic impact
on the phenomenology of LNV and sterile neutrino searches . We could use these experiments to
probe BSM physics to a very high scale e.g. O(100) TeV. While we have worked in an effective
field theory setup, the framework can readily be applied to explicit scenarios of BSM physics. In
fact, this has already been done in the literature [158,274-278] where a wide range of models is
matched is to the EFT framework and, for instance, the neutrinoless double beta decay rates can
be read off immediately to determine the feasibility of the particular model under consideration.

We can extend the work of this thesis in several directions. In the case of light sterile neutrinos
we can consider the contributions from ultrasoft-neutrino exchange, which can dominate those
contributions from potential neutrino exchange. We are already working out the formalism to
include these corrections but the computations are not ready to be presented in this thesis.
Another direction is to compute the various LECs associated to hard-neutrino exchange by
generalizing the strategy of Refs. [106,107] to get more accurate predictions for LNV observables.

The LNV kaon decays can only give strong limits on the mixing angle or new physics scale in
a small sterile neutrino mass range, however we can consider the LNV decays of heavier mesons
including D- and B-type mesons and get a broader sterile neutrino mass range. For the displaced-
vertex probe, we can consider sterile neutrinos mixing with other type of active neutrinos or
study higher-dimensional operators with different flavor configurations. In the minimal model,
the mixing angle between vy and vg is very small due to the strong constraint from Ov(s.
However the LHC can only give very weak constraint on the mixing angle for sterile neutrinos
with mass above the GeV level. If the sterile neutrino is found at the collider, it means there
are at least two kinds of sterile neutrinos with degenerate masses so that their contributions to
OvBpB can cancel each other to satisfy current OvB3 experimental result. Thus it is interesting
to probe sterile neutrinos heavier than GeV level at the LHC and combine the result from Ov(54.

We can also generalize the idea of sterile neutrinos, and in particular the YSMEFT framework,
to cosmology. For instance, Ny s, the number of relativistic species, has been calculated in the SM
precisely. The higher-dimensional operators in ¥YSMEFT with light sterile neutrinos would affect
neutrino decoupling and thus modify N.sr. We can also probe the effect of sterile neutrinos
on big-bang nucleosynthesis and leptogenesis. Sterile neutrinos might be a candidate of dark
matter and they could be detected when scattering off nuclei. We can use the EFT framework to
calculate the cross section for sterile neutrinos in dark matter direct detection experiments. With
the work in this thesis and future developments, we will understand sterile neutrinos better by a
systematic combination of cosmological observations and data obtained from low-energy precision
experiments to high-energy colliders.



Appendix A

Derivative contributions to four-quark
two-lepton operators

Integrating out a heavy neutrino induces operators involving four-quark fields, two-lepton fields,
and a derivative, in addition to the contributions discussed in Sects. 3.1 and 4.1. These terms
can be generated through dim-6 operators, proportional to 7m,, 2, or through dim-7 interactions,
oc m;, L. When such operators are matched onto Chiral Perturbation Theory, they will give rise
to interactions that come with new, unknown, LECs.

We first discussion derivative contributions in the case of Ov53. For the dimension-6 contribu-
tions one expects the derivative operators to be suppressed by m,/m, compared to the operators
of Sect. 3.1 1. However, there are several Wilson coefficients for which the contributions in Sect.

3.1 scale as ~ v*/A*, while the derivative couplings can be induced by interfering with the SM

coupling, C\(llzL This implies that there is a regime, 1 S
are important. Here we will refrain from constructing the full set of derivative interactions that
are induced in this way. The reason being that these interactions are only relevant in fairly
specific scenarios and regimes of parameter space. In addition, their construction would lead to
a sizable number of new operators all of which will come with unknown LECs, meaning that
we cannot do better than an order-of-magnitude estimates in this regime. We therefore restrict
ourselves to listing the contributions can be captured by the usual dim-9 interactions, i.e. the
terms that, through the equations of motions, can be written as m, x OO, The ~ mg terms
resulting from interference with the SM-like vector operators are given by

