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Abstract

This thesis presents the theory describing the magnetic moments of Dirac and Majorana neutri-
nos, including a systematic method for extracting the neutrino magnetic moments from a given
model using electromagnetic form factors. In the standard electroweak interactions, neutrino
magnetic moments are suppressed by the small neutrino masses. Theories beyond the Standard
Model which overcome this suppression lead to unacceptably large loop corrections to the neu-
trino masses, necessitating fine-tuning of model parameters. This model building issue, and a
mechanism for avoiding it using a global symmetry, are discussed.

The excess in electron recoil events reported by the XENONI1T collaboration may be inter-
preted as a neutrino magnetic moment many orders of magnitude above the Standard Model
prediction. Adopting the interpretation of this excess as a transition magnetic moment from an
active neutrino to a sub-MeV sterile neutrino, leptoquark models with couplings to right-chiral
neutrinos are explored. A recently proposed scalar leptoquark model, which generates large
magnetic moments without fine-tuning, is investigated. A vector leptoquark model is proposed
to simultaneously explain a large neutrino magnetic moment and recent data on lepton flavor
universality violating observables. If fine-tuning of the neutrino mass is accepted, the model
can accommodate the desired observables simultaneously.
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Chapter 1

Introduction

The Standard Model of particle physics is our best model for describing elementary particles
and their interactions. It explains how fermions, the building blocks of matter, interact by
exchanging gauge bosons, and how the masses of particles arise through the Higgs mechanism.
With the discovery of the Higgs boson in 2012 [1}, 2], all the particles predicted by the Standard
Model have been observed. However, we know the Standard Model cannot be the final story,
as several questions are left unanswered. Thus, we are motivated to search for new physics not
explained in the Standard Model, so-called beyond the Standard Model (BSM) physics, hoping
to be guided toward a better theory of nature.

An interesting probe for BSM physics is the neutrino sector. Neutrinos are the most elusive
constituents of the Standard Model; they are extremely light particles which only interact weakly
with other matter. Since neutrinos are electrically neutral, they do not interact directly with the
electromagnetic field. In the language of quantum field theory, this means the neutrinos do not
couple to the photon. Nevertheless, neutrinos may interact indirectly with the electromagnetic
field through quantum loop effects. In particular, a magnetic moment may be defined and
predicted for subatomic particles, including neutrinos. The concept of magnetic moments carries
over from classical electrodynamics, where it characterizes the interaction between a system and
an external magnetic field. The magnetic moment of neutrinos is predicted to be extremely small
by the Standard Model, on the order of 10715, with the Bohr magneton g being the scale
of magnetic moments for electrons and atoms. This is many orders of magnitude lower than
current experimental sensitivities. However, BSM theories may predict it to be much larger.
Thus, an observation of a neutrino magnetic moment in current or future experiments would

be a strong hint toward new physics.

Neutrinos are abundantly produced in nuclear fusion reactions in the Sun. Around 6 x 10'°
of these solar neutrinos pass through every square centimeter on earth per second [3, p. 352].
Despite this enormous flux, the neutrinos are hard to detect due to their feeble interaction with
other matter. Therefore, neutrino detectors are large, to increase the probability of seeing a
neutrino interaction, and often built underground in order to shield from other particles. One
such detector was the Homestake chlorine solar neutrino experiment, placed almost 1500 m un-
derground in a gold mine. Homestake operated from 1970 to 1994, and was the first experiment
to observe solar neutrinos. In the 1980s, an anticorrelation between solar neutrino flux and sun
spot activity, which fluctuates in an 11-year cycle, was observed in the Homestake data [4]. This



observation spurred theoretical activity to explain the apparent connection between magnetic
activity in the Sun and the observed number of neutrinos on Earth. One proposed explanation
was a large neutrino magnetic moment on the order of 10!y p, which would cause the neu-
trinos to be affected by the magnetic field inside the Sun during their propagation through its
interior. In periods of high sun spot activity the magnetic field in the Sun is strong, which would
cause the neutrinos to flip their helicity from left-handed to right-handed. The right-handed
neutrinos would be invisible to the detector on Earth, causing a deficit in the observed flux.
Conversely, when solar activity is low, the neutrinos would pass through the Sun unaffected [5].

During these theoretical developments, it was realized that models with an enhanced neutrino
magnetic moment generally give an unacceptably large quantum loop correction to the neutrino
mass, owing to the similar chiral structure of the relevant operators. This leads to excessive
fine-tuning of parameters in the model in order to fit experimental data. It is desirable to
find models which incorporate large neutrino magnetic moments and small neutrino masses

simultaneously in a more elegant way.

With the advent of neutrino flavor oscillations to explain the solar neutrino problem, interest for
neutrino magnetic moments faded. Recently, however, data from the XENONI1T dark matter
detector has shown an excess in electron recoil events in the low end of the recoil energy spec-
trum. These are events where incoming neutrinos scatter off electrons, transferring momentum
to the electron through a mediating gauge boson. A possible explanation for the excess is that
the neutrinos have a large magnetic moment, allowing them to interact electromagnetically with
the electrons in the detector [6]. Thus, interest in neutrino magnetic moments is rekindled, mo-
tivating further theoretical work on the subject. This thesis is devoted to studying the magnetic
moments of neutrinos in the Standard Model and beyond.

The thesis is structured as follows: We start with a brief description of the Standard Model,
including the concept of gauge interactions and the spontaneous breaking of electroweak gauge
symmetry. This sets the stage for exploring BSM models. We also discuss how neutrino masses
can be described in extensions of the Standard Model. In we review the concept of
magnetic moments in classical physics, and see how it carries over to the quantum mechanical
description. We rederive the famous Schwinger electron g — 2 result, which guides us to the
definition of the neutrino magnetic moment through an effective Lagrangian. In
we describe the electromagnetic interactions of neutrinos through form factors, developing a
methodology of extracting the magnetic moment of Dirac and Majorana neutrinos in different
theories. We discuss of how neutrino magnetic moments can be measured in experiments, and
in this context we briefly summarize the current experimental results and limits. The method
developed in is utilized in where the magnetic moment of neutrinos for
Standard Model interactions is rederived. Next, in we explore the issue of fine-tuning
which arises in BSM theories with large magnetic moments, and how this issue can be solved
by a new global symmetry. In a recent result from the literature is rederived, in a
model which introduces scalar leptoquarks to produce a large magnetic moment and utilizes
the aforementioned symmetry mechanism. We investigate possible neutrino mass scenarios in
this model as well. In a vector leptoquark model is proposed which gives a large
neutrino magnetic moment, and in addition explains recent data on flavor physics anomalies.

Finally, we conclude in

Natural units, in which ¢ = A = 1, are used throughout the thesis unless otherwise specified.



Chapter 2

The Standard Model and Neutrino
Physics

2.1 Fermions, Chirality and Charge Conjugation

Particles are classified into two types: bosons and fermions. Bosons are particles with integer
spins, examples from the Standard Model including the spin-1 photon and the spin-0 Higgs
boson. Fermions have half-integer spins. Electrons and quarks, which are the constituents of
ordinary matter, are examples of fermions. This class of particles also includes neutrinos, the
main subjects of this thesis. As such, a brief description of fermions and some useful related
operators are given in this section.

The elementary fermions in the Standard Model are spin-1/2 fermions, so we restrict our dis-
cussion to spin-1/2. We describe the elementary fermions as 4-component objects 1(x) called
Dirac spinors, which satisfy the Dirac equation

(i@ —m) ¥(x) =0, (2.1)

where the slash implies the contraction @ = v#9,, and * are the 4 x 4 Dirac matrices satisfying
the Clifford algebra
{0 =AY A =20 (22)

The Dirac equation is an equation of motion; it describes the free propagation of spinors, such
as electrons.

Massive particles of spin J have 2J + 1 degrees of freedom |7, p. 111]. For massive spin-1/2
fermions, this gives two polarization states, commonly referred to as spin up and spin down.
However, the Dirac spinors ¢ (x) have four components. The Dirac spinor is thus a composite
object. This is seen most clearly in the Weyl basis of the gamma matrices, where

0 1 . 0 o
0 (- ) 2.3
7 (1 O) ’ 7 (—O‘Z O) ’ (23)

with 1 being the 2 x 2 identity matrix and ¢ the Pauli matrices.



In this basis, one can express the Dirac equation as a set of two coupled equations,

iatfR +i0iaifR — XLm = 0

‘ (2.4)
i0rxr — 10'0;xr — Erm = 0,

where we have written the Dirac spinor as

_ [ XL
o- () =

xr and &g being two-component objects called left- and right-chiral Weyl spinors, respectively.
Of course, this decomposition can be done in any basis of the gamma matrices. The special
property of the Weyl spinors can be seen by inspecting the Lorentz transformation of Dirac
spinors. From the covariance of the Dirac equation one can derive the transformation

€

$(o) = /(@) = exp (§ D] 1 )bl (2.6

where the number € and the matrices I*” characterize the Lorentz transformation in question.
The important thing here is that in the Weyl basis, the commutator [W’ %] is block diagonal.
Thus, xr, and £g do not mix under a Lorentz transformation. Specifically, we have

1 /.
XL — XL+ 5 (wk - 5k> OkXL

1 (2.7)

§rR — &R+ 3 (iek + 5k) kR,
under an infinitesimal Lorentz transformation, where 6* are the rotation angles and 8* are the
boost angles. In group theory jargon, one says that Weyl spinors transform under irreducible
representations of the Lorentz group, while the Dirac spinor transforms under a reducible rep-
resentation. The representations of x and £r are related; one can transform a left-chiral Weyl
spinor into a right-chiral Weyl spinor and vice versa. To that end, we define the suggestively
named Weyl spinors

XR = i02xz, &L = —iaQSE. (2.8)

Since the left- and right-chiral Weyl spinors are distinguished by how they transform under a
Lorentz transformation, let us check how x g transforms under a boost. [Eq. (2.7)| gives

i 1 *
XR — i0? (XL — §Bk0k><L)
1/ 0 s .
e L (o o) o

1
=XR+ §BkUkXR7 (2.9)

where in the second line the second term was multiplied by 0202 = 1, and in the third line the

*02 = —o% was used. The rotation part of the Lorentz transformation receives

property olak
an extra sign change from the complex conjugation, and stays unchanged. Thus, yr indeed
transforms as a right-chiral Weyl spinor. A similar calculation for {1, confirms that it transforms

as a left-chiral Weyl spinor.



Because x1 and &g transform under irreducible representations of the Lorentz group, one can
think of them as the fundamental states, mixed through the mass term according to [Eq. (2.4)
The propagating particle called “the electron” is thus a combination of the left- and right-chiral

Spinors.

Since the equation of motion mixes xr and {r anyway, one might say this distinction is rather
pointless. However, it turns out that nature does care about chirality. Specifically, the weak
interaction only acts on left-chiral particles (and right-chiral antiparticles). Thus, one could
make the argument that xr and £r are the objects we should talk about, not . Indeed, one
can devise Feynman rules for calculating processes in perturbation theory with two-component
spinors [§]. In this thesis, however, we stick to the conventional four-spinor formalism and
extract the chiral parts of the field using appropriate projector operators. Using the fifth
gamma matrix

7 = i, (2.10)

the chirality projection operators are defined as

P ==", PR:#, (2.11)
which obey the projector relations
PLp*=PLr, Pp+Pr=1 P pPry=0. (2.12)
A Dirac spinor can be decomposed as
Y = (Pr+ Pr)Y =L+ ¢r. (2.13)

In the Weyl basis,

_pay— (10}, _(x o fooy fo
1/1L—PL7J)—<O O)@b—(o), lZ)R—PRl/J—<O 1>¢—<€R>7 (2.14)

showing that the chirality projectors extract states of pure chirality from the Dirac spinor. In
the interacting theory, ¢;, and ¥ g are treated differently. Thus, we can use the Dirac spinors to
calculate processes in quantum field theory, at the price of having explicit chirality projectors
in the vertex factors.

An operation we will encounter frequently is charge conjugation. The transformation acts on a
Dirac spinor according to

Y=yt =C (2.15)

where 1) = 1)T~? denotes the Dirac adjoint spinor, and C is the charge conjugation matrix. C
depends on the choice of basis, but has the defining property

CVgC_l = —Yyu- (2.16)

Charge conjugation is named as such since the electric charge of the particle is flipped under
the transformation, but it is important to note that all the labels of the particle are flipped, not



just the electric charge. In particular, we have

(w0)° = OOy = O (0Pg) = OPgi" = PROG" = Prus. (2.17)

i.e. charge conjugation flips the chirality of the spinor. In the Weyl basis, the charge conjugation

—ic? 0
C:( . i02>' (2.18)

Thus, the charge conjugation operator acts on the Dirac spinor as

N
&R ooXT, XR

Evidently, the components of ¢¢ are the transformed Weyl spinors defined in [Eq. (2.8)l There-
fore, —o%¢% and 02X} are called the charge conjugate Weyl spinors. As already discussed, the

matrix is

Weyl spinors x and & are in general independent quantities, and can be interpreted to describe
distinct particles. However, a special case is the spinor

WM = <XL) : (2.20)
XR

which is called a Majorana spinor. It has the property ¥¢ = 1, as can be readily checked by
The number of degrees of freedom is halved relative to a Dirac spinor due to this
constraint; the components of )™ are related by As charge conjugation flips the sign
of all charges, Majorana spinors can only describe neutral particles. The topic of Majorana
fermions will become relevant when we discuss neutrino masses in

2.2 Gauge Interactions

Free fermions of mass m are described by [Eq. (2.1)} which is the equation of motion correspond-
ing to the Lagrangian

L= (i) —m) ¢, (2.21)
where ¢ = 1170, This Lagrangian is invariant under the U(1) transformation

P — e, (2.22)

where « is an arbitrary real number. This transformation changes the phase of the spinor by the
same amount at every spacetime point, and is therefore called a global phase transformation.

Let us now demand invariance under the more general, local gauge transformation
Y — he 9@, (2.23)

where ¢ is a number and f(z) is a smooth function of spacetime. Under this transformation,

the Lagrangian in [Eq. (2.21)| transforms as

L L+ giry v, f (@), (2.24)

10



that is, it is not invariant. We can restore invariance by replacing the derivative by a covariant

derivative, defined as
Db = (0, +1igAu) b, (2.25)

where A, is the gauge field associated with the symmetry, transforming as

Ay — A, + 0, f(x). (2.26)

under a gauge transformation. Together, the transformations in [Eq. (2.23)[and [Eq. (2.26)| make

up a U(1) gauge transformation. The Lagrangian

L= (i —m)y (2.27)
is invariant under U(1) gauge transformations, and we got the extra term

Lint = —g@'y“t[}AM. (2.28)

This is a gauge interaction term between the matter field 1) and the gauge boson field A,,.
The number g determines the coupling strength, and is therefore called the “gauge coupling”.
Thus, an interacting theory arose from demanding invariance under the local transformation

[Eq. (2.23)] This is called “gauging” the symmetry.

For a theory of electromagnetic interactions, the above description is suitable; The transforma-

tion in [Eq. (2.26)|is a symmetry of the Lagrangian
1 w
L= —3FuF", (2.29)

where F,, = 0,A, — 0,A,. [Eq. (2.29) is the Lagrangian for electrodynamics. The gauge
symmetry ensures that the field A, has only two degrees of freedom, corresponding to the

two polarization states of light. Thus, the gauge field A, is identified with the photon field.
Furthermore, by Noether’s theorem the symmetry under U(1) leads to the conserved current
and charge

i = g, Q= / B =g / Popiy. (2.30)

Identifying @) as the electric charge, the gauge coupling is ¢ = ¢, the electric charge of the
fermion ¢. We arrive at the Lagrangian for QED,

Lawn =T (i) — m) v~ Fu F" — gy A, (231)

g can be written in terms of the elementary charge e, which we take to be positive. Making
the substitution ¢ = —e in [Eq. (2.31)| we obtain the familiar Lagrangian describing electrons,
photons, and their interaction.

We arrived at QED by demanding invariance under local phase transformations and identifying
the resulting gauge field with the photon. We could have gone the other way around. The
Lagrangian in which gives the Maxwell equations, is invariant under the U(1) gauge
transformation in This invariance must remain when introducing the interaction
between photons and matter, leading to the covariant derivative in [Eq. (2.25) without the

11



rather unmotivated step of gauging the global symmetry. Thus, we use the successful classical
description of electrodynamics to guide the development of QED. This is a luxury we do not
have for the other fundamental interactions, so the procedure of gauging a global symmetry is
useful in building the theory of the Standard Model interactions.

The gauge theory of strong interactions, called quantum chromodynamics (QCD), is obtained
by this “symmetry gauging” method. QCD is the theory describing the interactions of quarks,
which are the constituents of hadrons, and gluons, which are massless gauge bosons. It is an
experimental fact that quarks possess a quantum number called color charge. Particles which
have this charge are said to be colored, as opposed to uncolored particles such as leptons. The
color charge of quarks takes one of three values r, g, b, and quark spinors are therefore organized
into three-component fields

N (2.32)

The Lagrangian of free quarks is
L= (Gig—m)V, (2.33)

which is invariant under the global SU(3) transformations
U — e @ara/2y, (2.34)

where A = 1,2,...,8, ay are arbitrary real numbers, and A4 are the Gell-Mann matrices,
which are the generators of SU(3). Conservation of color charge follows from the invariance of

[Eq. (2.33) under the global transformation [Eq. (2.34)l Thus, [Eq. (2.33)|is an experimentally

motivated Lagrangian.

Next we gauge the symmetry by replacing the local phase transformations with the local trans-
formations
U eigs/\AWA(ic)/Q\I/’ (2.35)

where g, is a coupling constant and w4 () are 8 real, smooth functions of spacetime. To obtain
a Lagrangian invariant under the transformations in we replace the derivatives acting
on the quark fields by

DHY = (8“ + igs)\AGZ/Q) v, (2.36)

where we introduced the 8 gluon fields G%;. The quark Lagrangian then becomes
L=V (G]p—-m)V. (2.37)
For [Eq. (2.37)[to be invariant, the gluon fields must transform as

G\ — G} — 'wa(z) — gsfapowp(x)GY, (2.38)

under an infinitesimal gauge transformation. The transformations in [Eq. (2.35)[and [Eq. (2.38)|

constitute an SU(3) gauge transformation.

For a complete picture, the QCD Lagrangian should contain terms which describe gluons when
no quarks are present. In QED, this was achieved by the kinetic term [Eq. (2.29), An analogous

12



term for gluons does not work, since the expression

1

4FA;U/F}4“/7 (239)

where Fi¥ = 9*G", — 9 G';, is not invariant under SU(3) gauge transformations. To fix this,
we define the gluon field strength tensor

G/ZV = Fﬁy + gszBcG%Gé (2.40)

to write the gauge invariant gluon Lagrangian

1 "y
L= _ZGA/WGA . (2.41)
The Lagrangian of QCD is thus
— 1 = 1 "y

L=V (i —m)¥ — §gs\IJGA)\A\II— ZGAWG , (2.42)
where we pulled the quark-gluon interaction term out from [Eq. (2.37)l In addition, [Eq. (2.42)

describes the self-interactions of 8 colored gluons in the last term.

To complete the Standard Model, we need a gauge theory of the weak interactions. This is,
however, not a straightforward task. Whereas the gauge bosons of QED and QCD are massless,
the weak gauge bosons, Z and W=, are massive. Explicit mass terms for gauge bosons break
gauge invariance, so a more involved approach is required. Thus, the next section is devoted to
describing the standard electroweak theory.

2.3 The Standard Electroweak Theory

2.3.1 Gauge Invariant Electroweak Interactions

A striking feature of the weak interactions is that it affects only left-chiral particles and right-
chiral antiparticles; parity is violated. Thus, the chirality projectors in [Eq. (2.11)| come into
play. For a given fermion species v, the chiral components 1y, = Pri and ¢gr = Prvy have
different quantum numbers and transform differently under gauge transformations. From here
on, to avoid overly cluttered notation, fermion field operators are named according to their
species, i.e. the electron field operator is ¢, = vy, etc.

The electroweak interactions are described by the gauge group SU(2); x U(1)y. The charged
lepton fields ¢, and neutrinos v, interact with the gauge bosons according to the Lagrangian

EL = TwLiELaL + miﬂﬁam (243)

where there is an implied sum over o = e, 1, 7. Ly, is the left-chiral SU(2); doublet

LaL = (”‘“L> : (2.44)
KaL

13



and the covariant derivatives are defined as

A |
DuLaL = <8N + Zg?leL — 29,23#) LaL, (245)
Dylor = (0 —ig'By) lar. (2.46)

Wﬁ and B, are the three gauge bosons of SU(2)r, and the gauge boson of U(1)y, respectively.
We see explicitly that the left- and right-chiral components of the Dirac spinor ¢, behave
differently. Specifically, the SU(2); gauge bosons only couple to the left-chiral doublet. The
strength of the coupling to the B,, depends on the hypercharge Y of the field, defined as

y=2_1W (2.47)
e

where g/e is the electric charge of the field in units of the elementary charge, and [g/v is the
third component of the weak isospin of the field. I}V is 1/2 for the upper component of an
SU(2)r, doublet, and —1/2 for the lower component. These are also called isospin up and down,
respectively, in analogy with the spin angular momentum quantum numbers. Thus, L, has
Y = —1/2 and ¢4 has Y = —1. Note that right-chiral neutrinos v, g are not part of an isospin
doublet and has zero electric charge, and thus zero hypercharge. v,p is therefore a complete
singlet under the Standard Model, and is not included in the theory. However, as we shall
explore in the next section, the theory can be extended to include right-chiral neutrinos in
order to explain non-zero neutrino masses.

The gauge bosons have associated kinetic and self-interaction terms, which describe their be-
havior when no fermions are present. These are

1 1
EB = _ZWiﬂl’W’iMV — ZB#VBMV, (248)
where
W;w _ 8MWZ‘V _ 8”VVZ'LL _ gEijkW]l'uW]::/v (249)
B" = otBY — 9V BY. (2.50)

So far, we have described an SU(2); x U(1)y gauge invariant theory with massless leptons
and gauge bosons. This is not what is realized in nature; we want to describe massive fermions
interacting with three massive weak bosons and a massless photon. However, naively introducing
mass terms would explicitly break the gauge symmetry. To see this, consider a Dirac mass term
for the charged leptons,

—milole = —myly (P + PR) lo = —my(Carlar + larlar)- (2.51)

Since {,1 are parts of weak isodoublets and ¢,r are singlets, this term does not respect the
gauge symmetry.

Introducing masses for the particles in a gauge invariant way requires spontaneous breaking of
SU(2)r, x U(1)y down to U(1)em. In doing so, we will obtain massive charged leptons and weak
gauge bosons, and along the way we will find the charged- and neutral current weak interactions,
as well as the familiar electromagnetic interactions of QED.

14



2.3.2 Spontaneous Electroweak Symmetry Breaking

The spontaneous breaking of electroweak gauge symmetry and consequent acquisition of mass
for the weak gauge bosons and fermions is called the Brout-Englert-Higgs (BEH) mechanism.
It is facilitated by a complex scalar doublet

_ (¢
¢ = (@) : (2.52)

called the Higgs doublet, described by the Lagrangian

2

Lo = (D)t (D) = 12616 — A (676)" = (D) (D) — V(9), (2.53)

where 2 < 0 and A > 0. The potential V' (¢) has minima at ¢ = ¢, defined by

o] S,

Bhbo = |d10]* + |d20l” = e =
0 0 0 22\

2_ U i

ﬂ )

where v is the vacuum expectation value (vev) of the Higgs field, and 0 < 6 < 27. Thus, there

(2.54)
- |€f)10|2 + [ P20

g

is an infinite number of minima, depending on the phase angle . For the ground state of the

field, a particular value must be chosen, spontaneously breaking the symmetry. Without loss

b0 = (U /Oﬂ> : (2.55)

In order to keep electromagnetic gauge invariance unbroken, we impose that ¢y respects U(1)ep,.

of generality we choose

The vacuum state transforms under an electromagnetic gauge transformation as
b0 — ¢y = exp [—zqf(m)] Po = exp [—z’ (Y + IBW> ef(:v)] do, (2.56)

for some differentiable function of spacetime f(z). To obtain ¢f, = ¢ the isospin down compo-
nent of the Higgs doublet must be electrically neutral, i.e. we need Y = —I}V. From this, we
deduce Y = 1/2 for the Higgs doublet, and we can write the covariant derivative explicitly as

A |
D,¢ = (8“ + zg?Wﬁ + ZgIQBM> o. (2.57)

Thus, we have two complex scalar fields, ¢, with charge +1 and the electrically neutral ¢o. To
facilitate interpretation of excitations of the ground state as particles upon quantization, the
Higgs doublet is parameterized in terms of deviations from the ground state, as

1 N1+ 12
- , 2.58
¢ V2 (v +H+ in3> (2:58)

where 7; and H are real scalar fields. As we will see, three of these degrees of freedom will be
absorbed in the weak gauge bosons when they acquire mass. Consequently, the parametrization
of the Higgs doublet in contains redundant degrees of freedom. To remove these, we
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express the field in the unitary gauge, where

1 0
¢ = 7 (v N H) : (2.59)

Thus the Higgs doublet is expressed in terms on one real degree of freedom H, which is the
Higgs boson. Other gauges, such as the Feynman gauge, may be more practical in calculations
of higher-order diagrams. Then, the fields 7; are present and give contributions to the am-
plitudes. The amplitudes, corresponding to physical observables, are of course independent of
gauge choice. The unitary gauge is convenient for expressing the electroweak Lagrangian, since
superfluous terms corresponding to unphysical degrees of freedom disappear. For the remainder
of this section, we assume that all fields in the theory are expressed in the unitary gauge.

The leptons couple to the Higgs doublet through the gauge invariant Yukawa terms

Ly == Y yiLardlar+ Hec., (2.60)

a=e,u,T

where 3’ are dimensionless coupling constants called Yukawa couplings. After spontaneous

symmetry breaking, the Higgs doublet takes the form of [Eq. (2.59)l Substituting into[Eq. (2.60)
we find

Yot~ Yo 7~
Ly=— > g fala - > Jatatatl (2.61)

a:ehLL?T a:eHLL7T
where £, = £o1,+/for. The first term is a mass term for the charged leptons, with m, = yéfu/\/i.
The second term is an interaction between the charged leptons and the Higgs boson, with the

coupling my/v. Thus, the charged leptons acquire mass in a gauge invariant way by the BEH

mechanism.
To recover the known massive gauge bosons and the massless photon, we make the identifications

1
V2

W3 = cosbw Z,, + sin Oy Ay,

B, = —sintw Z, + cos by A,

W= (Wi i)

(2.62)

where W, is the non-Hermitian field describing the W+ bosons, Z ,and A, are the Z Y boson and
photon fields, respectively, and 6y is the weak mixing angle (also called the Weinberg angle).
Substituting these expressions into the lepton gauge interactions in [Eq. (2.43)|and imposing the
constraint

gsinfy = g cosby =e (2.63)

to obtain the correct electromagnetic interaction of QED, we find

. 9 1 1 9 3 w2, Ju
Ly =—j A — —(JWHF+J W) — ——— [ J° — Ow = | Z#
L Tu 2\@( H tu ) cos O < p S We>

+ Loa@lo + Va@Va,

(2.64)
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where

ju = _65'7;%01’

I =Vavu (1 = 75) ba = 2VarvublaL, (2.65)

1, P
JE = E(VaL’Y/LVaL - EaL’YugaL)

are the electromagnetic current, the charged weak current and the neutral weak current, re-
spectively. These are linear combinations of the currents which couple directly to Wj, and B,,.
In particular, the weak hypercharge current coupling to B, is

y _Ju 3
=t (2.66)

which explains the definition of the weak hypercharge in [Eq. (2.47)]

The W and Z° bosons acquire mass through the BEH mechanism. To see this, we plug the

relations in [Eq. (2.62)|into the term |D,¢o|*> which appears in L4 after spontaneous symmetry

breaking to obtain
1 1 (gv)®
|Dyuo|? = Z(gv)QWJW“ + nguZ’% (2.67)

and we identify the masses

m e @ mZ prnd gv prnd mW
W= 2cosby  cosBy

(2.68)

Importantly, the photon field A, does not appear in so it remains massless. The
weak gauge bosons now have an additional degree of freedom, since they are massive and the
longitudinal mode of polarization is allowed. This explains how the fields 7; could be removed
by a choice of gauge; the corresponding physical degrees of freedom remain in the theory in the
form of the longitudinal polarizations of W= and Z°.

The rest of the terms in |Duqb|2 give the kinetic term for the Higgs boson, as well as the
interactions between the Higgs boson and the weak gauge bosons,

1

(D) (D"6) >3 (9,H) ("H) + 5

1
v WIWHH + ZgQWJWW2

P (2.69)
-z ZMH+ —2 7, 7MH?
4cos? Oy M + 8cos2 Oy M

vg?

To obtain the Higgs mass term and self interactions, we plug [Eq. (2.59)|into the potential V' (¢),
which gives
1
~V(¢) = —M?H? — \wH?> — ZAH‘*. (2.70)

From this we infer the Higgs mass my = v2Av2. Combining [Eq. (2.67), [Eq. (2.69), and
Eq. (2.70)| gives L4 in the unitary gauge after spontaneous symmetry breaking.

The remaining task is to plug [Eq. (2.62) into L5 to obtain the kinetic terms for the physical

gauge bosons and the interactions between them. The expression is quite lengthy, and we will

only summarize the types of interactions which appear. These are trilinear couplings involving
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derivatives of the gauge fields, and quadrilinear couplings. Schematically, we have

Lg=WWZ+WWA+WWZZ+WWAA+WWAZ+WWWW + kinetic terms. (2.71)

Putting it all together, the standard electroweak Lagrangian for massless neutrinos is given by
£:£Y+»CL+»C¢>+»CB (2.72)

where the terms, after symmetry breaking, are given in the unitary gauge in Eqgs. (2.61)), (2.64)),

[EGD) snd &59) to (7).

2.3.3 Weak Interactions of Quarks

So far in this section, we have only considered the electroweak interactions of quarks. The
theory also applies to the quark sector in a straight-forward way. Left-chiral quarks make up

/ wip,
Qi = Z. ] (2.73)
L

where u}; are the left-chiral up-type quarks of weak isospin +1/2 and electric charge +2/3, and

the weak isospin doublets

d}; are the left-chiral down-type quarks of weak isospin —1/2 and electric charge —1/3. There
are corresponding right-chiral fields u; and d}, with the same electric charge as their left-chiral
counterparts and no weak isospin. The prime on the field operators will be explained shortly.
The index ¢ = 1, 2, 3 is the flavor index, referring to the three generations

u c t
(d’) J (8') ) (b,> ) (2.74)

written in ascending order of mass. The quarks participate in the electroweak interaction
according to the Lagrangian

Lo = ZQQ“: + quzﬁqu + dszEdzR, (2.75)

where there is an implicit sum over ¢, and the covariant derivatives are

DMQ;L = (8 —I—zg WJ +ig’ B > Q. (2.76)
/ - /2 /
DﬂuiR = (a’u + g 3B#> uiR’ (277)
1
D dZR = (3u — Zg/3BN> ;R (278)

Quark masses are readily explained by the BEH mechanism. The Yukawa Lagrangian is ex-
panded with the terms

Ly D -YQl, ¢dip — Y4Q], dulp + H.c. (2.79)
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To obtain mass terms for the up-type quarks we introduced the charge conjugate Higgs doublet

~_.2*_i U+H
¢ =1i0"¢ —\/5< 0 ) (2.80)

where the second equality holds in the unitary gauge. After electroweak symmetry breaking,
the Lagrangian in gives mass terms for the quarks. Y* and Y are 3 x 3 matrices
of Yukawa couplings. These matrices are in general not diagonal, so v’ and d’ are not states of
definite mass after symmetry breaking. To obtain the mass eigenstates we must transform into
a basis in which Y* and Y% are diagonal. To do so, we define the unitary matrices Vi, Vg, VLd,
and V}* such that

Vvitydyg — ydding, (2.81)
vy vy = yudies, (2.82)

where Y;?’diag = y&8i;, Yi?’diag = y4d;j, and y? and y¥ are Yukawa couplings. Expanding the

doublets in [Eq. (2.79)| we can now write

7 g H .,
U YA d gy — L+ Hee.

ﬁy D \/i iJ Y LY R \/i ij

v+ H dord.di at\ = v+ H di —
= _ % (VLY diagy/d )ij i, ;R - 7 (VL“Yu, agVﬁT>¢j U;LUQR + H.c.
dy__ u d__ u
= Y Gd — Y — Yodid i — Yo H (2.83)

V2 V2 V2 V2
where u; = u;1, + u;g and d; = d;;, + d;g are quarks of definite mass, defined by
o at ! R df U
dir, = VL Y50 dir = VR YR
] )

(2.84)
WL = (VLUT>2';' UjL, iR = (V]y)ij Ui

The quark mass terms are the first two terms in |[Eq. (2.83)L with masses m,,, = y*v/v/2 and
mg, = ydv/v/2. The third and fourth terms in [Eq. (2.83) are the interactions between the
quarks and the Higgs boson.

To understand what the observable effects of quark mixing are, we need to see its effect on the

weak charged current interaction of quarks. These currents are
2 = 2ufudyy, (2.85)

similar to the leptonic charged currents J* in |[Eq. (2.65). In the mass basis, the quark weak
charge current takes the form

JQ = 2u;% (vﬁ)ji o (Vi) dee = 2527, (vﬁvﬁ)jk dyr. (2.86)
Thus, the weak charged current interactions couple the weak eigenstates within each generation
in to each other, which are admixtures of the mass eigenstates. In this way, the

decay of heavy quarks to lighter quarks across generations can occur. Quark mixing has no

consequence for weak neutral current interactions and electromagnetic interactions, since the
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mixing matrices cancel due to unitarity. Since the only observable effect of mixing is that

described by [Eq. (2.86)], the matrix

VO = (vitvi) (2.87)
i

called the Cabibbo-Kobayashi-Maskawa (CKM) matrix, is defined. The elements of the CKM

matrix, characterizing the coupling strength between u;;, and d;r, are parameters to be deter-

mined by experiment.

When introducing the Yukawa terms for leptons in we did not run into the compli-
cation of mixing. The reason for this is that the lepton flavors are defined by the charged lepton
mass states. In the Standard Model, mass is the only property differentiating e, u and 7, and
the neutrino states are defined by which of these mass eigenstates they couple to in the weak
charged current interactions. Thus, the neutrino v, only couples to ¢,, by definition. Since
the neutrinos are massless in every basis, there is no reason to transform the lepton fields. For
quarks, we do not have this luxury; there is no a priori reason that the eigenstates of the weak
interactions and the mass eigenstates that define their flavor should coincide.

We have now discussed the ingredients of the Standard Model, which, putting everything to-
gether, is the gauge theory of SU(3). x SU(2);, x U(1)y, with spontaneous breaking of the
symmetry to SU(3). X U(1)em. In its original formulation, the neutrino sector of the Standard
Model describes three massless states, but is readily extended to include massive neutrinos.
This extension of the electroweak theory can be done in a straightforward way, analogously to
the charged lepton masses, by introducing right-chiral components of the neutrino fields. This
would be restrictive, however; neutrinos are not obligated to obtain mass only through Yukawa
couplings to the Higgs vev. The topic of neutrino masses requires a more detailed discussion,
which is given in the following section.