00} = —amgCG) m 2O, 6CH) = —dvm, OGO

9 6 6 _ 9 (6T 6 96T
5C§L) = v (muC\(/L)L C\(/P){L> mu2C§L)R ) 5C(L) =v ( C\(/P){L mdc\(/L)L> meéPzR )
6C) = —av (maCFy, +mu O ) my2CR,

9 v 6 6 o (6)T 6 6 o (6)T

5L — VLL d“YVRL u2 SRR VRL d“YVLL 1/2 SLR | - :
sct?) 5 | (MO, = maCy ) my Ol + (M, — maCyy ) my *Cap) (A1)

These ~ m, terms are expected to contribute at the same order as the original derivative cou-
plings. Although NDA counts a derivative as a factor of ~ A, > m, when matching onto ChiPT,
the insertion of m, allows for a chirality flip which changes the chiral symmetry properties of the
operators. In the above cases this allows one to trade derivative operators that do not induce
7w terms at LO, for interactions that do induce 77 terms proportional to my. As a result,

!This estimate holds when the interactions in Sect. 3.1 induce w7 couplings at LO, while the corresponding
derivative terms do not. This is the case for both the scalar and tensor dimension-6 operators.
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Table A.1: The dim-9 interactions induced by integrating a heavy neutrino between two dim—6
operators involving neutrinos of different chiralities (the coefficients have been divided by "12

and the corresponding two dim-6 WCs).

one expects the relative scaling of A, ~ (47r)2mq for the derivative and m, terms, respectively,
allowing us to use the latter as an order-of-magnitude estimate for the total.

We can derive similar ~ my terms for the interference of C\(,?R with C\(,?L. However, in this
case a chirality flip does not lead to chiral enhancement (the induced operators are dim-9 vector
operators which do not induce 77 terms at LO), implying that the m, terms cannot be used to
estimate the derivative pieces in this case. If such interference terms are important we would
have to construct the derivative terms to obtain an order-of-magnitude estimate.

In principle we should give all the derivative contributions in the case of LNV kaon decays,
because this LNV process is caused by two different interactions with different flavor configura-
tions. In Table A.1 we give the matching conditions only for interactions, which via the equations
of motions can be written as mg x OO or my x 09 with mg being the light quark mass and my
the mass of charged lepton. The remaining terms contain a derivative and are of dim-10, which
result in unknown LECs when matched onto Chiral Perturbation Theory. Thus we neglect them
here. To make the expressions in a compact form, we have removed an overall factor U%# and

v

the dim-6 WCs, and we also use E, = é’)/u’}/g,CéT and Fp g = éLRC’égR. Dim-9 interactions

C\(/IZR,us X C\(?EL,ud' We can easily get the dim-9 interactions

induced by C\(,?R us X C\(,?L ud Via a replacement d <> s on the dim-9 interactions induced by

are also induced by terms, e.g.

6
C'\(/L)L,us X C\(/IER,ud -



Appendix B

Matching and interpolation formulae
for the leptoquark scenario

As discussed in Sect. 3.7.3, right below the electroweak scale we can match the leptoquark model
of Eq. (3.128) to the dim-6 operators involving the first-generation quarks and charged leptons

2G
[’(AG)L:Q = TF |:ng UrdRErVRa + E(T6) urot’drero* vra |, (B.l)
2 ea ea
where
2
6 6 v TR
o = 4dY) = oz Vla Yie (B.2)
ea ezz mLQ

and a runs from 1 to n. For simplicity we neglect the evolution to lower energies and simply give
the matching to the operators in Eq. (2.23). We obtain

(C€/6L)L) s —2VuqUei (C§6PzR) v =4 (C(TP){R> s (6)U3+az (B.3)

a=1

With these nonzero Wilson coefficients the Ov33 decay rate can be directly read from the master
formula. For mass eigenstates m; < A,, the interactions only introduce contributions to the
subamplitude A, (m;) which is given by
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The first three lines arise from the exchange of potential neutrinos while the last two lines arise
from hard-neutrino exchange. The couplings are given by

77 = 2087 (o) (Ol — 2085 (mo) (O )
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Mass eigenstates with m; > A, are integrated out at the quark level and induce dim-9 oper-
ators. From Eqgs. (3.9) and (A.1) we find the following contributions
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ety = 2 [1 (e v (c)’] - 22 (c), (), @
ey =28 (). | (B3)
cff = -5 (clih),, (0fw),,- (B9
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The resulting amplitude A(Lg) is

9 c 1 2
AP — mTU [(7;2 + ’”) Mpssa+ 5 (8" = &) (MEF oq + Mitha) - gcgNMF,sd ,
with 77, 7™, 7NV and MV defined in Eqgs. (3.31), (3.33), and (3.34).
We introduce interpolation formulae for the LECs appearing in Egs. (B.5) along the lines of
Sect. 3.6.1. For the pionic terms we use
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The pion-nucleon interpolation formula is

N
gg,VLL(mi) = gg,T\r/LL(mi) )
1

2 3
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A similar formula can be written down for ggf\\;LL(mi) once four-quark operators involving deriva-
tives are explicitly included, see Appendix A. The nucleon-nucleon interpolation formulae become
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In all the above relations we use the matching scale p = mg = 2 GeV. With some effort the
relations can be RGE improved as we did for g% (m;), g)a' (m;), and g™V(m;) in Sect. 3.6.1.
This is more complicated for scalar and tensor interactions because scalar and tensor quark
bilinears have non-vanishing anomalous dimensions in contrast to the vector case. Given the
large uncertainties, and in order not to clutter up the expressions, we refrain from explicitly
including the RGE corrections in the interpolation formula.
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Appendix C

Two-body sterile neutrino production
and decay processes

C.1 Charged currents

Sterile neutrinos can decay into a charged meson and a charged lepton by the weak interaction
or EFT operators. Pseudoscalar mesons can decay into a two-body final state for pseudoscalar
and axial-vector currents, while vector mesons can decay into a two-body final state via vector or
tensor currents. For pseudoscalar mesons containing an anti-quark ¢; and a quark ¢;, we define
meson decay constants via

(01Giv*"7°q;| M (q)) = ig" fur (C.1)

where |M(q)) is a pseudoscalar meson with momentum g. Current-algebra or leading-order chiral
perturbation theory gives

2
m
01Giv°q; 1M (q)) = i—2— for = ify) C.2
(017iv°q; 1M (q)) o fu =ify (C.2)
for the pseudoscalar current. The vector and tensor currents only induce two-body final states
for vector mesons. We define

(01" qj| M* (g, €)) = i fiymar-e”,

C.3
(OGio™ )| M* (g, €)) = £y (q"e” — ") (©3)

where |M*(q,€)) denotes a vector meson M* with mass mys-, momentum ¢ and polarization €.
Heavy-quark symmetry relates f]\r‘CI ~ f]\‘ﬁ} All decay constants are given below in Appendix E.
Armed with these decay constants, we calculate the production and decay rates of neutrino
mass eigenstates starting from Eq. (5.1). We begin with neutrino production via the decay of
pseudoscalar mesons MJ — I, + v, and the corresponding decay v — MZT;- + [, where ij
denotes the generation of quark flavors that make up the meson (we drop these indices below
for notational convenience), k the charged lepton generation, and [ = {1,...,n} the neutrino
mass eigenstate. For the decay of the neutrino mass eigenstate we also include the decay to the
charge-conjugate final state which is equally likely due to the Majorana nature of v;.
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We obtain for the summed-over-spins squared amplitudes for sterile neutrino (N) production