2.4 Neutrino Masses

With the observation of neutrino oscillations [9], it is an established fact that neutrinos are mas-
sive. Similarly to the quark sector, the neutrinos of definite mass are in general superpositions
of flavor eigenstates, which are defined by their charged current interactions. Roughly speak-
ing, due to their different masses the massive neutrinos propagate with different frequencies,
allowing interference between the flavor components of the mass eigenstate. Thus, a neutrino
emitted in the electron flavor eigenstate has a non-zero probability to be observed as a muon or
tau neutrino on detection. Neutrino oscillations will be described in more detail in

One way to incorporate neutrino masses into the Standard Model is to introduce new right-
chiral singlet fields Ngr. As the name suggests, these fields are singlets under the Standard
Model gauge group, in contrast to the active, left-chiral neutrinos v,; which partake in the
weak interactions. The most general mass Lagrangian for neutrinos after electroweak symmetry
breaking is |3, p. 130]

n n
S 1
Liass = — § § NeeMPuvor + 3 § NL.CTME Nyp + H.c. (2.88)
1

s=1 a=e,u,7 s,8'=

The number of active neutrinos is constrained to three by the invisible Z boson decay width [10],
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but the number of singlet neutrinos is unconstrained. Thus, for the sake of generality we include
n such fields.

The first term in [Eq. (2.88)|is a Dirac mass term with the n x 3 Dirac mass matrix MP | arising
after electroweak symmetry breaking from the SU(2);, x U(1)y invariant Yukawa Lagrangian

LD - Z > LardYiNer— Y Lar¢Viglsr + Hee., (2.89)

s=1 a=e,u,T a=e,,T

where Y and Y* are matrices of Yukawa couplings. If we take M sh;‘/ = 0 and assume n = 3,
the singlet fields can be incorporated as the right-chiral components of the flavor neutrinos, i.e.
Nsr — Vor. We then find the familiar-looking Yukawa term

LD - Z ( aL®Y L3R + LaL oY, 5%1%) + H.c.
a=e,u,T

U+H
_ Z ( aﬁVaLVBR +Y BEQL€5R> + H.c.

a=e,[,T

(2.90)

In this case, the mechanism of neutrino mass is exactly analogous to the case of up-type quarks.
As discussed in the flavor states of the charged leptons are defined by their mass,
so we take Y* to be diagonal without loss of generality. Meanwhile, to find the neutrino mass
eigenstates we must do a change of basis. The Yukawa matrix is diagonalized,

Uly U = yvdieg, (2.91)

17 dlag 5

where Uy, r are unitary matrices such that Y The neutrino mass eigenstates are

linear combinations of the flavor states, the Coefﬁments belng the elements of the matrices Uz R

Vi = (Uz)iaVaLv ViR = (U;)ial/ag. (2.92)

As in the case for quarks, the observable consequence of neutrino mixing is manifested in the
charged current weak interactions, the neutral current interactions being invariant under the
change of bases. Writing the leptonic charged weak current J* in the neutrino mass basis, we
have

Tt = 2051 vlar, = 20 (UL, vubit. (2.93)

The physical effects of neutrino mixing are thus encoded in the unitary matrix
(UL)ai = U(SiMNsv (294)

called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. As mentioned, we assumed here
that the three active neutrinos are Dirac particles; they are accompanied by three right-chiral
singlet fields v, . If this is not the case and there are more singlet neutrinos, the mixing matrix
must be extended to accommodate the extra states, as we will see below.

Inserting the expression for ¢ in the unitary gauge given in [Eq. (2.80)| into the Yukawa La-
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grangian and using [Eq. (2.91) and [Eq. (2.92) we find the mass term

v

3
v
o= %WMR Y He.. (2.95)
=1

Thus, the neutrino masses are m; = y v/ V2. To obtain masses in the acceptable range of
~ 0.1eV [10], the Yukawa couplings must be ~ 10712, six orders of magnitude below even the
electron Yukawa coupling, 3. ~ 2.9 x 107%. Although the masses of neutrinos can be described
in this way, their smallness is left unexplained. It is desirable to find a mechanism by which

small neutrino masses are obtained in a more natural way.

The second term of [Eq. (2.88)|is a mass term for the singlet neutrinos. Note that the term can
be written in the form )
—iﬁsMﬁ/Nsx, (2.96)

where the Hermitian conjugate was included, and we defined the field Ny = Nyg + NSp. This
field satisfies the Majorana condition NS = Ny, and [Eq. (2.96)| is therefore called a Majorana
mass term. An analogous term could be written for the active neutrinos, but it would violate

electroweak gauge symmetry and is therefore forbidden.

To obtain the neutrino mass eigenstates when both terms in [Eq. (2.88)| are present, we start by
defining the array of left-chiral fields

T
W, = (I/eL vur vrL Nip .. NﬁR) . (2.97)
Then we can write the mass Lagrangian in the form
Lass = i\I/LC’ MU+ H.c., (2.98)

where M is the (3 4+ n) x (3 + n) mass matrix

o MmDPT
M = <MD VR ) ) (2.99)

We can now diagonalize the combined mass term by writing ¥, as a linear combination of the
fields vir,
\IJaL = UajVjL- (2100)

« here refers to both active and singlet ﬂavorsﬂ The unitary matrix U is chosen such that
U MU = Mg, (2.101)

where ./\/l?jiaLg = m;0;;. Thus, the fields v;7, are 34 n mass eigenstates, and the mass Lagrangian

can be written as

3+n 1 3+n
Lytass = 5 > mi}Clv + He. = -3 > mivgviL + He. (2.102)
=1 =1

The terminology of “flavor” to distinguish between the neutrino states participating in the weak charged
current, is expanded to include the “singlet flavors” s =1,...,n.
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This Lagrangian takes the form of a Majorana mass term. Indeed, as for the singlet neutrino

mass term we can write
34+n

1 _
Liiass = _5 Z; miviv, (2103)

where v; = v;1, + v§; are massive fields satisfying the constraint v = ;. Thus, when singlet
Majorana fields N, are present, the massive neutrinos are Majorana particles. As we shall see,
this fact has important implications for the magnetic moments of neutrinos.

Again, the effects of mixing show up in the weak interactions. Now, we have 3 + n mass states
which can be rotated to flavor eigenstates, 3 of which participate in the weak interaction. Recall
the leptonic weak charged current,

Ju = 2Varvular- (2.104)

Rotating to the mass eigenstates requires only using a part of the mixing matrix U. Defining
the non-unitary matrix

U = Ulsx(34n) (2.105)

as the 3 x (3 + n) matrix obtained by taking the 3 first rows of U, we have

var = Y UajvjL, (2.106)

a=e,[,T

so the leptonic weak charged current can be written as
Ju =205 (U"); vl (2.107)

Since the mixing matrix is non-unitary, the leptonic weak neutral current is affected as well,

1
Ji D) §VaL’7uVaL
1 - -
= 5%7%(UT)mUajujL. (2.108)

If mixing between the active flavors and the singlet states is negligible, U reduces to the unitary
UPMNS and the active and singlet flavors are isolated. Thus, testing the unitarity of the PMNS

matrix is a probe for searching for singlet neutrinos.

It should be noted that a lepton number L assigned to the Majorana neutrinos v; is not con-
served. In the Standard Model, lepton number is a Noether charge associated with the symmetry
under a global U(1) transformation

Y — %P, (2.109)

where 1 denotes the charged leptons and the standard left-chiral flavor neutrinos. Leptons
have L = +1, while antileptons have L = —1. Clearly, such an assignment is problematic for
Majorana neutrinos since the particles and antiparticles coincide. Majorana neutrinos allow for
processes with AL = 2 such as neutrinoless double beta decay (Ovf3f3). Searching for Ov3S
and other processes which similarly violate lepton number is an active field of research. Very
recently, the CMS collaboration performed a search for vector boson fusion events with two
muons of the same charge and no neutrinos in the final state [11]. In this process, the initial
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state consists of hadrons with I = 0, while the final state has L = +2. No deviation from the
Standard model was found, allowing upper bounds to be set on mixing between v, and Nj for
a singlet mass in the 100 MeV - 10 TeV range.

2.5 The See-Saw Mechanism

With the mass matrix in an opportunity arises to explain the smallness of the active
neutrino masses. The Dirac mass matrix MP is generated by the Higgs mechanism, and its
entries are therefore expected to be of the order of the other fermion masses. Meanwhile, it
is possible that M is generated by new physics at a high energy scale. The fields N, could
be parts of multiplets of some gauge symmetry in a high-energy theory, in which case M is

related to the energy scale at which that symmetry breaks down to the Standard Model gauge
group.

Let us first consider the simple case of one active, left-chiral neutrino vy, and one singlet,
right-chiral neutrino Ng. Thus, ¥ = (yaL NI%)T, and the mass matrix is

Mays = ( 0 mD) , (2.110)

whose entries are real numbers. As in the general case, this mass matrix is diagonalized with
the help of a unitary matrix U such that

UT Moo = <m1 0 ) : (2.111)

0 ma
and the mass eigenstates v;y, are related to the flavor eigenstates by the unitary transformation
\IlaL = UajVjL- (2112)

The mixing matrix U can be parameterized as

U:<0089 sm@)) (2.113)

—sinf cosf

where the mixing angle 6, which specifies the admixture of flavor states in the massive neutrinos,

can be shown to be

2
tan 20 = — 2. (2.114)
mg
The masses are
1 2
mio=-mg | 1F/1+4 <mD> : (2.115)
2 mr

Now, if we assume mp > mp and expand in the small ratio mp/mp, we obtain to leading
order

m < —, mo =~ Mg, (2.116)
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and the mixing angle is very small. Thus, we find one heavy state mainly composed of Nj and
one light state mainly composed of v,r,. Because of the negligible mixing, the masses m; o are
sometimes sloppily referred to as the masses of the flavor neutrinos v, and Np.

The small mass m; is suppressed by mpg; as increasing the mass of the heavy state results in
the lighter mass becoming smaller. Hence, the “see-saw mechanism”. Taking Yukawa couplings
of the order unity, we have mp ~ v and the desirable light mass m; ~ 0.1eV is obtained by
taking mp ~ 101 GeV.

The see-saw mechanism works as long as the approximation mg > mp holds. For example,
allowing the neutrino Yukawa coupling to be on the order of the electron Yukawa coupling, mp
is lowered to 102 GeV. Of relevance to this thesis is the assumption that the singlet neutrino
is kinematically reachable by neutrinos produced in the sun, which have energies up to ~
10 MeV [12]. Singlet neutrinos with masses not too far from the active neutrino masses are
also called sterile neutrinos, and in this case we are interested in sterile neutrinos with mass
of order 1 MeV or lower, far below the conventional see-saw scale. For mp at this scale, a
Yukawa coupling of the order 10~® is needed to obtain the correct active mass, and the see-
saw mechanism loses much of its appeal. Nevertheless, the formulae in are generic
consequences of the assumption mpg > mp when both terms in are present.

Let us now outline the see-saw mechanism in the general case of 3 + n neutrino flavors. The
entries of M are taken to be much larger than the entries of M?, and the mass matrix can be
block-diagonalized by a matrix U,

M;:
u My = (Mg 0 o((M®~tMmP), (2.117)
0 Mheavy
where
Mg ~ —MPT (MR) ™ M (2.118)

is a 3 X 3 matrix whose eigenvalues give the light neutrino masses, and
Mhyeavy = M (2.119)

is an n X n matrix whose eigenvalues are the masses of n heavy neutrinos. Thus, we obtain
3 light and n heavy neutrino mass eigenstates. The mixing matrix U has off-diagonal blocks
of the order (MT)~1MP [13], which we have assumed to be small. This means there is little
mixing between the blocks. The 3 light neutrinos are mainly composed of the active flavors
Ve, Vyu, Vr, While the n heavy states are mainly composed of the singlets. Thus, in low-energy
situations we effectively have mixing of three massive Majorana neutrinos.

2.6 Neutrino Oscillations

Having seen how neutrino flavor states are superpositions of mass eigenstates, we are now
able to discuss neutrino oscillations. Neutrino oscillations are important in the discussion of
experimentally measuring neutrino magnetic moments. Therefore, the simple case of neutrino
oscillations in vacuum, using the plane wave approximation, is presented here. The derivation

closely follows Ref. [3]. For a recent review on neutrino oscillations, see Ref. [14].
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Neutrinos produced in weak interactions are in one of three flavor states, which are superposi-
tions of mass eigenstates. Thus, the state describing the emitted neutrino is

Va) = Z i lvi) (2.120)

where o = e, u, 7 and U}, are coefficients stemming from the mixing matrix which enters the
leptonic weak charged current. The states |v;) describe neutrinos of definite mass, and are
therefore eigenvalues of the Hamiltonian,

H |I/Z> = Ei |Vz> . (2.121)

The time evolution of the mass states is determined by the Schrodinger equation

.d
ZE‘Vi(t» = H |ui(t)), (2.122)
leading to the plane wave solutions
i) = e it 1) . (2.123)

Thus, inserting into [Eq. (2.120), a state initially created in the flavor o at ¢ = 0 evolves as

|va(t)) Z —iEt | (2.124)

Projecting the evolved state onto another state of definite flavor |Vﬁ>, the transition amplitude

for v, — vg is obtained as a function of time,
<V5‘l/a(t)> = Z U;iU@je_iE it ‘1/1 Z * Ugge Bt (2.125)

where the mass states were assumed to be orthonormal. The transition probability is obtained
by squaring the amplitude,

Proosns () = [(vglva ) = 3 UL UpiUa;Upje " BBt (2.126)

For ultra-relativistic neutrinos, the energy eigenvalues are
m?

where E' = |p| is the energy of the neutrino, neglecting the mass contribution. The difference

which enters the exponent in [Eq. (2.126)|is then

Ei— Bj~ — =4 (2.128)

where the squared-mass difference Am?j was defined. Furthermore, since the propagation time
t is not measured, it is useful to make the approximation ¢ ~ L, where L is the distance between
the neutrino source and the detector. This approximation holds since ultrarelativistic neutrinos
travel at nearly the speed of light. With these approximations we obtain the useful formula for
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the transition probability,

. . _Am%jL
Pyosvy (L, E) = UsUpiUajUp; exp —i—— |- (2.129)
ij

The ratio L/E depends on the experiment, and the mixing matrix and squared mass differences
are constants of nature to be measured. Clearly, if all neutrinos are massless, neutrino oscil-
lations would not be observed. Unfortunately, however, oscillation experiments cannot probe
absolute neutrino masses, only their squared differences.

In the above derivation the neutrinos were assumed to be ultrarelativistic. But if neutrinos
are massive, they can in principle travel at any velocity relative to the detector. Consider the
processes by which the neutrinos are detected. One option is processes like

A=Y X, (2.130)

(2

proceeding through charged or neutral weak current interactions, where A and X; are the
target particle in the detector and the daughter particles, respectively. The threshold neutrino
energy for such processes to occur is E 2 O(100keV) [3| p. 143]. Another option is scattering
off an atomic electron, v + e~ — v + e~, which has the cross section ¢ «x FE. This sets
sensitivity limits on the neutrino energy for detectors using this process. Even ignoring this,
the characteristic energies for atomic electrons is on the order of a few eV. In any case, for the
present limits on neutrino masses at O(0.1eV) [10], the detectable neutrinos satisfy E > m,
and the ultrarelativistic approximation is not restrictive.
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Chapter 3

Magnetic Moments

3.1 The Classical Description

The behavior of a system of charged particles in an electromagnetic field is described by the
Lagrangian [15, p. 22]

1 .
L= imzvf + qu(I_"Z) Vi — qzqﬁ(ﬂ), (31)

—

where m;, V; and ¢; are the mass, velocity and charge of particle i, respectively, A(F) is the
magnetic vector potential, and ¢(r) is the electric scalar potential. The magnetic field B is
given by B = V x A. For a uniform magnetic field, we can use the vector potential A= %ﬁ X T,

since
Vx &=V (Bxr)
(9B (8.9)5+B (3 7) £(5-5)]
:%[_ﬁ+3]§]:]§, (3:2)

where in the second line, the first term vanishes by uniformity and the fourth term vanishes
since B is divergence-free. Assuming that every particle in the system has the same ratio ¢/m,
the Lagrangian can be rewritten as

1 S5 o S S
L= imiv? + 72;171 (B X ri) -mVi — qi (1)
1 B , ﬂ
= §mivz’2 + gm (T X mvy) — ¢id(T5). (3.3)

The quantity in the brackets is the angular momentum L of the system. Thus, the interaction
between the system and an external uniform magnetic field is described by the potential

—

q - L o=
V=—"11.B=—4i-B. 3.4
5 fl (3.4)

The vector [i is the magnetic moment vector of the system, characterizing the strength of the
interaction of the system with the external magnetic field. The sign choice in [Eq. (3.4)|is such
that a magnetic dipole tends to align itself with the external magnetic field.
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The above description can be used to calculate the magnetic moment of a system of charged
particles. Consider, for example, a collection of uniformly distributed particles of charge ¢ and
mass m, travelling around a circular loop of radius R at an angular speed w = v/R. The system
is illustrated in

<

Figure 3.1: A system consisting of uniformly distributed particles with charge ¢, travelling in
a circular loop of radius R. The particles all have the same angular velocity, and constitute a
current I.

The angular momentum of the system is
L= Z m; R2wi, (3.5)
i

where 1 is the unit vector perpendicular to the loop. The motion of the particles constitute a
steady electrical current I. With the linear charge density >, ¢;/2nR, the current is

I— Ziqw i ZZ’Qz‘W

- 2rR 21 (36)
Using |[Eq. (3.4)|and [Eq. (3.5), the magnetic moment of the system is then
5 9 D2 A
=g Z m; R wi
1 2 o
=3 Z q; R°wi
= ITR*h = I An, (3.7)

where A is the area of the circular loop.

Elementary particles carry intrinsic angular momenta called spin. For example, as already
discussed, the electron is a fermion with spin-1/2. It is tempting to apply the above description
to calculate the magnetic moment of the electron, treating it as a rotating spherical charge
distribution. However, in doing so we would consider the electron as a classical system, which
it certainly is not. To correctly calculate the magnetic moment of elementary particles, we need

a quantum mechanical description.