_ _ G2 2 2
S > NP = L[] + ol - | v

- 2
spins
+fuRe { CViL(CYLR — Cyir)” ] fvve
FUR | O — 08| fss
+fof\%¢j Re [C\(fIzL(Cin)R - C{é?{)R)*] fVS,l (04)
+fa fin,Re [(C\(fL)R — O\ (CE R — Cé?%)R)*} fvs,z} ,

where all Wilson coefficients carry flavor indices ijkl and we defined the functions

frva = mig(mi +mi) — (m —mi)?,
fvve = —4mimmy,
fss = m?w — mz — m?\, ,
fvsi = —2mn(mip+mi —my),
frsa = 2mg(m3; —mi +my). (C.5)

For sterile neutrino decay, we include the charge-conjugated final states leading to an addi-
tional factor 2 compensating the additional 1/2 from initial-spin averaging. We then obtain

QXfZ\MNeMJrlk = ) MM = N+1)P : (C.6)
spins spins fab,i—gab,i
where ab = {VV, S5,V S}, i = {1,2}, and gapi = — fab,i-
Similarly, for processes involving vector mesons we find
1 . _ G2 6
3 Z MM~ = N+ 1) = 6 {(fM* |:‘CVLL‘ + ‘C\(/I),R+C\(/P){R‘ } fova

spins
+(fyr-)Re [C\(fIzL(C\(/IzR + C\(/l)m) } fovae
6) |2 .«
+(fare)? ’C’(f}){R’ Irr
+ i FirRe [OOSR forrs (C.7)

£ Re [0 + CGIC] Fora

where
fovi = 2mp-t — m?w;j (mi + miy) — (mj —m%)?,
f{k/w2 = 12m?\/[*mkmN ,
fir = 16 (mi +mip. (md +mi) = 2(mf — m3)?) |
fory = —24my(mip +mi —my),
fora = —24my,(mi. —mi 4+ mk). (C.8)
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For sterile neutrino decay

1
2 x 5Z|/v1(z\m1w*+zk)|2 = > IM(M* = N+ 1) , (C.9)
spins spins f;b,i%g;b,i
where ab = {VV, TT,VT}, i ={1,2}, and Gvvi = —Ivvi 907 = — I Svri = Fora
The expression for the decay rates is given by
)\(m17m27m3) 1 2
= — C.10
167rm:f n Z M ( )

spins

where n is the appropriate spin-averaging factor, my is the mass of the decaying particle, and
mg and mg are the masses of the final-state particles.

C.2 Sterile neutrino decays into neutral pseudoscalar mesons via
weak interaction

We follow Ref. [212] and write the neutral weak axial current as

1 1 1 1
Jg = ——=0, + —=dd, — —=ddh + —=di ), C.11
Zp \/5(33# \/gj&u \/6‘]0’“ \/ijnc,u ) ( )
where .
jé;}, = ﬁ(ﬂ'm’%u - d7u75d) )
) 1, - _
e, = %(U’msu + dysd — 257,758) o)
) 1, - B
o, = ﬁ(uvﬂsu + dysd + 57,755)
j;?c,lu, = E’Y}LVE)C‘
We define
. S . .
(0152 .| M2 p(q)) = G 012 | M2 p(q)) = i firay (C.13)

for a = {0,3,8,7n.} and the M subscript labels the final-state pseudoscalar meson. Clearly we

have
_r3 1 8 1 0 Ne
Jar = T+ g = g+ i (1

To clarify the notation: for neutral pions fT?O = fffo = f:ﬁ =0 and fo = f;’o = frx. Forn
and 7’ mesons, we have fs(,) = fgf,) = 0 (neglecting isospin breaking), but we do need to take

into account n-n’ mixing. We use the phenomenological parametrization in terms of two mixing

angles
(ff]S f,?) B (fg cosfly  —fpsin 00> (C.15)
f Sl f ,?, fesinfgy  focos by ’ .

where the values of 6y g and fp g are given in Table E.2. We then obtain

_ fscosfs  fosinfby

h=""7 NG

_ fssinfg B focos by

S L SN

(C.16)
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The decay width of N — v, + MY can now be written as

2 £2.3 2 02
(N = vMY) = 2 x Ge/ Ul TP y2, (C.17)
321 may

where we add a 2 to account for the Majorana nature of sterile neutrinos, f is given by fy,, f,
fue/V2 or fr+, and m% is the mass of M.

C.3 Sterile neutrino decays into neutral vector mesons via weak
interaction

We write the vector component of the neutral weak current as

, 1 4. _ _ 1 2. = _
]‘Z/# = (2 —3 sin? Qw) (Wyuu + eyue) + (—2 + 3 sin? 9w> (dyud + 5vu5) (C.18)

where 6, is the Weinberg angle. We define the currents

. I _ -
j/‘){)alﬁ - ﬁ(uﬁyﬂu - dﬂh’»d) )
v 1 =
Juo = 5 (W0 + dd) (C.19)
jg‘;y = §7u87
j}/;u, = éfY/Lc’

which correspond to the neutral vector mesons p°, w, ¢, and J/ V¥, respectively. We rewrite

: 1 . . V2 ) 1 2. ) 1 4 . .
j‘Z/,u = ﬁ(l — 92sin? Hw)j;fw 5 sin? ijxu + (—2 + 3 sin? Qw)jg’# + (5 ~3 sin? Hw)j}//\p’u.
(C.20)
The hadronic matrix elements are defined as

<O‘jt§,{u|Mt(z),V(Q7 €)> = ifaeu ) (021)

where a = p°, w, ¢, J/¥. The decay width becomes

G2 f292|U4]2m3 m.2 m.2 2
I'(N = v.M°,) =2 fladalZ7e? N (] 4922  E— C.22

( Ve a,V) X 327Tma2 + m%\] m%v 3 ( )

where f, and g, are listed in Table E.3 and m, is the mass of M g,v-

C.4 Sterile neutrino decays into neutral mesons via higher-
dimensional operators
In the work of Belle II, sterile neutrinos could decay into neutral pseudoscalar or vector mesons

via the higher-dimensional operators. To compute the corresponding decay rates, we work in the
SU(3) chiral perturbation theory, following the calculation procedure as detailed in Ref. [279]. We
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first write down the leading-order chiral Lagrangian containing the Lorentz- and chiral-invariant
terms with the lowest number of derivatives,

2 2

F F
chzzifTr(DNUV(DMUQ-+iITrﬁﬂX-+UXq, (C.23)

where D, U = 0,U —il,U +iUr, and x = 2B(M + s —ip). l,,r,,s,p are external sources and
M = diag(m,, mgq, ms) is a diagonal 3 x 3 quark mass matrix. U is given by

w0 4 M8 4 Mo + -
i3I (x) atETE T .
s 8 710
U(:c)zexp(F ), II(x) = T Bt T A K .
_ -0 _ /2
K K NET
(C.24)
ng and 7 are in the singlet-octet basis and their relations with the physical states n and 1’ are
ny l Fg COS 08 —FO sin 90 78
<’I7/> N F (Fg sin 98 F() COS 90 o ' <C.25>
The values of the relevant parameters are [279,280]
F = 922MeV, Fy=118.1MeV, F3 =133.8MeV ,

6y = -—-11.0°, O3 = —26.7°. (C.26)

By using the external source field method and expand U to leading order we obtain the decay
rates of the sterile neutrino.

The neutral tensor current leads to the decay of the sterile neutrino into a vector meson. We
define the following matrix element:

(0|(jla‘“’d|M8(q, €) = —fj\j/}(q“ﬁ" — "), (C.27)

where ¢; can be a down or strange quark, d is a down quark, and M‘O/ = p°,w, K*0. The tensor
decay constants fi, are related to the vector decay constants by f 0 = fp:t/ \f fT T/ V2,

and fK*0 = frx.