3.2 The Quantum Mechanical Description

For a classical system of particles with charge ¢ and mass m, we found i = qf_: /2m. In general,

i =L, (3.8)
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where 7 is called the gyromagnetic ratio. Any particle with an intrinsic angular momentum also
has an associated magnetic moment, with the gyromagnetic ratio depending on the particle. We
shall restrict ourselves to spin-1/2 fermions, whose free propagation is described by the Dirac

equation [Eq. (2.1)} As in [Eq. (2.25), to introduce interactions between the fermion and the

electromagnetic field, we make the minimal substitution
Oy — D,y = 0, +1iqA,, (3.9)

where ¢ is the charge of the fermion and A" = (¢, 13;) is the electromagnetic 4-potential. The
Dirac equation for a charged fermion in an electromagnetic field becomes

7" (10— gAu) = mv| =0, (3.10)
Now, applying the operator [’y” (10, — qA,) + m] from the left, we obtain
[(i@u - qAM) (10, — qA,) YH~" — mz} Y = 0. (3.11)
But for a vector T}, it holds that

L5 = 5 ({Te TH "+ [Le T 07097))) (3.12)

>~ =

Here, we need
{i@u —qA,, 10, — qA,,}{’y“,’y”} = 29“”{2’8# —qA,, 10, — qAV}
= 4(i8, — qA.)?, (3.13)
and
[i@u —qA,, 10, — qu,] [, "] = —2ic"” (—6#8,, —iq (OHA,,) —iqA, 0y — iqA,0, + qQAuA,,
0,0, +iq (0, A,) + iqA,D, + iqA,0, — quVAM>

= —QQFW,O'MV, (314)

where F,, = 0,A,—0,A, is the electromagnetic field strength tensor, and we used the definition
o = —L[y*,4"]. [Eq. (3.11)| then becomes

{ (0, — qA)” — %Fw/a“” —m2|¢ = 0. (3.15)

This result can be written compactly as (]2? + m?)i) = 0, where we have found P? = Di —
qF 0" /2. The magnetic moment is contained in the term ¢F),, 0" /2, as we shall now see.

To locate the magnetic moment interaction, we need to identify the Hamiltonian and take the
non-relativistic limit. Since i0;¢) = Hp1p, where Hp is the Dirac Hamiltonian, we isolate the

time component of the kinetic term in [Eq. (3.15)]

(8 — qAo)2 o) = [(i@i —gA)? + gFWa’“’ n m2]¢. (3.16)
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Making the substitutions i0; — H, i0; — —p, we obtain
2 — >\ 2 q v 2
(Hp — q¢)" ¢ = (p - qA) + S Fwot +m? | . (3.17)

We now reintroduce factors of A and ¢, so that the non-relativistic limit can be taken by letting
1/¢ — 0. Factoring out the mass term, we have

c2 m? 2m

1 ((P—qA)? &
(Hp — q¢)* = m2c* |1+ <(p 4A) + QQF,WUW> : (3.18)

Taking the square root and keeping terms up to order ¢?, we obtain the non-relativistic approx-
imation

5—qA)? h
Hp—qo~me+ P48 W o (3.19)
m m

and subtracting the mass energy we obtain

p—qA)? T
H:HD_mc2%w+ q

2m %FHVO—NV + q¢, (320)

where magnetic moment interaction is described by the second term. Note that this term
is proportional to h. Thus, taking the classical limit A~ — 0, the intrinsic magnetic moment
vanishes, indicating its quantum mechanical nature. In order to compare to the interaction
potential in [Eq. (3.4), we expand the second term and use the relations Fy; = —FE*/c and
Fij = epi; B,
FH,/O‘IW = 2F0¢O’0i + F‘Z'jO'ij
2 . -
— —*EzO'Ol + fkijBko'w
c
— _2E’L'O,Oi . 4Bksk
c
~ —4BFS*, (3.21)

where S¥ = €¥95% /4 are the spin operators acting on Dirac spinors, satisfying the rotation
algebra [Si, Sj] = ihe'’kS*. Substituting into [Eq. (3.20)| and returning to natural units, the

non-relativistic Hamiltonian is

= AQ L.
H~P0A) G5 5. (3.22)
2m m

Comparing to [Eq. (3.4)} we find the magnetic moment i = ¢S /m, or the gyromagnetic ratio
== 3.23
= (3.23)

for spin-1/2 particles with charge q. The factor missing in the classical prediction v = ¢/2m
is called the g-factor, and so the Dirac equation predicts ¢ = 2. The electron, having charge
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q = —e, has a magnetic moment

= —gensS, (3.24)

where up = e/2m, is the Bohr magneton.

The g = 2 result is a remarkable prediction of the Dirac equation, but it does not agree with the
experimental value of g, ~ 2.0023 [10]. The deviation from g = 2, called the anomalous magnetic
moment, arises from quantum loop effects and requires quantum field theory to calculate.

3.3 Anomalous Magnetic Moment of a Charged Lepton

We have seen that a charged spinor 1 satisfies
(P> +m*)y = 0. (3.25)

Specializing to the case of a charged lepton with ¢ = —e gives P? = Di + §Fu,0t. The mag-
netic moment stems from the term §F),, 0#, which connects the spin of the charged lepton to
the magnetic field. The g = 2 result is contained in the coefficient of this term, g§ F,,0#”. When
calculating the magnetic moment in quantum field theory, we therefore look for terms propor-
tional to F),, 0", which make corrections to this coefficient. The field strength tensor contains

derivatives of the photon field, so in momentum space the term will look like %(qf)p, 0" u(g;).

We will now calculate the one-loop contribution to the g-factor of a charged lepton in QED,
illustrating how magnetic moments are obtained in quantum field theory. This calculation was
first done by Schwinger in 1948 [16], and its agreement with experiment was an important
success of quantum field theory.

The relevant process at tree-level is

= Mg = iet(qr)y"u(g:)- (3.26)
qi gy

The photon corresponds to an external electromagnetic field and is off-shell, its momentum
constrained to be p* = q}‘ — qf . We use the Gordon identity,

a(qy)(qf + df)ua) = @m)a(gp)V u(a) + ialgp)ot (¢ — af)ulai) (3.27)
to rewrite the amplitude,

alqp) (4 +df)ul@) e

a7 122 .
- 5, 0(ar)puo u(g;)- (3.28)

Mg:ie

The second term has a coefficient C' = 5, and the g = 2 result is identified with 477”0. To
calculate corrections to g, we thus calculate the coefficient to this term in a given order of

perturbation theory.
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In general, we look at graphs like

@G qf > (3.29)

Later we will carefully decompose this vertex into Lorentz invariant form factors, in the case of
incoming and outgoing neutrinos. For now, using all possible Lorentz vectors which may appear
in QED, we parameterize the amplitude as

M* =(qp) (i + fop" + fadf' + fadf)u(a) (3.30)

where the form factors f; are matrices in spinor space which depend on scalars such as p - ¢, p?
or Y. Using momentum conservation we can substitute out the p* dependence and let fo = 0.
Further we can substitute all ¢; and g dependence in favor of m by using the momentum
space Dirac equation. Thus, f; can only depend on contractions of ¢; and ¢y, i.e. g;qy and m.
Conventionally, the dependence is taken to be on p? = (qr — ¢)? = 2m? — 2¢;qs and m2.

Now, using the Ward identity,

0= p, M
= puti(ap) (Fiv® + faa)' + fadl)u(ai)
= fiu(gy)pu(a) + (- @) fsulap)u(a) + (p - qr) faulqr)u(gi), (3.31)

and using the Dirac equation, u(qy)pu(q;) = u(qy)(d; — d;)uw(q:) = ul(qp)(m — m)u(g;) = 0, so

(- @) f3ulgp)u(a) = — (p- qr) faulqy)u(q:)
(ar -4 — ¢ - @) faulap)u(as) = — (a5 - ar — @i - a5) faulqr)u(a:)
(a7 - @ — m?) fsulqr)u(q) = (qi - qp — m?) fau(qs)u(g;). (3.32)

Thus, f3 = f4. Now we have reduced the number of form factors down to two, and we are left
with
M =a(qp) (i + f3(d) + df))u(ai) (3.33)

To extract the magnetic moment, we use the Gordon identity to rewrite the second term,

fsulap) (@) + af)u(a) = fs(@m)u(gr)y"u(a) + fsiulap)o™ (¢ — af)ula), (3.34)

which when substituted into the amplitude gives

M =7(qp) [f1 + 2mfs] Y ulqs) + ulqy) [ifso" (aF — qf)]ula)
2 it 2
A( L) ng<fﬂ>] (@), (3.35)

where we introduced the new form factors F; and F5. F} corresponds to the renormalization

= iet(qy)

of the electric charge of the lepton, while F5» contributes to the magnetic moment. Observing
that the tree-level result is recovered for F} = 1 and Fy = 0, we identify g — 2(1 + Fa(p?/m?)).
Since the magnetic moment is measured at non-relativistic energies, the quantity we wish to
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calculate is F5(0) for the desired order of perturbation theory.

Only one-particle irreducible vertex graphs contribute to the magnetic moment correction. At
1-loop order, the only such graph is

which has the amplitude

d4k V(B + K+ m)yH A+ m)y,

B 3
= i 3.36
My = ulay) / (k= a +iellp + )2 — m? ik —m2 v i (@) (3:30)
We use Feynman parameters to simplify the denominator,
1—2/1dxd dzo(z+y+2z—1) ! (3.37)
ABC " Y Y [tA+yB + zC)? '
Here,
A=k —m?+ie, B=(p+k)?-—m?>+ic, C=(k—q)®+ic, (3.38)
such that
tA+yB + 2C = xk* — am? + yp® + yk* + 2ypk — ym? + 2k* + Zqz-2 — 2zkq; + 1€
= k2 + 2k(yp — 2q)) + yp® + 2¢° — (x + y)m? + ic. (3.39)
But

(k" + yph — 2¢/)? = k> + 4?0 + 22¢2 + 2ykp — 22kq; — 2y2py;
= k? + 2k(yp — 2q;) + v*p? + 2*m? — 2yzpq;, (3.40)

so we obtain [Eq. (3.39)|if we subtract from this

A = y?p? + 2°m? — 2yzpg; — yp® — 27 + (@ + y)m?
= y(y — 1)p? + 2°m? — 2yzpg; — 2m? + (1 — 2)?m?
= y(—x — 2)p” — 2yzpgi + (1 — 2)*m’
= —ayp® + (1 = 2)*m® — yz[p” + 2pgi), (3.41)

where the last term vanishes since p? + 2pg; = (p + ¢;)? — qi2 = q]% — qi2 =m? —m? = 0. Thus,
we have
TA+yB+ 2C = (k" + yp" — 2¢!")* — A+ ie, (3.42)

which we can exploit by doing the substitution &* — k* — yp* + zqf , making the denominator
(k? — A)? and leaving d*k unchanged.
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We now turn to the numerator of the amplitude, which is

= (qf Y@+ K+ m)V (K +m)vu(e)

[ YV E A+ Y KA K A m A By ym - A Eym + Ay ey m } u(gi)
[ 2P — 20K + Apeg”Hm + ko gHm + kgt m — 27“7712 u(q;)

)

)

= u(qr)
—2u(qy) [}67“16 + A mPy = 2m (2K + ) | u(gi).- (3.43)

Making the substitution k* — k* — yp# + zq!', we obtain

— NP = Tlag) [P (K= b+ 2 )0+ -y 20" (K — v+ o)

—2m(2k" — 2yp* + 2zq¢!" + p“)} u(q;)- (3.44)

We wish to extract from this the term proportional to p,u(qs)o* u(g;). To accomplish this, the
numerator will be rewritten in the form Ap#+ B(q!' +qy )+ C~*. From there the Gordon identity

can be used to obtain the p,u(qr)o* u(g;) term. After some tedious algebra (see [Appendix D)),
we find the relevant part of the numerator

NF D =2imz(1 — z)p,ulqr)ot u(q;). (3.45)

Substituting [Eq. (3.45)| and the denominator (k? — A + ic)? into [Eq. (3.36), the term in the

amplitude contributing to the magnetic moment is

d*k ! —2imz(1 — 2)p,u(qr)ou(q;)
Hoed [ = x2 —1 v A3 !
M5 De /<27r)4>< /0 dedydzdé(z+y+2z—1) At ic)
—puT(qs)o™u(g;) |4ime® /1 dedydzo(z+y+ 2z — 1)/ Ak (1= 2) (3.46)
puu(qy g et 4 2m)4 (k2 — A+ie)3| 7

Our goal is to obtain the form factor F». Comparing to [Eq. (3.35)l we have at 1-loop order

! d*k 1
2\ _ gi2,2

Fy(p®) = 8im*e /0 dedydzd(x+y+2—1)z(1 — z)/ or) A+ (3.47)

The k integral is evaluated using Wick rotation (see e.g. Appendix B.2 of [7]),

d*k 1 - -

/ v ‘ , (3.48)

(2m)% (k2 — A +ie)3  32m2A  3272(—axyp? + (1 — 2)2m?2)

Note that the form factor now can be written as
1 2,02
F 2:8'2/ddd5 —1)2(1 - —im”/p 4

2(p ) e 0 Trdydz (‘T +y+=z )Z( Z) 327_‘_2(7‘%?/ + (1 — Z)sz/pQ) ) (3 9)

2 — 00, the form factor is zero. As we shall see, the

and thus in the high-energy limit p?/m
magnetic moment operator is chirality flipping. This behavior is therefore expected, as the left-

and right-chiral fields decouple in the massless limit of QED.
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Meanwhile, in the low-energy limit we have

F(O)—ierQ/ld dydzo(z+y+7 - Da(l - 2) '
2(0) === | rdydzdé(z+y+ 2 z 2772(1—2)27712
2 1 1 . 1
=— d d d —1). .
), Z/O yl—z/o zd(z+y+z—1) (3.50)

The integral over x is only non-zero if z + y + z — 1 = 0 inside the integration interval, which
means that y + z = 1 — x must be in the interval [0,1]. This reduces the upper limit in y to

62 1 1—z Py
F: = —
2(0) 47r2/0 dz/o dyl—z
62

1
= d
47r2/0 =z

= (3.51)

1 — z, and we have

where a = €2 /27 is the fine structure constant. The g-factor of a charged lepton to one-loop
order in QED is thus

g=2(1+ F5(0)) :2+%, (3.52)
or in terms of the anomalous magnetic moment, a = 97_2 = 5- ~ 0.00116. To obtain a more
accurate prediction, one must calculate higher-order loop diagrams, including electroweak and
hadronic effects. The QED calculation for the electron has been done to 5th order in o, obtaining
ae in terms of the fine structure constant |17].

Because of the possibility of extremely precise measurement, the magnetic moment of charged
leptons can be used as precision tests of the Standard Model. To compare the measured g-factor
to the theoretical prediction, one needs an independent measurement of o with equivalent or
better precision to the measurement of g. Using measurements of the velocity of rubidium
atoms that absorb a photon [18], an experimental value of « has been obtained that disagrees
with measurements of the electron anomalous magnetic moment at a significance of 1.60 [18,
19]. This is a reduction from the 2.5¢0 deviation when comparing to previous measurements of

a using cesium atoms [20].

The muon magnetic moment has a larger discrepancy between theory and experiment. As of
2022, there is a tension of 4.20 between the measured value and the theoretical prediction [21].
If the discrepancy persists in future experiments, this could be a strong hint toward physics
beyond the Standard Model.
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3.4 Effective Lagrangian for the Magnetic Moment

We have seen how the magnetic moment is contained in the amplitude of processes like

: (3.53)
q; 4qf

in the limit p? — 0. To find corrections to the magnetic moment of a charged lepton, we looked
for terms proportional to p,o*” in the amplitude. Such an amplitude is obtained directly from
the effective Lagrangian

Leg < Fthatap. (3.54)

Consider the process fy — f, described by this Lagrangian. The fermion field operators do their
usual job of annihilating the initial state fermion and creating the final state fermion. Since the
electromagnetic tensor contains a derivative, we obtain a factor of p from the photon field. F*
and 0" are both antisymmetric, so we obtain an amplitude proportional to @(g;)o*pue, u(qy),
which is what we’re after.

3.4.1 Chirality Flip

We can write the effective Lagrangian in terms of the left- and right-chiral parts of the fields,

Lo o< Fy (%-F%)UW <1/JL + ¢R>

—F, (EPR v %PL) o (PLwL + PR¢R). (3.55)

Since 5 anticommutes with v*, the chirality projectors commute with ¥ = % [v*,4"]. Then
since PrP;, = P, Pr = 0, we are left with the terms

Legr X Fuuwauyqﬁﬁ’. + FMV%O’WdJL, (3'56)

which shows that the interaction induces a chirality flip. Thus, to have neutrino magnetic
moments, one needs to introduce fields to play the part of right-chiral neutrinos. There are

several options:

« Right-handed gauge singlet fields v, R, appearing in a Dirac mass term v, M 01331/,3 r+ H.c.
The two chiral fields are parts of a single Dirac spinor v, = Vo1, + VaR-

e Heavier singlet neutrinos Nggr, which in addition to the Dirac mass term have a Majo-
rana mass term T&M SR;, Ny g+ H.c. Since this field has a different mass than the active
neutrino, it does not combine with v;, into a Dirac spinor. Naturally small active neu-
trino masses can be generated with the help of the heavy states N, through the see-saw

mechanism.

o The charge conjugated neutrino v§, which is part of the Majorana field v = vy, +v§. The
magnetic moments of Majorana neutrinos are discussed in [Section 3.4.3

The chirality flip has an important implication for the magnetic moment of neutrinos with only
Standard Model interactions. In that case, the contributing 1-loop diagrams are [22]
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(3.57)

These diagrams involve electroweak vertices, which only occur for left-chiral neutrinos. Thus,
the chirality flip occurs on the incoming or outgoing neutrino with a mass insertion, from
L D myrYr + H.c. Therefore, one has j,, o< m,. Since contain two weak vertices and
one electromagnetic vertex, we obtain

— —18 my
My ~ eGle, = 2meuBGle, ~ 10 UB <10_16\[) s (358)
where up = e/2m, is the Bohr magneton. Thus, the neutrino magnetic moment in the Standard
Model is heavily suppressed by the small mass of the neutrinos. The explicit calculation of the
neutrino magnetic moment in the standard electroweak theory will be shown in

3.4.2 Effective Lagrangian in the Non-Relativistic Limit

In general, we are interested in processes like [Eq. (3.53)| with an incoming fermion ; and an
outgoing fermion 1), not necessarily in the same state, i.e. it is possible that f # i. The
effective Lagrangian is therefore generalized to

N
1 .
R PO (3:59)
1=

where the coupling py; is an element of a matrix in the space of N fermion states, here taken
to be mass eigenstates. We have seen how this Lagrangian gives an amplitude proportional to
o’ p,€,, thus contributing to the magnetic moment. Let us now justify the name of the coupling
fri by making the connection to the non-relativistic interaction Hamiltonian H = —/i - B. We
work in the Pauli-Dirac representation, which is convenient for taking the non-relativistic limit,
and hold f,7 fixed. In the rest frame we have the plane wave spinor solutions

P & <¢Os> e imit
by = v~ (67 0) e, (3.60)

where r = 1,2, ¢ = (1,0)” and ¢ = (0,1)7. Splitting [Eq. (3.59)| into terms with x = j and

u = 0 and inserting the spinor solutions, we have

o _ilmy—my) | Bfi g T ik [ s . T ok [ Ps
Lo~ —e 2ij(¢r o)a (0>+MﬂF0k(¢r o)a (0 . (3.61)
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In the Dirac-Pauli representation, the gamma matrices are

1 0 0 oF

0 k

= = 3.62
7 (0 —l) ’ 7 (—Uk O) ’ ( )

~ k
ok = —E[ J Uk]l = kgl o = 0 ¢ (3.63)
2 ) 4x4 44, O_k. 0 . .

SO

The second term in |Eq. (3.61)| vanishes, and we're left with

Lefr ~ —%ei(mf—mi)tijejkl (@T 0) o1y <(%s>

= e’ Bl ol g, (3.64)

where we used the relation B! = —%ejlejk to rewrite in terms of the magnetic field. At this
point, we are describing the generalization of the magnetic moment, where the concept is ex-
tended to transition processes where i # f. To connect with the non-relativistic theory, we now
take ¢ = f, such that we are describing the magnetic moment interaction of a single fermion .
The spin operator for a non-relativistic fermion is [23, equation (3.111)] S = [zt (%i) W,

where ¥ = ¢¥1. Inserting our spinor solutions, we have

g =1 [@a(er o) (%k :k> <%>

1
=3 / Az ¢Fo* . (3.65)

Thus,
— /d% Log=H=—-2uS -B = [i=2uS = pé. (3.66)

The quantity p thus determines the amplitude of the magnetic moment vector. We call p1r; “the
magnetic moment”, defined through the effective Lagrangian while (i is referred to as
“the magnetic moment vector”. Note that in we assumed that the spinors ¢ describe
neutrinos. In the case of charged leptons, — f A3z Log is added to the tree-level contribution
Hy = 2eS - E/ng. Then, the coupling should be ase/4my, a; being the anomalous magnetic
moment, in order to produce jiy = —ge/2mg§.

3.4.3 Magnetic Moment of Majorana Neutrinos
Majorana fermions are defined by the property ¥ = ¢, where
W= Cp (3.67)

denotes charge conjugation and C' is the charge conjugation matrix. For the Dirac adjoint field
we have

e =—yTCc (3.68)
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Thus in the case of Majorana fermions we can rewrite the effective Lagrangian as
Lo = <P, (o™ + dom ) (3.60)

Using equations (3.67) and ([3.68), we can rewrite the second term in the brackets:

wi;a’“’wf = —w?C_la"”C%T
= —2FC (i = ) O (3.70)
Now, using the property Cy*TC~1 = —~#,
17}0””%6 _ _£¢T0—1 (C,y,uTC—lc,YVTC—l _ C,YVTC—lc,yuTC—1) C%T

__ ¢T( uT vT yT #T>¢Z

= —51#? (VA =) T i

= —f o T

— ¢;€U,UVTET

__ (@g#wf)T, (3.71)
where we used the antisymmetry of 0¥, and we gained a minus when exchanging spinors. The

object inside the brackets is just a number, so we can take the transpose without changing it.
Thus, we arrive at

1/}7;0“”1/15 = —tpo" ey (3.72)
Inserting into [Eq. (3.69), we have

ajorana ,Uf 2 v — L
Ez/f[fJ = i % (¢f‘7u Vi — io” Qﬁf)- (3.73)

If ¢ = j the effective Lagrangian vanishes. Thus, Majorana fermions only have transition
magnetic moments. Since the quantity in the brackets is antisymmetric on the exchange i <> f
while the Lagrangian is symmetric, we have

fif = —fhyi, (3.74)

i.e. the magnetic moment matrix for Majorana fermions is antisymmetric. Majorana fermions
have half the number of degrees of freedom as Dirac fermions, so it should be expected that the

magnetic moment matrix for Majorana neutrinos is more restricted.

Since Majorana spinors can be written as ¥ = 91, + 9§, with Pry = 9§, the charge conjugate
spinor ¢ plays the part of the right-chiral field in the magnetic moment interaction. Thus, for
Majorana particles one finds transition magnetic moments for the processes ¥;1y — zp; ; and

Yy — sr, where f # i,
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Chapter 4

Electromagnetic Form Factors

We have now seen how the magnetic moment py; of neutrinos can be defined as the coupling
in the effective Lagrangian in To predict py; in a given theory, we need a way
of extracting it from the relevant amplitudes. Such a method is developed in this chapter.
The amplitude resulting from an effective neutrino-photon vertex depends on various Lorentz
covariant combinations of tensors. We wish to separate the dependence on these tensors into
individual terms, the coefficients of which are the electromagnetic form factors. From the
structure of the effective interaction described in the previous chapter, one of these form factors
will be identified with the neutrino magnetic moment. The ensuing derivation closely follows
those in [24] and [13].

4.1 Dirac Neutrinos

The neutrino magnetic moment is described by the interaction with a single photon in the low
energy limit. In the case of the electron, we were able to write down the QED vertex function
in terms of two form factors. Using the Gordon identity, the vertex function could be rewritten
such that one term was proportional to o*¥, allowing us to read off the magnetic moment. In
the case of neutrinos, we are interested in the amplitude

=as(ap) N (@i, ap)ui(a), (4.1)
V; qi qf V¢

where the external photon polarization vector was not included. This process only has contri-
butions from loop diagrams. [Eq. (4.1)| arises from an effective interaction Hamiltonian [13]

N
H=> viAjuiA,, (4.2)
fi=1

where v; and vy are on-shell neutrino mass eigenstates, i.e. pi ;= mif, and momentum is
conserved, p = ¢y — ¢;. The sum runs over all neutrino mass states. The vertex function A?i
is a 4 X 4 matrix in spinor space. Unlike in the QED case, the loop contributions can come
from parity-violating weak interactions, so A‘Jﬁi is a sum of polar and axial vector contributions.
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Thus, we can write A’Jﬁi as a linear combination of the 16 basis matrices {1,v*, 0", v5,v#v5}.
The Lorentz index in the vertex function can be carried by the available tensors, which are
the momenta ¢/, ¢4, the metric g" and the Levi-Civita symbol ¢****, where dependence on
p! was eliminated using momentum conservation. For convenience, we choose the momentum
dependence to be on p and r = ¢; +¢y. Then A’Jﬁi can be expressed in terms of the combinations
of tensors and basis matrices which carry one Lorentz index.

We can immediately eliminate contractions of the momenta with v*, such as p, ¥ and O')\ppA’I“p ,
by using the momentum-space Dirac equation,

diw(a) = miu(gi), u(qr)dy = mgulqy). (4.3)
The remaining terms where the Lorentz index is carried by p* or r# are
{p"1,r"1, ptys, rtys . (4.4)
There are also terms where the basis matrix carries the Lorentz index. These are
At s, 0" py, 'y} (4.5)
Finally, we have the terms where the Lorentz index is carried by the Levi-Civita symbol,
{0 ,pu, €N 0N,y € DAT Y, VAP DAT Y5 Yy €N DAT O D" N AT 0T ). (4.6)

These 14 terms are not linearly independent. Our next task is to reduce the number of terms
down to the set of 6 matrices

S = {p"L p"y5. 7" 1 Y5, 0 P, €00 ppy ) (4.7)

Firstly, we can rewrite the matrix ¢*” as

v

oM = iyl — igh?. (4.8)
Thus, we have
a(gp)io™ (ar — ai) , ula:) = alap) (=™ +9) (a5 — @), wla)
)| =7y~ i) + 4} — @ ula)
=1u(qy) [dﬂ* —2(qp)pg™ + v mi + qf — q?} u(q:)
ap)|(my +mar = (g + @) |ula). (4.9)

Using this relation we can eliminate the r#1 term in favor of o#”p, and «*. Using ¢+ ¢; instead
of ¢y — ¢; in the above derivation, we arrive at

w(ap)io™ (ar + ), u(as) = Wag) | (my —mi)v* = (a7 — a)*] (@), (4.10)

which we can use to eliminate o#”r, in favor of v# and p*1. Furthermore, exchanging u(g;) for
vsu(q;) in Egs. (4.9) and (4.10) has the effect of flipping the sign of m;, since {y*,~5} = 0.
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Thus, we have the identities

a(gp)io™ (ar — ai) , vsul(ai) = (a) {(mf —mi)y* = (g5 + Qi))\} 51(s); (4.11)
w(ap)io™ (a + ), vula) = ap) [(mg +m)r* = (ar — )| dsular).  (412)

The left-hand side of these equations can be rewritten using the relation
i
UAP’YS = ieuw\paum (413)

which allows us to use|[Eq. (4.11)[to rewrite r#~5 in terms of y*~5 and e“”)‘pa,\ppy, and [Eq. (4.12)

to rewrite e”” )‘paApr,, in terms of y#v5 and pHys.

There are 4 more terms involving the Levi-Civita symbol which need to be rewritten in terms
of the set S. All of them contain the contraction e+, so we use the identity

@y, =i (97977 — g9 ) 35— A s, (4.14)

This must be contracted with p\r,, yielding

y ) . 1
AP DAT Yy = P — ity — 37" (B = 7). (4.15)

As stated before, ¥ and p can be exchanged in favor of masses. Thus, can be used to
exchange e“”App)\rp% in favor of ptvs, v#vs, and E“V)"’a,\ppl,. The term e“")‘pp,\rpamp“ can be

written as

v i v
et Ap]?/\?ﬂpaz//-tp’$ = 5 [eu App/\rpf}’ual’j} ) (4.16)

i.e. we obtain the same terms as in [Eq. (4.15)] but with an extra g on the left or right. Thus,
we can still exchange e )‘ppArpamp“ in favor of ptvs, v,7s, and € )‘paAppl,, and the same is

true for eu”App/\rpaVHT”. Finally, multiplying |[Eq. (4.15)|by v5 and using v5y5 = 1, we can write
the term e”“’\ppwpfygfyl, in terms of p*1, v* and o"¥p,.

Summarizing, we have shown that the vertex function A’Jﬁi can be written as a linear com-
bination of the set S. The coeflicients are Lorentz invariant functions of p and r, but since
r2=2 (mfc + m?) — p?, they can be written in terms of p? only. Thus, we can write the vertex

function on the form

A =AEPL+ fa®)p*ys + F° ) + a0 s + F5(0%) 0" by + fo(pP) e P orppy,
(4.17)

where the indices fi on the form factors f; have been suppressed to avoid clutter. We can
simplify further using conservation of the electromagnetic current, d,j", where j# = ?fASfZ.Vi.
In momentum space this implies puﬂ(q]c)A’]ﬁi(qi, qr)u(g;) = 0. The f5 and fe terms vanish in this
contraction, since p,p, is symmetric in p and v while the relevant tensors are antisymmetric.

Using the momentum space Dirac equation, the rest of the terms give

alar) [ (0pup + Lo a5 + Fs2)6 + Fao* s | ulai) = 0

= u(qy) |L(P*)P° + f2(p*)p*vs + f3(0%) (my — ms) + f1(p®)(my + mﬂﬂ u(g;) =0
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AP+ fs(p?) (my —my) =
()P + f12(p*) (my +my) =

where we obtain two independent equations since 5 and the identity matrix are linearly inde-

pendent. Substituting [Eq. (4.18)| back into [Eq. (4.17), we have

’ 4.18
0 (4.18)

a(qp)Nulai) O alar) [ - fs(p2)%p“ + f3(P*)y"
— A s 1300 u(a)

=u(ay) | Fo(p?) (7“ ik )+F( )(v" pf)%] u(gi), (4.19)

where F(p?) = f3(p?) is the form factor corresponding to charge renormalization, and F4 (p?) =
f1(p?) is the anapole form factor.

Further, we use [Eq. (4.13)|to obtain

1
oMV s = iex\pﬁwaAp
1
— KA
= —¢ 15\
2 P
= Moy, = —2ic" s, (4.20)

which can be used to rewrite the fg term in [Eq. (4.17)[ as proportional to o#**p,~ys. This term
was not included in the original set S since it is a combination of two basis matrices. Together

with [Eq. (4.19)] this enables us to write the vertex function on the conventional form

g ioc"p " 10"y
AL = w_ P Fo(p?) + — 2y (p?) + mo F + Y e Fr(p?),
o= (7= ) Folsh) + e )+ (v = P ) o a0?) + o P )
(4.21)

where Fyy = —i(mys+m;) f5 is the magnetic dipole form factor, and Fg = —2(m¢+m;) f¢ is the
electric dipole form factor. The form factor Fiy;(p?) in the on-shell limit is what we’re interested
in here, since it gives the magnetic moment. Recall the effective Lagrangian which describes
the magnetic dipole moment interaction,

N
Lg=—Y %vafaﬂ”ui (4.22)
if=1

For the process v;(¢;)y(p) — v¢(qr) we find the S-matrix element

Spi = <1/f qy ‘ il 5 /d4a;N { (8MA,(/+) — ayAl(f)) (gt } |fy Wz qz)>
= ipgi (ve(qy)| /d4x (ﬁ(_)o“”&,A( ) v (p)vi(a))

= ipgi (O] / d*w g (qp)o"” (~ipy)eu(p)ui(g:)e 4P o)

= ppif(qr) o e (p)pyui(a;) x (2m)*6(qr — g — p),

(4.23)

44



i.e. the amplitude

MH = pyiip(qp)ot poui(a)- (4.24)
This must agree with [Eq. (4.21)|for an on-shell photon, so
iFy(0)
= 4.25
M= o g (4.25)

Since the Hamiltonian in [Eq. (4.2)|is Hermitian and the photon field is real, it follows that

.|.
> vk = 3 (7N
f7i

fii

T
=27 (A}Lz) Vv
i
.I.
=Y 7 (M) 2w, (4.26)
fii

where 7999 = 1 was inserted in the second line and the summation indices %, f were renamed
in the third line. Thus, Hermiticity implies

N ( Aff)f 20 = A, (4.27)

which means that y" (o FM)T 7% = io" Fys. From this, we find that the magnetic moment
matrix is Hermitian. This can also be seen from the Hermiticity of the effective Lagrangian in

Eq. (4.22), which gives u}; = .
As we saw in|Section 3.4.1] the magnetic moment operator is chirality flipping. The Lagrangian
[Eq. (4.22)|and the amplitude [Eq. (4.24)|describes both the processes viy — vr and vy — v.

When looking at a theory with active chiral neutrinos vy, and heavier sterile chiral neutrinos
Ng, it is more natural to consider the transition vy — Ng, but the resulting amplitude could
then not be compared directly to For simplicity, consider one active neutrino and
one sterile neutrino. The effective Lagrangian is then

Lo = —‘“QV Y F Ny — “;N Fl,vo" N — ”5” Fvo"y — ’“VTNFWNJWN (4.28)

Inserting the identity matrix 1 = Pr, + Pgr, we obtain in total 8 terms. If the neutrinos are

chiral, only two terms survive,

Lo = _:U;N FMVFRUHVPLVL _ %FMVWJ#VPRNR (4.29)

The first term gives the interaction vertex vyy — Ng. The relevant part of the resulting
amplitude receives a factor 1/2 relative to [Eq. (4.24)| due to the chirality projector. Thus,

[Eq. (4.25)| would need to be modified to

o = 2O, (4:30)

Thus one uses either [Eq. (4.25)| or [Eq. (4.30)| to extract the magnetic moment, depending on
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the situation at hand.

Having written the amplitude for a process like [Eq. (4.1)[in a given theory, one can obtain the

magnetic moment by rewriting the amplitude in the form of [Eq. (4.21)] picking out Fis(0),
and using [Eq. We were able to do this for the 1-loop QED contribution to the electron

magnetic moment, but in general it’s very impractical. A more straightforward way to obtain

F(0) from the amplitude is to use a projector P}, such that
fr [PMMA’;Z} = Fu(p?). (4.31)

P}, is carries a Lorentz index and is a matrix in spinor space, such that contracting and taking
the trace yields a scalar. Using the projection technique, one avoids having to calculate the
entire loop integral, only picking out the relevant part. Throughout this thesis, the magnetic
moment is calculated using PACKAGE-X [25] in MATHEMATICA [26]. Specifically, the form factor
Fyr(p?) is obtained using the function Projector, and loop integrals are carried out with the
LoopIntegrate function.