138 APPENDIX C. TWO-BODY STERILE NEUTRINO PRODUCTION AND DECAY PROCESSES




Appendix D

Definition of three-body decay form
factors

A sterile neutrino NV can be produced via the decay of a pseudoscalar meson, Mp, with mass M

Mp — Mp, +e* + N, (D.1)
where M, PV is a pseudoscalar or vector meson with mass m. For a final-state pseudoscalar
meson, we require the following form factors:

- M2 _ TTL2 M2 _ m2
(Mp(P") @1y g2l Mp(p)) = f(¢*) |(p+ D) — —z |t fo(qZ)T‘J“v
(Mp(p)q1g2|Mp(p)) = fs(a®), (D.2)
(Mp(p")|g10"” g2| Mp(p)) = — 0" fr(d?) s

where ¢# = p — p/*. Applying the equations of motion, the scalar form factor becomes

fs(@?) = folg?) L= (D.3)

mi1—ma

where my and ms denote the mass of ¢; and gs, respectively. A similar trick for the tensor form
factor gives

fr(g®) = M [f+(a®) = fo(d®)] - (D.4)
When a vector meson is produced additional form factors are required

(My (1, €)@ a2 | Mp(p)) = ig(q 2)6“"“’3%%%,
(MY (0, ©)lain"y a2 Mp(p)) = F(¢)e™" + ar(¢®)Pe’ - p+a—(¢)g"e - p,
(My, (¢, €)|qro™ g2 | Mp(p))
(p)) =

(M{ (0, €)@ g2l Mp(p

9+(q )GWQ'BE*PB +9-(a)) e P etas + go(a” ) Ppaplp - €

frse” - p,

(D.5)
where €*/ is the polarization vector of the vector meson, and P* = pt + p/*. The pseudo-scalar
form factor is given by

1 2 2 2 2 24,2
= +a M*—m*)+a_ . D.6
fps = e (@) + an (@) ) +a-(q°)q°] (D.6)

We refer Ref. [266] for a detailed discussion on the form factors.
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Appendix E

Physical parameters and decay
constants

The values of relevant CKM matrix elements are extracted from Ref. [132]

Vig| = 0.218,  [Via| = 0.974, |Vi| = 0.224,
[Vis| = 0,997, [Vi| = 0.00394, [Vip| = 0.0422.

We use the quark masses at a renormalization scale of u = 2 GeV in MS

my =2.2MeV, mg=4.7MeV, ms=93MeV,
me = 1.27GeV, my =4.18GeV .

(E.1)

(E.2)

Decay constants for pseudoscalar and vector mesons are given in Table E.1. Parameters to
calculate decay constants for the neutral pseudoscalar and vector mesons are given in Tables E.2

and E.3, respectively.
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meson Mp | fu [MeV] | meson My f]\‘g [MeV]
D* 212 [281] D+ 266 [282]
DF 249 [281] Dx* 308 [282]
B* 187 [281] K**+ 230 [283]
B 434 (284 p* 209 [285]
K= 155.6 [281]
nt 130.2 [281].

Table E.1: Decay constants for charged pseudoscalar and vector mesons.

fo | 0.148 GeV [286]
fs | 0.165 GeV [286]
fo. | 0.335 GeV [287]
fo -6.9° [286]
fs | -21.2° [286]

Table E.2: Decay constants and angles for 7, ' and 7.

meson M | f, [GeV?] Ja

P [213] 0.171 1 —2sin%40,

w [213] 0.155 -2 5in% 6,

¢ [213] 0232 V2(—3 + 2sin?6,,)

J [288] 1.29 V2(3 — 4sin?6,,)

Table E.3: Decay constants and g, of neutral vector mesons.