4.2 Majorana Neutrinos

Majorana neutrinos are their own antiparticles, and thus the adjoint field 7 contains the same
operators as v. Therefore, the transition ;57 — vy can be obtained from two of the terms in

the interaction Hamiltonian [Eq. (4.2)]
HD ffAl;iViAu + ?iAffoAu. (432)
These terms give the amplitude
M =5 (q )N (p)us as) — Tl ALy (P ap). (4.33)
where the relative minus comes from normal ordering. The first term is the amplitude in the

case of Dirac neutrinos, [Eq. (4.1)l Using the relations v = u¢ = Cu! and 7 = u¢ = —u!’ C~1,
the amplitude is written as

M* =5 (qp) Ny (p)ui@i) + wigi) " C~ AL (p)Cup(qp)”
= us(qy) (A‘}i(p) + CAé}(p)TC‘l) ui(gi), (4.34)

where the second term was transposed in spinor space and the properties CT = C~! = —C
were used. Defining the Majorana vertex function A%“ (p), we have

MG (p) = My (p) + O (p)TCL (4.35)

Specifically, the magnetic moment term for Majorana neutrinos is

T
w0"py v o i py 2 1o py 2 —1
— T FM (p?) = ——Fypi ol P o C
my + wi(P7) Fargi(p”) + -Faip(p”)

(4.36)
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where we used the property C’UE,/C’_1 = —0uv, which follows from the defining property
C1yC = —75 of the charge conjugation matrix. Thus, the magnetic moment matrix for
Majorana neutrinos is obtained by

WF = 1 — i (4.37)
As expected from u% is antisymmetric in the space of neutrino states, so only

transition magnetic moments are allowed. Since the magnetic moment matrix is also Hermitian,

the transition Majorana magnetic moments are imaginary.

4.3 Effective Neutrino Magnetic Moment

In detectors, one can look for neutrino magnetic moments by analyzing neutrino-electron scat-
tering. In the Standard Model, weak neutral and charged current interactions contribute to this
process. With a large neutrino magnetic moment, diagrams like contribute significantly
to the total cross section, which can be written as

vae _ (dovae= | (dovae) (4.38)
dT. ar, /., dl. ).
where T¢ is the kinetic energy of the final electron. The first term in|Eq. (4.38)|is the contribution
from the Standard Model weak interactions, given by [13]

do,, .- Gcme [, o2 2 T. \? vr2 1 pn2] meTe
(=), = et s -0 (- ) [t - ] "

(4.39)
where the couplings are
1 1
g"//?ZQSIDQQI/V—i-i, 926257
1 1 (4.40)
g"//;m = QSiHQ 9W - 57 gj{#ﬂ— = _57

and for antineutrinos one must substitute g4 — —ga. The second term in is the

contribution from the neutrino-photon interaction, which in the lowest order in neutrino mass

doyer\ _ma (1 1Y (pg)’ (4.41)
dle ) m2 \T. E,)\pp)’ .

where E), is the energy of the incoming neutrino, and uﬁg is the effective neutrino magnetic

can be shown to be [27]

moment, which will be explained shortly. There is a cross term between the weak and electro-
magnetic terms in the cross section, but it is suppressed by m, /m. at lowest order in neutrino
mass, and we therefore neglect it [28]. Note the T, dependence of which is differ-
ent from that of the inverse proportionality means that the smaller electron energy
can be measured, the smaller neutrino magnetic moments can be probed. This is illustrated
in [Fig. 4.2 where the weak and electromagnetic cross sections for a 1 MeV electron neutrino
scattering elastically with an electron are shown as functions of the electron recoil energy. As
is evident from the electromagnetic contribution dominates at low recoil energies.

The neutrino-electron scattering cross section depends on an effective neutrino magnetic moment
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Ve vy

Figure 4.1: Diagram involving the neutrino electromagnetic interaction which contributes
to neutrino-electron scattering. v, is an active neutrino flavor state emitted from a source,
which oscillates on its way to the detector. vy is a mass eigenstate. The gray blob represents
the neutrino electromagnetic interaction, including the magnetic moment, whose specific form
depends on the model. In this diagram, the blob also includes the mixing and oscillation of the
initial neutrino, as described by the effective neutrino magnetic moment in

pf rather than the magnetic moment directly. There are two reasons for this. Firstly, the
neutrino-photon interaction in receives a contribution from the electric dipole moment
in addition to the magnetic moment. Secondly, the neutrinos which participate in the neutrino-
electron scattering in the detector are produced in flavor eigenstates, which are superpositions of
mass eigenstates. Thus, the effective neutrino magnetic moment takes into account mixing and
the oscillation that occurs between the source and the detector. Assuming vacuum oscillations
as described in the effective neutrino magnetic moment can be shown to be [13]

(uf)Q =

f

2
—9 2 .
Z Uare ZLAmf’v/2E” (ka — Zefk) s (4.42)
k

where €y, is the neutrino electric dipole moment. It can be extracted from the vertex function
Eq. (4.21)] as
—iFg(0)

, (4.43)
my + mg

€fk =

where my ;. are the masses of the neutrino eigenstates vy . If the neutrinos pass through matter
between the source and the detector, as in the case of solar neutrinos, one must take into
account the effects of the surrounding matter on the neutrino oscillation. A description of
neutrino oscillations in matter is beyond the scope of this thesis. Here, we only note that the

effective magnetic moment for solar neutrinos can be written as [13]

2
(150 ) = SIS g — e
k f

2

, (4.44)

where UM is a mixing matrix taking into account matter effects, and the exponential terms
in [Eq. (4.42)| are washed out by the finite energy resolution of the detector due to the large
distance L in comparison to the oscillation length, L > 47 FE, / Amfck [13].

In summary, the neutrino magnetic moment has an effect on the observable cross section of
neutrino-electron scattering, where the py; enters the description in the non-trivial way de-

scribed by [Eq. (4.41)|and [Eq. (4.42)] By analyzing the recoil electron energy spectrum, one can

48



106 i

109 :
1071 10° 10! 102
T (keV)

Figure 4.2: Weak (black dashed line) and electromagnetic (blue solid lines) contributions to
the cross section of an electron neutrino scattering elastically with an electron, as a function
of the recoil energy of the electron. The electromagnetic cross section is shown for two values
of the effective magnetic moment, corresponding to terrestrial and astrophysical limits. At low
recoil energies, the electromagnetic contribution dominates, distorting the spectrum relative to
the Standard Model expectation.

look for a signal from neutrino magnetic moments.

4.4 The Experimental Situation

Having described how neutrino magnetic moments can be observed in detectors, let us now
briefly discuss the current experimental status. The interested reader is referred to Ref. [13] for
more details.

In the past, upper limits have been set on neutrino magnetic moments by the lack of deviations
from the expected recoil electron spectrum. For example, in the 1990s data was taken on
accelerator v, and 7, scattering on e~ in the LSND detector. An upper limit of ,ul",ff < 6.8 %

1075 was obtained [29]. In 2012, the GEMMA experiment reported the limit pf < 2.9 x
10~ up from reactor 7 [30].

Solar neutrinos have also been used to look for neutrino magnetic moments. In 2017, the Borex-
ino collaboration reported the limit uﬁilar < 2.8 x 107 pup [31]. More recently, the XENON1T
experiment detected an excess in the low energy range of the electron recoil spectrum, which
is shown in Interpreted as a neutrino magnetic moment, the 90% confidence interval
uﬁilar € {1.4,2.9} x 1071 yp was obtained. The magnetic moment explanation is preferred
over the Standard Model at a significance of 3.20 [6]. One specific hypothesis to explain the
XENONIT excess is a transition magnetic moment from v, to a heavier sterile state [32]. BSM

models in the context of this interpretation are discussed in|Chapter 7|and [Chapter 8| It should

be noted that the XENONIT collaboration also have interpreted the excess as coming from
solar axions, with a statistical significance of 3.40. The source of the excess may also be small
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Figure 4.3: Electron recoil events as a function of recoil energy recorded in the XENON1T
dark matter detector (black points), and the expected event rate from the background model
(red curve). There is an excess in the lower end of the electron recoil energy spectrum. The
figure is taken from [6].

amounts of tritium in the detector which have not been accounted for in the background anal-
ysis. This explanation has a similar statistical significance as the neutrino magnetic moment
explanation [6].

Neutrino magnetic moments can also be probed in nuclear interactions. In particular, one can
analyze coherent elastic neutrino-nucleus scattering (CEvNS), where the momentum exchange is
low enough for the nucleus to be treated as a point particle. The scattering cross section due to
a neutrino magnetic moment in such a process is proportional to that of elastic neutrino-electron
scattering, given in[Eq. (4.41)] CEvNS was first observed by the COHERENT collaboration [33],
and also recently by the “NCC-1701" detector using antineutrinos from the Dresden-II nuclear
reactor in the United States [34]. Very recently, the results from these experiments were used
in Ref [35] to set limits on the neutrino magnetic moment. These are uff <2.13x1071%p and
ule,ff < 18 x 1079, 5. Being weaker than the limits from elastic neutrino-electron scattering,
these new limits are not in conflict with the interpretation of the XENONIT excess as an
enhanced neutrino magnetic moment.

In addition to the limits obtained from terrestrial experiments, one can also use astrophysical
and cosmological data to set constraints on neutrino magnetic moments. In the plasma of a star,
photons acquire an effective mass, allowing the decay into neutrinos via the magnetic moment
interaction. The emitted neutrinos would carry away a large amount of energy from the star.
Thus, large neutrino magnetic moments may be in conflict with the standard stellar evolution
models. From data on red giants, the limit u¢f < 4.5 x 1071245 on a generic neutrino magnetic
moment has been obtained [36]. This is in conflict with the magnetic moment interpretation of
the XENONI1T data. However, the limit can be avoided if the neutrinos are coupled to a light
scalar through a Yukawa interaction, thereby obtaining a medium-dependent effective mass.
Thus, the decay of plasma photons may become kinematically forbidden. This idea is explored
in Refs. [32,37].
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Constraints on the neutrino magnetic moment can be obtained from data on Big-Bang Nucle-
osynthesis (BBN). In the early universe, weak charged current interactions between electrons,
electron neutrinos, and nuclei were in thermal equilibrium. In these reactions, protons are con-
verted into neutrons and vice versa. The formation of nuclei depends on the relative number
of neutrons and protons, which in turn depends on the rates of the aforementioned weak inter-
action processes. Thus, one can discern neutrino properties from data on abundances of light
nuclei in the early universe. Limits on Majorana transition magnetic moments on the order of
10195 have been derived from BBN [3§].

Transition magnetic moments between active neutrinos and heavier sterile, right-chiral neutrinos
Npgr open up the possibility for Nz to be produced in the early universe, which affects BBN.
The cosmic microwave background is also affected, through the effective number of relativistic
degrees of freedom. These cosmological limits depend on the mass of the sterile neutrino, and
its lifetime, which in turn depends on the magnetic moment mediating the decay Np — yvr.
A detailed analysis can be found in Ref. [32]. Here we only remark that stringent limits are
obtained for sterile masses below ~ 100keV, which may be in conflict with the interpretation
of the XENONIT excess as an active-to-sterile transition magnetic moment. Possibilities for
avoiding the cosmological limits are also discussed in Ref. [32].

In conclusion, terrestrial experiments are able to set limits on the effective neutrino magnetic
moment at the order of 10~ up, with more stringent limits coming from astrophysics and
cosmology. As shall be seen in the next chapter, the Standard Model predicts neutrino magnetic
moments several orders of magnitude smaller than these limits. Thus, experimental evidence
of neutrino magnetic moments in current and future detectors would be a clear sign of new

physics. If the XENONI1T excess persists, it may be such a sign.
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Chapter 5

Neutrino Magnetic Moment in the
Standard Model

5.1 Dirac Neutrinos

As a first example of a calculation of the magnetic moment of neutrinos, let us consider the
Standard Model, extended to include massive neutrinos. In particular, we first consider the
case of the three standard flavors having Dirac mass terms.

The leading contributions to the neutrino magnetic moment with Standard Model interactions
comes from one-loop electroweak diagrams. We seek the magnetic moment py; between the
neutrino mass eigenstates v; and vy, which are related to the flavor eigenstates v, by the

unitary transformation

3
Vo = ZUajI/j, (51)
j=1

where U,; is the PMNS matrix. We assume that the neutrinos are Dirac fields with left- and
right-chiral components, v; = v, + vjg. The relevant diagrams are shown in

(b)

Figure 5.1: Diagrams contributing to the magnetic moment fy; in the Standard Model with
massive Dirac neutrinos. v; and vy are mass eigenstates, and £ is any charged lepton. For Dirac
neutrinos, one may have i = f or i # f, describing diagonal and transition magnetic moments,
respectively.

52



The amplitude M* = Mg + M} is obtained by employing the standard electroweak Feynman
rules, which are summarized in Each diagram in can involve either of the

charged lepton flavors e, u, 7 in the loop, so the amplitudes include a sum over lepton flavor a.
We find

Mi=_9E N Uk U
=g 2 Ul

a=e,,T
y / d*k w(gp)v” Pr(dy + K +me, )7 (d; + F +ma,) v Pru(a) (—gup + kukp/miy)
(2m)* (g7 + k)2 —m? +ie] [ (g +k)* —mZ +ic] [k2 — md, +ic] ’

(5.2)

and

M,U_QQL Z U*.U.:
b_2 af“ar

a=e,l,T

4
« /(;I;{U(Qf)W”PL (K +me, ) v" Pru(a:)

(=gux + (k= qp)u(k — qp)a/m3y) (=g + (k — q0)x(k — @),/ miy)
(k2 —mi +ie|[(k — qp)? — mdy, +ic] [(k — @)% — m§, + ie]

< 0" (27— 0= 8)" + ™ (2k =i —a)" + 9 (20— 5 — k)]
(5.3)

Using Package-X [25], the form factor Fi(p?) was projected out of M* and the loop integral
performed. Then, using|[Eq. (4.25)] taking the on-shell limit p?> — 0 and expanding to first order

in the neutrino masses, we obtain

L = Z UntUai — 3eg?(my +m;)

a=e,l1,T

2
6 4, 2 2,4 6 4,2 My
my 6méamw + 7méamW —2myy, + 2m€amW log ( 5 )

X 5 535 t . (5.4)
256mW(mW — mea) T

Defining a,, = m?a / m%,[,, and writing in terms of the Fermi constant G = v/2¢?/ Sm%/v, we have

3eGrp 1 2a, 2a2 log aq
= ———(mys+m; 1+ - - == U +Uqi
Hii 32\/§7T2( ! Z) a:ze;:m— 1—-aq (1 - aa)2 (1 - aa)g afe
= 3CF ytm) Y faa)UZU (5.5)
= ———— f ) fe% af ats :
321/272 Ny

where the loop function f(a,) was written in a form where the limit a, — 0 is easily seen.

Indeed, since a,, is small,
2
mﬁa
Gy = —+ <

2 =5
My, My

2
T ~4.9x 1074 (5.6)
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we can approximate f(aqs) =~ 2. Then, we can use the unitarity of the PMNS matrix,
> Uz tUai = 65i, (5.7)
(0%

yielding for the diagonal magnetic moment

36GFmi

i N = 5.8
i N (5-8)

which agrees with the literature [39]. Note that the magnetic moment is proportional to the
neutrino mass, as expected in [Eq. (3.58)] Numerically,

pii /= 3.20 x 10719 <1mv> LB, (5.9)

which is roughly 8 orders of magnitude lower than the experimental bounds discussed in
ftion 4.4

For the transition magnetic moments, i.e. i # f, the leading order contribution in [Eq. (5.5)]
vanishes because of the unitarity of the PMNS matrix, Thus, the leading order
contribution to the transition magnetic moments comes from the 2nd term in the expansion
f(aq) = 2 — aq, so
*
ppi ~ —————(myp+mi) Y aaUf Usi, (5.10)
& a=¢e,[,T

which is suppressed by a factor ~ 107* relative to the diagonal magnetic moment due to the
ratio a,.

5.2 Majorana Neutrinos

If neutrinos are Majorana fermions, there are additional diagrams contributing to the magnetic
moment; since the fields v and 7 contain the same operators, there are more allowed contractions
with the external states |v;) and |vf). The contributing diagrams in the case of Majorana
neutrinos are shown in [Fig. 5.2

The amplitudes of the diagrams in [Fig. 5.2 must be evaluated using the Feynman rules for
fermion—number—violating interactions, given in Ref. [40]. These rules are summarized in
Choosing the direction of fermion flow as indicated by the gray arrows in
the d1agrams in [Fig. 5.2a] and [Fig. 5.2b] are the same diagrams as shown in and yleld
the amplitudes M, and My, respectively. The additional diagrams, [Fig. 5.2(:| and [Fig. 5.2d]
have lepton number flow antiparallel to the fermion flow. The amplitudes obtained from these

diagrams are

M = %Z ailaf

a=e,u,T
/ ﬂﬁ(Qf)’nyR(gf - k + mfa)7“ (d@ - ,% + mfa) VPPRU(QZ) (_gyp + kykp/m%/{/)
274 [(Qf — k)2 — m?a + ie] [(qz —k)? — m?a + is] [kQ —mi, + is]

(5.11)
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Figure 5.2: Diagrams contributing to the neutrino magnetic moment in the Standard Model
with Majorana neutrinos. The gray arrows indicate the chosen fermion flow, which is used
to determine the correct amplitude corresponding to the Feynman rules for fermion-number-
violating interactions summarized in For Majorana neutrinos, only transition
magnetic moments are allowed, so i # f.

and

4
X / ((217:;4 {U(Qf)”Y”PR (=K + me,) v* Pru(g:)

(—gua + (k = ap)u(k = qp)r/miy) (—grp + (k+ @) (k + @)p/miy)
(k2 —m? +ie| [(k+ qp)% — m, +ie] [ (k + q;)° — m¥, + ie]

X [g”)‘ (2qf —q; + k)"i + g’\” (—2k: —q; — qf)“ + g (2qi —qf + k:)’\} }
(5.12)

Adding up the four diagrams and using the same methodology as in the Dirac case, we arrive
at

3eG
M F * *
P +my; a Ua Uai - UaiUoc 5
BiGGF *
- 167\@72(@ +my) a;Tf(aa) Im (U Uasi). (5.13)

The Majorana magnetic moment matrix is antisymmetric and imaginary. The expression is

larger than the Dirac case, [Eq. (5.5)] by a factor of 2, but these are not directly comparable
due to the PMNS matrix being different [13].

A simpler way to obtain the magnetic moment of Majorana neutrinos is to use the method

described in [Section 4.2, Using [Eq. (4.37), we easily obtain from the Dirac magnetic
moment in [Eq. (5.5)l This illustrates how the magnetic moments of Majorana neutrinos can be
calculated with only half the contributing diagrams explicitly evaluated.
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As we learned in massive neutrinos are Majorana particles if a singlet field with a
Majorana mass terms is present in the model. Thus, in common models explaining the mass
of neutrinos, such as the see-saw mechanism, the relevant formula for the neutrino magnetic
moment is [Eq. (5.13)} The mixing matrix U appearing in assumes three flavors, but
in the see-saw mechanism, more singlet neutrinos are present. However, the heavy states are
kinematically unreachable by the light states which primarily consist of the three flavors e, u, 7.
Consequently, the phenomenologically interesting transition magnetic moments are between the
three light states. The formulas for the neutrino magnetic moment of both Dirac and Majorana
neutrinos can be modified to include a general number of singlet neutrinos, see Ref. [13].

A potential scenario is that new physics at a high energy scale produces the mass term

1 —
LMass = 5 Z Mégl/géLVﬁL + H.c., (514)
C!,IBZB,,LL,T

where M’ is a matrix of Majorana masses for the active neutrinos vy. As mentioned in
such a mass term is not invariant under SU(2);, x U(1)y, and is therefore forbidden
in the Standard Model. The new physics could be for instance the introduction of a Higgs
triplet |41] or spontaneous symmetry breaking in a left-right symmetric model [42]. With
the mass term the active neutrinos are Majorana particles, and applies.
However, the introduction of new particles in the high energy model may give additional contri-
butions to the neutrino magnetic moments, which are not included in the result in
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Chapter 6

Fine-Tuning and the Voloshin
Mechanism

As we have seen in the calculation of the neutrino magnetic moment in the Standard Model in
the magnetic moment is suppressed due to its proportionality to the small neutrino
mass. We shall now see that even in a model which avoids this direct proportionality, a large
neutrino magnetic moment requires a large amount of fine-tuning to avoid neutrino masses
incompatible with experiment. A solution to this issue due to Voloshin [43], where a new
SU(2), symmetry is introduced, will then be discussed.

6.1 Neutrino Magnetic Moment and Mass

Voloshin considers a theory with a new charged scalar n which couples to neutrinos and the tau
lepton. The relevant part of the Lagrangian is [43]

L= fxrxv)n — ' OEXS )N + Hee., (6.1)

where (x1x2) = €apX$X5, € is the antisymmetric symbol, and a, b = (1,2). [Eq. (6.1)|is written

in two-spinor notation. In four-spinor notation, the same Lagrangian is
—— T
L= fl1Tvin+ f'l:r Ng n* + H.c.. (6.2)

The translation of [Eq. (6.1)[into the 4-spinor notation is shown in|Appendix C|, This Lagrangian

gives rise to 1-loop diagrams like
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These diagrams contribute to the neutrino magnetic moment, yielding [43]

. ef f' ' m; 2/, 2
Hy = 1671'2 m%F(mT/mn)7 (64)
where F(z) = —(1 — z)"?logz — (1 — z)~!. Depending on couplings f, f’ and the mass of

the scalar m,), the neutrino magnetic moment can be made large. Note that p, is proportional
to m,, not m, as in the Standard Model. This is because the Lagrangian includes
couplings for right-chiral neutrinos, so the chirality flip occurs on the tau lepton line inside the
loop. We now see the motivation for the coupling to the tau; It is the heaviest charged lepton.

Since the magnetic moment operator is chirality flipping, removing the photons from the above

diagrams gives a diagram which contributes to the neutrino Dirac mass,

n
A S (6.5)
v T 14

This diagram leads to the renormalization group equation [43]

dm 2 !
dlcl)/g(];o2) = IJ;{r2 my, for p> > m?i (6.6)

Combining Eqs. (6.4) and gives

dm,, (pz) My m%

=— . 6.7
dlog p? e F(mZ/m2) (6.7)
If we want a large neutrino magnetic moment on the order of 10~ up, then
-11,,  _ q0—11_°¢ Hy —16 y7—1
Py ~ 107 up=107"— = — ~ 10" eV~ . (6.8)
2Me e

Moreover, n must have a mass m, > m, to not be excluded by experimental data. Then, we
can use the approximation

1
Fx)~—logz —1=1log——1
xr
= F(m2/m}) ~log (m;/mZ) — 1 ~10g(10000) — 1 ~ 10. (6.9)

Substituting these numbers back into [Eq. (6.7)[ we obtain

dm,, (p?) N 10710 eVt x 1022 eV?

=10°eV. 6.10
dlog p? 10 ¢ (6.10)

Integrating from a low energy scale p, where the Standard Model is an effective theory and
the neutrino mass is experimentally constrained, to the scale of the UV-complete theory A, we
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obtain
2 2 5 A?
my,(A%) — my,(p°) = 10° eV logp—2
A2
— m,(p?) = my,(A%) —10°eV | log ol (6.11)

Therefore m,, (A?) must be tuned with an accuracy of 107°eV/ log 2—22 in order to avoid a neutrino
mass of order 10° eV. Tuning in this context means that a small change in a parameter leads
to unacceptable predictions.

Below the scale of electroweak symmetry breaking, where the fermions are massive and magnetic
moments are non-zero, one can make a naive, model independent argument to illustrate the
tuning issue [44]. Introducing new physics to enhance the neutrino magnetic moment means
invoking new interactions yielding loop diagrams like Then, one inevitably obtains
diagrams like by just removing the photon line, which make loop contributions to the
Dirac mass of the neutrino. By dimensional analysis we write

G
/"LV A

Smy, ~ GA, (6.12)

where e appears because of the coupling to the photon, G is a dimensionless combination of
couplings and loop factors coming from new physics, and A is the energy scale of the new
physics. Thus, we can relate the magnetic moment and the mass contribution by

edm,  2m.om,

N (6.13)

Assuming new physics not far below the electroweak scale, we obtain

Hv 1016 omy

1B eV’

(6.14)

giving ém, 2> 10° eV in order to obtain a neutrino magnetic moment on the order of 10~y p.
This mass contribution must be tuned against for the neutrino masses to be compatible with
data. If neutrino masses are generated only by a Yukawa coupling to the Higgs field, the
coupling must be tuned to

y’ ~ 10712 1079, (6.15)

where the negative term is needed to cancel dm,,, and the small positive term gives the correct
order of magnitude for the neutrino mass, m, ~ 10~ eV.

6.2 The Role of Majorana Mass Terms

The above argument shows that the mass of neutrinos becomes large if one naively introduces a
large neutrino magnetic moment. However, if the right-chiral singlet neutrinos have a Majorana

mass term, a small active neutrino mass is generated easily via the see-saw mechanism, as

described in |Section 2.5{ In that case, the active neutrino mass is m, = m% /mpy, where my
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(a) (b)

Figure 6.1: a) Generic diagrams contributing to the neutrino magnetic moment. b) Diagrams
which appear in theories where the diagrams in (a) are allowed. These diagrams contribute to
the neutrino mass. G is a combination of coupling constants and loop factors.

is the mass of the right-chiral singlet neutrino and mp is the Dirac mass appearing in the
operator mpPN. The observed range of active neutrino masses can be accommodated even
if mp ~ v = 246 GeV, by letting the unconstrained parameter my be large. In that case,
mpy 2 10 TeV in order for the relation mp/my < 1 to hold, and my could be taken up to the
GUT scale of 106 GeV. With a non-zero Majorana mass for the right-chiral singlet neutrino
and the Dirac mass correction associated with j,, ~ 10" 15, the Yukawa coupling is estimated
to

V1072 =2 — 1076, 1
y 0 eV 0 (6.16)

If my is at the conventional see-saw scale of 104 GeV, the tuning issue disappears, since the
correction is then many orders of magnitude smaller than the tree-level value. Thus, the see-saw
mechanism can alleviate the fine-tuning issue in addition to the smallness issue for the Yukawa
coupling.

However, the see-saw scale is far above the range of current experiments sensitive to the process
vy — N in which the neutrino magnetic moment could contribute [32]. When insisting on singlet
neutrino masses in the experimentally available range of my < MeV, the see-saw mechanism
breaks down, since the assumption mp < my does not hold when mp receives a large loop
contribution. Thus, for neutrino magnetic moments that are phenomenologically interesting,
the tuning issue must be addressed in some other way.

6.3 Voloshin’s Solution to the Tuning Issue

To solve the fine-tuning issue, Voloshin introduces an SU(2), symmetry under which vy, and
Ng¢ transform as a doublet [43]. We will now see that under such a symmetry, a Dirac mass

term is forbidden, while a magnetic moment term is allowed.

Let N = (vz, Ng9)T be the SU(2), doublet, and 7@ be the generators of the group, i.e. the
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Pauli matricesﬂ We can then rewrite the Dirac mass term as [13]

. 1 T 1
NRVL=§<NRVL) +§NRCC 19

1 — 1—
= —*Z/LTNRT — §NRCTCTVL

2
1 - 1 — m\T
- —§VLTCTCNRT = (CNRT) ctug

1 1
= —iVLTCTNRC — §NRCTCTVL

1 Ng°
— _ - T cT\ ot R
bt i)t ()
= —%NTCTTlN, (6.17)

where we used £ = L7, the anticommutation of spinors, and CT = —C. Meanwhile, the
magnetic moment operator can be written as

— 1 /—— T 11— T vt
NRU;WVL = 5 (NRO'/WI/L> — iNRC C OwVL
1 S 1/ — T
= —QVLTO'HUTNRT — 5 (ONRT) CTUHVVL
1 — 1
= §I/LTCT0WC'NRT — §NRCTCTO'W/I/L

1 1
= *VLTCTO'MVNRC — §NRCTCTJWVL

2
3o ) (%)
= %./\/TCTO'MViTzN, (6.18)
where the property CTUWC = —UWT of the charge conjugation matrix was used. Let us now

see how these quantities transform under an infinitesimal SU(2),, transformation. The doublet
and its transpose transform according to

N = NN = N4 iNTN = N+ (il7! 40X + 7% ) W
NT = NTNTT 2 NT 4 TN = NT 4 NT (i)\lTl — X2 M?’T?’) . (6.19)

Making use of the anticommutation relation {Ti, 7 } = 2691, the SU(2), content of the Dirac
mass term transforms as

NN = [NT +NT (i)\lTl — N2+ i>\373>:| T [N + (i)\lTl +iN2 2 4+ i)\37'3) N}
= NT7! [1 (Al A% M?’T?’)] [1 (Al a2 i/\373>] N

= NTFN + NT7! (207! 420272 ) N + O(02), (6.20)

!The generators of SU(2), are named 7° to differentiate them from the Pauli matrices acting in spinor space.
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while the magnetic moment term transforms as
NTZN = [NT FNT (iAlr! = ixie? i/\3T3>:| 7 [N (AT 4 A% 4 ix) J\/}
= NT72 [1 — (AT A% z’A3T3)] [1 (Al %72 z’A3T3)] N
=NT2N +0(\?). (6.21)
Thus, the magnetic moment term is invariant under SU(2),, while the Dirac mass term is not.

In the following chapter, we shall see how the SU(2), symmetry can be implemented in practice
in a model with scalar leptoquarks.
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Chapter 7

Scalar Leptoquark Model

As we discussed in the XENONI1T experiment reported an excess in electron recoil
events that can be interpreted as a signal of a large neutrino magnetic moment. In Ref. [32],
it was found that the excess can be accommodated by a transition magnetic moment on the
order of 107" pup from v, to a heavier sterile state Ng. In the same paper, a model with a
scalar leptoquark was proposed to explain this magnetic moment, while avoiding a large active

neutrino mass. In this chapter, we investigate said model.

7.1 The Model

To enhance the neutrino magnetic moment, a new charged particle must be introduced to run
in the loop. In Voloshin’s model, this was the charged scalar 7. If the new particle is a boson,
we require a charged fermion to close the loop. One possibility is that the new particle is a
leptoquark, which as the name suggests, couples quarks to leptons. Then, the fermion running
in the loop is a Standard Model quark. By writing all couplings between quarks and leptons
allowed by gauge invariance, one can obtain the possible leptoquark states. These are six scalar
and six vector fields with varying couplings to the Standard Model fermions and right-chiral
neutrinos. The interested reader is referred to Ref. |45 for a comprehensive review.

In the model proposed in Ref. [32], a scalar leptoquark S; coupled to the third generation of
quarks is introduced. S; has quantum numbers (3,1,1/3) under SU(3). x SU(2), x U(1)y,
and contributes to the magnetic moment through diagrams like |[Fig. 7.1} The neutrino content
of the model is one active flavor vy, and one sterile flavor Nr. Thus, we consider transition

magnetic moments between these.

Since S7 is an SU(2)y singlet, only the coupling to the U(1)y gauge boson contributes to
the electromagnetic interaction after spontaneous symmetry breaking. Ignoring SU(3)., the

covariant derivative is

1
DS, = <aﬂ + 3ig’B“> S, (7.1)
which leads to the interaction

1,
(D"$0)!(D,$1) > 5ig' B (slausj - sjausl) : (7.2)
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Figure 7.1: Diagram contributing to the transition neutrino magnetic moment. S; is a scalar
leptoquark which couples to the third generation of quarks. A Higgs vev insertion has been
included to illustrate that the chirality flip occurs on an internal line, bringing a factor of the
bottom quark mass.

The derivatives bring factors of momentum. To see which momentum factors we receive, let us

look at the Fourier expansion of the scalar fields,

5 o / (;iff;; (b(p)e= +al p)e)

where af(p) and a(p) are the operators which create and annihilate Sll/ ® and bf(p) and b(p)
create and annihilate 51_1/3. For the S1BS; vertex in we need bf(p) and b(p). The
derivative in the first term in gives a factor —ip*, and the derivative in the second
term gives ip*. There is an additional factor of 7 from the S-matrix expansion. Extracting the

photon field from the hypercharge gauge field, B* O cos 6y A", and using ¢’ cos 6y = e, we find
the electromagnetic vertex

1
51—1/3 ,,,,,, /;72 = gze(p’f + ph). (7.4)
b1
AP

The new scalar couples to quarks and leptons through the Yukawa interactions
LD ylgNRSl + Y2 (QgLLgL> SI + H.C., (75)

where b is the bottom quark, Ng is the right-chiral neutrino, @3z, is the third generation quark
doublet, L, is the lepton doublet of arbitrary flavor, and the brackets denote contraction of
the SU(2)r doublets with the Levi-Civita symbol. Expanding the SU(2)., terms in order to see

the interactions in explicitly, we have
L D y105 NSy + yal 05 ST — yabrsS] + Hee. (7.6)

where t7, is the left-chiral top quark, and ¢y, is a left-chiral charged lepton of the same flavor as
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Figure 7.2: Diagrams contributing to the active-to-sterile transition neutrino magnetic mo-
ment in the scalar leptoquark model. a) Contributions from the singlet scalar leptoquark S;. b)
Contributions from the doublet scalar leptoquark Ry. The fermion line running in the loops is
the bottom quark, on which a chirality flip occurs. The superscripts on the leptoquarks indicate
electric charge.

vr. [Eq. (7.6)|is written in the quark mass basis; quark mixing in the third generation is small,
so it has been ignored. From [Eq. (7.6)} vertex factors for the S interactions with the Standard
Model fermions are extracted. For the neutrino magnetic moment, we need the vertex factors

for the interaction of S7 with the active and sterile neutrinos. These are given in

7.2 Prediction for the Neutrino Magnetic Moment

Let us now calculate the transition magnetic moment ppy,. The relevant diagrams are shown

in [Fig. 7.2a] and [Fig. 7.2 and yield the amplitudes

B @'k (a7 Pu (K + o) Pru(ar) (6" + ¢ + 209)
Ma = 3Ncy1yge/ (2m)* [k2 —m? +ie] [(¢; + k)% — mLQ + ie] [(qr + k)% — m%Q + ie]’ (77)
! d*k u(qr) Pk —dy +mp)y" (K — 4; + mp) Pru(a;)
My = 3Ncy1y26/ (2r)* [(k — Qf)2 — mg + ie} [(k —q)? — mg + ia] [k.Q _ m%@ n ie] . (7.8)

Note that since we consider only the transition v;y — Npg between chiral fermions, we have to
use the formula p1n,, = 2iFy/(0)/(mg+m;) for the magnetic moment, as explained in{Section 4.1
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From the total amplitude M = M, + M, we then obtain, to zeroth order in neutrino mass,

_eYy1yemy 1 loga
Hiy = lﬁwzm%Q a—1 (a—1)2 (7.9)
_ Y1yampme 1 . loga .
8m2mi, a—1 (a—1)2
where a = mg / m%Q. The leptoquark mass is experimentally constrained to be at least
O(TeV) [10]. With mpg = 1TeV and y1y2 = 0.1, we find
lny| =~ 3 x 107 pp. (7.10)

disagrees with Ref. [32] by a factor of 2. The authors of Ref. [32] used formulae from
Ref. [45] to calculate the magnetic moment [46]. Said formulae apply for the process £ — ¢/,
where ¢ and ¢’ are charged leptons. Here, the external fermions are neutral, so the formulae
must be modified. To cross-check the result, the magnetic moment was also calculated using
the formulae in Ref. [47]. There, general formulae for the process fi — 7f2, where f;2 are
fermions of a general charge )y, are given at one-loop order for a Yukawa interaction. Using
Qf = —1 reproduces the formula in Ref. [45]. Meanwhile, adapting the formulae to the neutrino
case by letting @ = 0 results in a relative factor of 1/2 when taking the limit a — 0, giving

the magnetic moment in [Eq. (7.9)|

A sizable neutrino magnetic moment can thus be produced when introducing the scalar lepto-
quark S7. As expected, however, the neutrino mass must be fine-tuned in order to cancel the
loop induced dmp from the diagram in while simultaneously giving m, ~ 10~ !eV.
To avoid this issue, the Voloshin mechanism is implemented by adding another leptoquark Rs
to the model, which transforms according to (3,2,1/6) under the Standard Model gauge group.
This leptoquark is a SU(2);, doublet, Ry = (Rg/ 3, R, v 3), with superscripts denoting electric
charge. Under the Voloshin symmetry SU(2),, (v§, Ng) and (R, Y 3 SI ) transform as doublets.
The interaction Lagrangian of Ry with the Standard Model fermions is

LD -y (EE% §L> + y2Q3. NpRy + H.c.