Nederlandse Samenvatting

Het standaardmodel (SM) is zeer succesvol en heeft veel strenge experimentele testen doorstaan
met een breed scala aan energieschalen. Maar er zijn nog steeds motivaties om te zoeken naar fys-
ica die verder gaat dan het standaardmodel vanwege het observationele bewijs (donkere materie,
massieve neutrino’s en de dominantie van materie over antimaterie) en de theoretische motivaties
(de sterke CP en het hiérarchieprobleem). Sinds de ontdekking van het Higgs-deeltje geeft de
afwezigheid van bewijs voor BSM-fysica ("Beyond the Standard Model", dus natuurkunde die
verder gaat dan het standaard model) bij de LHC aan dat het SM geldig is tot energieschalen er-
gens boven de elektrozwakke schaal en dat de BSM-fysica ruim boven de EW-schaal ligt. Daarom
zouden we het SM kunnen beschouwen als het renormaliseerbare deel van een algemenere effec-
tieve veldentheorie. De SMEFT Lagrangian bestaande uit SM velden kan worden geéxpandeerd
in inverse machten van A, de energieschaal van BSM fysica, en is symmetrisch in de Lorentz en
ijksymetrién.

In dit proefschrift voegen we rechtshandige neutrino’s toe aan het SM, wat het eenvoudigste
BSM-model is. Steriele neutrino’s zijn een goed gemotiveerde oplossing voor de bovengenoemde
problemen. Als steriele neutrino’s niet kunnen worden geintegreerd omdat ze licht zijn, is de
SMEFT niet van toepassing. We moeten dan een standaardmodel overwegen, uitgebreid met
een effectieve theorie die ook steriele neutrino’s bevat. In dit proefschrift onderzoeken het effect
van steriele neutrino’s en het neutrino-uitgebreide effectieve Standard Model op verschillende
experimenten, van deeltjesversnellers werkende op een hoge energie schaal tot hoge-precisie ex-
perimenten op een laag energieniveau, bijvoorbeeld neutrinoloos dubbelzwak verval (0v3/3).

Neutrino’s zijn de enige ladingsneutrale deeltjes in het SM en zouden een Majorana-massa kun-
nen hebben, die het leptongetal met twee eenheden schendt. We hebben een systematische studie
gedaan naar schending van het leptongetal in 033 en LNV kaon vervalkanalen K~ — 7w~ [~.
De hoger-dimensionale operatoren van vSMEFT worden stap voor stap geévolueerd naar een
energieniveau van O(1) MeV voor OvgS en van O(100) MeV voor LNV kaon verval. De verval-
snelheden worden uitgedrukt in termen van de Wilson-coéfficiénten en lage energieconstanten,
en kunnen dus worden gebruikt om hoger-dimensionale operatoren te beperken. Onze resultaten
laten zien dat de OvB experimenten de schaal van BSM-fysica rond O(100) TeV kunnen onder-
zoeken. De huidige experimentele resultaten van de LNV-kaonverval zijn te zwak om een zin-
volle BSM-energieschaal te geven vanwege het geringe beschikbaarheid van experimentele data.
Maar dit geval kan worden veranderd wanneer een steriele neutrino in het resonantiegebied ligt,
aangezien de LNV-vervalsnelheden aanzienlijk worden verhoogd. We vinden een zeer sterk limiet
rond O(30) TeV op de BSM-energieschaal.

Ook de langlevende steriele neutrino’s bij de versneller worden onderzocht. Hun verval leidt
tot verplaatste vervalpunten die kunnen worden gereconstrueerd in detectoren, b.v. LHC en
Belle II. Steriele neutrino’s kunnen worden geproduceerd via een zeldzaam mesonische verval
dat overvloedig wordt geproduceerd op de LHC-interactiepunten en via het verval van tau-
leptonen, geproduceerd in Belle II. We beschouwen een breed scala aan experimenten bij de
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LHC, het voorgestelde statisch-doel experiment SHiP en Belle II. De vSMEFT-correcties voor
steriele neutrinoproductie- en vervalprocessen worden berekend en we voeren simulaties uit voor
verschillende detectoren om hun zoekgevoeligheden in te schatten. De LHC-experimenten kunnen
de BSM-fysica onderzoeken tot honderd TeV, terwijl Belle II alleen interacties kan onderzoeken
die verband houden met tau-leptonen tot een paar TeV.

Concluderend hebben we de effecten van hoger-dimensionale operatoren op verschillende ex-
perimenten onderzocht en ontdekten we dat niet-standaard interacties met steriele neutrino’s
een dramatische impact hebben op de hierboven genoemde fenomenologie. We zouden deze
experimenten kunnen gebruiken om BSM-fysica op een zeer hoge schaal te onderzoeken, b.v.
O(100) TeV. Hoewel we in een effectieve veldtheorie hebben gewerkt, kan het raamwerk gemakke-
lijk worden gebruikt in expliciete BSM-fysica modellen. In feite is dit al gedaan in de liter-
atuur 158, 274-278] waar een breed scala aan modellen is afgestemd op de EFT raamwerk
en bijvoorbeeld de neutrinolose dubbele bétavervalsnelheden OvS3 kunnen onmiddellijk worden
afgelezen om de haalbaarheid van het betreffende model in kwestie te bepalen.

We kunnen het werk van dit proefschrift in verschillende richtingen uitbreiden. In het geval
van lichte steriele neutrino’s kunnen we de bijdragen van "ultra-softe" neutrino-uitwisseling
beschouwen, die de genoemde bijdragen van potenti€le neutrino-uitwisseling kunnen domineren.
We zijn al bezig met het formalisme om deze correcties op te nemen, maar de berekeningen
zijn nog niet klaar om in dit proefschrift te worden gepresenteerd. Een andere richting is het
berekenen van de verschillende LEC’s die verband houden met de uitwisseling van "harde" neu-
trino’s door de strategie van Refs. [106, 107] te generaliseren om nauwkeurigere voorspellingen
voor Lepton-number-schendende (LNV) waarnemingen te krijgen.

Het LNV-kaonverval kan alleen sterke limieten geven aan de menghoek of nieuwe fysica-schaal
in een klein steriel neutrino-massabereik, maar we kunnen het LNV-verval van zwaardere meso-
nen, waaronder D- en B-type mesonen, beschouwen en een breder bereik van steriele neutrino-
massa’s. Voor de experimenten met verplaatste vervalpunten kunnen we overwegen om steriele
neutrino’s te mengen met andere soorten actieve neutrino’s of hoger-dimensionale operatoren
met verschillende smaakconfiguraties te bestuderen. In het minimale model is de menghoek
tussen vy, en vp erg klein vanwege de sterke beperking van Ovf5. De LHC kan echter slechts
een zeer zwakke beperking geven aan de menghoek voor steriele neutrino’s met een massa boven
het GeV-niveau. Als het steriele neutrino wordt gevonden bij de versneller, betekent dit dat er
minstens twee soorten steriele neutrino’s zijn met bijna gelijke massa, zodat hun bijdragen aan
Ovp3S elkaar kunnen opheffen om te voldoen aan het huidige Ov55 experimentele resultaat. Het
is dus interessant om steriele neutrino’s zwaarder dan GeV-niveau op de LHC te onderzoeken en
het resultaat van OvfBfte combineren.

We kunnen het idee van steriele neutrino’s, en in het bijzonder het ¥SMEFT-raamwerk, ook
generaliseren naar de kosmologie. Zo is N.y¢r, het aantal relativistische soorten, nauwkeurig
berekend in het SM. De hoger-dimensionale operatoren in ¥SMEFT met lichte steriele neutrino’s
zouden de ontkoppeling van neutrino’s beinvloeden en dus Ny wijzigen. We kunnen ook het
effect van steriele neutrino’s op big-bang-nucleosynthese en leptogenese onderzoeken. Steriele
neutrino’s kunnen een kandidaat zijn voor donkere materie en ze kunnen worden gedetecteerd
wanneer ze van kernen worden verstrooid. We kunnen het EFT-raamwerk gebruiken om de
effectieve botsingsdoorsnede voor steriele neutrino’s in directe detectie-experimenten van donkere
materie te berekenen. Met het werk in dit proefschrift en in de toekomst zullen we steriele
neutrino’s beter begrijpen door middel van systematische werken opererend op schalen van de
kosmologie tot de fysica in de deeltjesversnellers en precisie-experimenten met lage energie.
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