= —y1R§/3 T%ﬁi + y1R2—1/3 T%I/E + yQENRRS/g + yQENRRQ_I/S + H.c., (7.11)

where in the second line the SU(2), doublets were expanded. The vertex factors for the inter-

actions of Ry are given in [Section A.2

The additional diagrams contributing to the neutrino magnetic moment at one-loop order are

shown in [Fig. 7.2c and [Fig. 7.2d] and give the amplitudes

Mo 6/ d*k (qy)PL(k + mo) Pru(a;) (¢ + qf — 2k¥)
©T 3T @A TR g i) [(k - q0)2 — mig +ie] [(k — qp)® — mig + ie]
(7.12)
1 d*k u(qp)Pr(k + o 4 mp)y* (F + d; + my) Pru(g;)
Ma= 3Ncy1y2€/ @m)2 [k + qp) — m3 +ie] [(k + ¢:))2 — m} + ie] [k2 — m% + ie]

(7.13)

Note that since S; and Ry are in the same SU(2), doublet, they have the same mass, which we
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denote by mpq.

Adding M. and M to the total amplitude M before calculating the neutrino magnetic moment
gives an extra factor of 2 in the result relative to Meanwhile, the radiative mass
correction has the additional diagram shown in [Fig. 7.3l The diagrams give the amplitudes

d*k u(qy)Pr.(F + my)Pru(g;)
2m)* [(qs £ k) — m%Q + ie] [k? — m? +ie]

MY = TNy / (7.14)

The relative sign is reversed in the case of the magnetic moment amplitudes, due to the opposite
signs in the photon couplings. Thus, the mass diagrams cancel, while the magnetic moment

diagrams do not.

k k

VRN ~ =

a1 qz q1 q2
—> —> —> —>
VL \ , Ng VL \ ; Ng
s R
D 4 ~_
k+q k—aq

(a) (b)

Figure 7.3: Diagrams contributing to the neutrino mass at one-loop order in the scalar lepto-
quark model. These diagrams are obtained from the ones in by removing the external

photon line. Since SI and Rz_ 173 form a doublet under the new global SU(2), symmetry, they
have the same masses and Yukawa couplings to fermions, and the diagrams cancel.

The SU(2), symmetry is not exact. As stated in Ref. [32], the symmetry is explicitly broken
by the charged lepton Yukawa couplings, electroweak radiative corrections, and the Majorana
mass term for Nr. However, the symmetry breaking from these sources is small, so excessive
fine-tuning of the neutrino mass is still avoided.

In addition to the symmetry breaking sources already mentioned, the interaction Lagrangians

[Eq. (7.6)] and [Eq. (7.11)| contain couplings to the top quark which break SU(2),, a source

of symmetry breaking which was not pointed out in Ref. |[32]. These terms are required by
electroweak gauge invariance. The top quark couples to N, but not to vy, so contributions to
the neutrino mass arise at two-loop level, as shown in Note that there is a chirality
flip on the internal bottom quark line in both diagrams. Thus, a rough estimate of the neutrino
mass contribution from the first diagram in is

3
N Y1y myp

3
(1627 10 eV, (7.15)

omp

using the chosen values for the couplings. This is still around three orders of magnitude below
the estimated contribution in a model without the Voloshin mechanism. To obtain the estimate
from the second diagram in one must exchange (y1y2) for the SU(2) gauge coupling
g%, which does not change the conclusion. Thus, a Dirac mass is still present and must be
dealt with to obtain acceptable active neutrino masses. In we will explore how the
desired neutrino mass spectrum can be achieved.
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Figure 7.4: Contributions to the Dirac mass of the Neutrinos coming from the SU(2), breaking
top quark interaction terms in the scalar leptoquark model. Since these diagrams arise at
two-loop order, the contributions to the neutrino mass are smaller than the one-loop diagram
which would contribute in the absence of the SU(2), symmetry.

It should be noted that the scalar leptoquark model described here can explain B-meson anoma-
lies as well as a large neutrino magnetic moment [32], making it more compelling. In|Chapter 8
these flavor physics anomalies will be described in more detail as we propose a vector leptoquark

model for a large neutrino magnetic moment which explain the B-meson anomalies as well.

7.3 More Neutrino Flavors

So far we have focused on a single active neutrino flavor, assumed to be the muon neutrino. A
straightforward extension of the model is to include the other active flavors. Considering only
the singlet S for simplicity, the leptoquark-neutrino interaction term is modified to

LD —ys Z EVQLSI + H.c.
a=¢e,[,T

4 (7.16)
= —Y2 Z Z UakEPLVkSI + H.C.,

a=e,u,T i=1

where in the second line, we switched to the mass basis. Since the model now contains four
neutrino flavors —three active and one sterile —there are four mass eigenstates. The interaction
in permits magnetic moment transitions ;7 — vy. The diagrams are the same as
[Fig. 7.24) and [Fig. 7.2D] exchanging v, — v; and Ng — vy. The amplitudes are

M= Ly y26/ d'k u(qy)Pr(K +mp) Pru(q:) (g} + df + 2k")
© 3T @m R - mi + e [(qi + k)2 — mig +ie] [(af + k)2 —mg +ie]

(7.17)

M; = _;Ncy%e/ d*k u(qp)Pr(f — d ¢ + mp) v (K — d; + mp) Pru(q;)

@m)* [(k — qp)2 — m2 +ie] [(k — )2 — m2 +ie] [k2 — m2 g +ie] (7.18)
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which give, to first order in neutrino mass, the magnetic moment

eys (my + m;) 1 2 2aloga
Hri =

- U:gUr, — UgUT ), (7.19
1287T2m%Q 1—a+ (1—(1)2 (1—(1)3 Z ( IBYia B fa) ( )

a?/B:€7/J/7T

where we have assumed the massive neutrinos are of Majorana type due to the presence of the
heavier Ng, and used to obtain the magnetic moment from two of the four allowed
diagrams. The magnetic moment is proportional to the neutrino mass, as in the Standard
Model case. This is expected, since the leptoquark interaction only contains the
left-chiral part of the neutrino, and the chirality flip has to occur at an external line. Thus, a
large neutrino magnetic moment between the light states is not possible in this model. However,
we have an opportunity to investigate how the mass proportionality arises in the evaluation of
the loop integrals.

Let us compare M, in|Eq. (7.7)land M, in|Eq. (7.17)l Their spinor structures only differ by the

leftmost chirality projector, which is Pr, in M, and Pg in M,.. The denominators are identical.
As in the calculation of the anomalous magnetic moment of a charged lepton, we use Feynman
parametrization to rewrite the denominator and shift the integration variable k* such that

1 /1 1
—— =2 [ dedydzé(z+y+z—1)——, (7.20)
ABC 0 (k2 — A)3
where
A=k —mi +ie,
B = (g +k)? —m2, + ic,
( )2 e (7.21)
C=(qr + k)" —mipq +ie,
A =axml+yly—1)m? + 2(z — 1)m?« +(y+ z)m%Q + 2y2qiq5,
and k* was shifted by
E* — k" — gt + zq}L. (7.22)

We now turn to the numerators, considering first that of M,.. Since v5 and y* anticommute
and Pr,Pr = 0, the my, term vanishes. Shifting k#* according to [Eq. (7.22)| gives

Me o tu(qyp) Prk(a) + df + 2k")u(a)

7.23
— alay)Pr (K — vt + 2dy ) (1= 20)al' + (1 +22)af + 28 ) u(q). 2

Now, distributing the chirality projector and utilizing the momentum space Dirac equation, we
obtain

M. x u(qy) (Prk — ymiPr + 2msPp) ((1 —2y)g + (1 + 22)q§f + 2]4:”) u(qi), (7.24)

and the proportionality to the neutrino masses becomes apparent. Meanwhile, in the numerator
of M, only the my, term survives. There is no } which brings ¢; ; upon shifting the integration
variable, and thus the amplitude is proportional to my instead of the neutrino masses. Again,
this is traced back to the fact that the interaction Lagrangian includes couplings to a right-chiral

neutrino.
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7.4 Neutrino Mass Scenarios

So far, we have assumed a neutrino sector containing the fields v;, and Ng, and the Voloshin
mechanism has been employed to avoid a large loop contribution to the neutrino mass. However,
the specifics of the neutrino mass terms have not been discussed. The desired mass spectrum
is one light state of the order 0.1eV, and one heavier state of the order 100keV. In the limit
of exact SU(2), symmetry the Dirac mass term is forbidden, but as we saw in the
symmetry is explicitly broken, giving dmp ~ keV. Thus, we still need some tuning unless the
correct mass scale is generated by some other mechanism. For example, the ordinary see-saw
formula requires my ~ 10MeV to generate the correct active mass without tuning, which is
infeasible for explaining the excess in recoil event from < MeV solar neutrinos. In this section
we explore further options for generating the desired neutrino masses.

With the goal of more flexibility in neutrino mass generation, we add a chiral singlet fermion
Fy, to the model. Let us assume the following mass Lagrangian:

_ 1 _
Linass = —mMpUVLNg — mypFrLNp — imFFEFL + H.c., (7.25)

in which the new fermion has a Majorana mass term while the other two fields only appear in
Dirac mass terms. Defining the array of left-chiral fields

U, = (VL N% FL)T : (7.26)
the mass Lagrangian is written as
Linass = %q{owh, (7.27)
where M is the 3 X 3 mass matrix
0 mp 0
M=|mp 0 mpyp|. (7.28)

0 myrp mp

To diagonalize M and obtain the mass eigenvalues, we use the technique shown in Ref. [48].

( 0 mNF) : (7.29)
myg mpg

We define the matrices

M, = (”BD> , M,

so that the mass matrix can be written as

0 Mr
M= <Ma Mb) : (7.30)

Note that the structure of M; and the block structure of M are identical to the combined
Dirac-Majorana mass matrix in [Eq. (2.110)} so the same formalism can be employed.
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7.4.1 Double See-Saw

Let us now assume

2
m
mp, myr < mF, mp < —nfLVF. (7.31)
F

The condition myp < mp gives see-saw eigenvalues for M. That is, the eigenvalues of M, are
approximately mg and m?\, #/mp. By assumption, both of these are much larger than mp. We
can therefore use the results of the see-saw mechanism with 3+n neutrinos. Block-diagonalizing
M gives

0
WIMmW ~ ™ : 7.32
() o

where m; and the eigenvalues of My are the neutrino masses. Carrying over the results in

we have

mi = —MgMb_lMa

mr 1
_ T m2 MNF mp
=~ (mp 0) | 0 ( 0 ) (7.33)

mNF
2
-
Myp
Thus we have the mass spectrum
m%mp m?VF
myp = ) mog = ——— m3 =mpg.
TNE e (7.34)
_mp _ MNF
mo’ ms

As two of the masses have a see-saw formula, this is called the double see-saw mechanism. The
masses m; and mg are related by the exact same equation as in the conventional see-saw case,
so no new parameter space is opened up. Invoking Occam’s razor, this scenario is disfavored,

since the introduction of F, provides no benefit.

7.4.2 Inverse See-Saw

We now turn to the scenario
mp < mp < MNF, (7.35)

which is called the inverse see-saw. mp is required to be small, but since lepton number is
conserved in the limit mp — 0, this scenario is natural in the 't Hooft sense. In this context, a
small valued parameter is natural if a symmetry is restored when the parameter goes to zero [49].
The mass matrix still has the structure of and we define the same matrices M, and

My, as in The eigenvalues of M), are

1
mag =5 (mp + y/m% + 4m§\,F) , (7.36)
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which give the two heavier masses. Expanding to first order in the small ratio mp/muyp and
redefining the fields with unphysical phase shifts to make the masses positive, we have

1
mo3 < MNF + §mF. (737)
The masses are nearly degenerate. Note that the mass eigenvalues mgo 3 are much larger than
mp, by the assumption [Eq. (7.35)l Thus, we can proceed with diagonalization using the same

method as for the double see-saw scenario, obtaining

2
mpmp

my = “DIE (7.38)
Myp

Our requirement for mq fixes myr ~ 10°eV. Then, to achieve m; ~ 107! eV while satisfying
we take mp ~ 10*eV and mp ~ 10eV. The correction dmp ~ 10%eV is therefore
not an issue. The Dirac mass is one order of magnitude below the electron mass. While this
means the neutrino Yukawa coupling is small (O(1077)), it is still several orders of magnitude

larger than it would be without invoking a see-saw mechanism.

In the limit mp — 0, the two heavier states combine to form a Dirac spinor, and the light state
becomes massless. Defining the small ratio R = mp/myp, the mixing matrix is approximated
by

-1 £ E
V2 2
Wa| 0 —% % , WIW =1+ O(R?), (7.39)
R 1 1
V2 VR

Parameterizing the mixing matrix in the standard way, we can extract the three Euler mixing
angles. There is maximal mixing between the two sterile states, with tanfyp = 1/v/2. The
active-sterile mixing is tanf,g = :tR/\/i, with § = F, N. With the numbers assumed above,
[tanf,s| ~ 107!, This is probably excluded by experimental limits, but further analysis is
needed to draw a definite conclusion [50, 51]. Thus, we avoid tuning at the cost of large active-

sterile mixing.

In conclusion, the correct neutrino mass spectrum can be obtained without fine-tuning in the
scalar leptoquark model by invoking the global SU(2), symmetry together with the inverse

see-saw mechanism.
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Chapter 8

Vector Leptoquark Model

8.1 The Model

For a model to generate neutrino magnetic moments at one-loop, it must contain couplings
between the neutrinos and charged particles, which run in the loop and couple to the external
photon. There are two generic possibilities: the loop contains a vector boson, or a scalar boson.
We have now seen these cases in action; in the previous chapter, we looked at a model with
a charged scalar, in the form of a leptoquark, coupling to the neutrinos. Meanwhile, in the
Standard Model, the W bosons, which are charged vectors, run in the loop. In that case the
neutrino magnetic moment is heavily suppressed by the neutrino mass. In this chapter, we
explore the possibility of a new charged vector particle, in the form of a leptoquark, produc-
ing a large neutrino magnetic moment. We will also explore the possibility of simultaneously
explaining flavor physics anomalies.

To generate a sizable neutrino magnetic moment, we need the vector leptoquark to couple
both to left- and right-chiral neutrinos. There are two options [45]: The SU(2)y, singlet U}" ~
(3,1,2/3), and the doublet V§* ~ (3,2, —1/6), where the brackets signify quantum numbers
under the Standard Model gauge group. Here, we focus on the singlet U{’, which has been
studied in the context of B-meson anomalies and muon g — 2 [52-55]. With a single right-chiral
neutrino Ng, Ul couples to leptons and quarks through the Lagrangian

LD U{L (xiLam'Y,uLaL + x?%'ﬁtgal% + x%VW’YuNR> ) (8'1)

where Q;1, are the SU(2) quark doublets, u; are the up-type quarks (u,c,t), d; are the down-
type quarks (d,s,b), a is the lepton flavor index o € {e,pu,7}, and xiL"fR are dimensionless
couplings. Thus, every quark generation is coupled to every lepton flavor with varying coupling
strengths. The couplings to first generation quarks and leptons are strongly constrained by
atomic parity violation and p-e conversion on nuclei [45]. Thus, we let xi‘f‘R = 0 for all «, and
CCZLe r = 0 for all 7. Therefore, the model cannot produce neutrino magnetic moments involving
the electron neutrino. However, we can obtain a transition magnetic moment iy, to explain
the XENONIT excess as interpreted in Ref. [32].

Whereas the scalar leptoquarks in[Eq. (7.6)|and [Eq. (7.11)|couple the right-chiral neutrino to the
down-type quarks, we see from [Eq. (8.2)| that the vector U{" couples Ng to the up-type quarks.
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Assuming the couplings are not separated by several orders of magnitude, the dominating
contributions will be those with the top quark running in the loop, giving amplitudes enhanced
by its large mass.

Eq. (8.2)|is written in the weak basis, which coincides with the neutrino flavor basis. Expanding
the SU(2), doublets, and writing the quark fields in the flavor/mass basis, we receive factors of
the unitary quark transformation matrices V;' ’g. Multiplying by VLdVLdT = 1 and absorbing the

remaining transformation matrices into the coupling matrices, we can write
Lo U | V.M Pdipyul B diryl P 8.2
DNV wid; T WL YuVaL + 2L Qi Vubal + TR iR VubaRr + TR WiRYuiVR| - ( . )

With the goal of obtaining the v, — Np transition magnetic moment, we keep the neutrinos in
the flavor basis. Our coupling flavor structure then coincides with that of Ref. [55].

The kinetic terms of U}" and its interactions with the Standard Model gauge bosons are governed
by the Lagrangian [45]

1 ” 2 ) A ”
LD —§U1TWU{‘ +m, UL UL + zg'nygUlTMUl,BW + zgsnsUlTMTUyG“ : (8.3)

where my, is the mass of the leptoquark, U} = DFUY — D¥U}" is the leptoquark field strength
tensor, and DF = Ot + ig’%B“ + z'gS%fol is the covariant derivative. B* and G'j are the
hypercharge gauge boson field and the gluon fields, respectively, with B*” and G*}” the corre-
sponding field strength tensors. Ky and x, are dimensionless parameters. Setting Ky s = 0 gives
a minimal coupling. We take xy s = 1, obtaining a Yang-Mills coupling analogous to the WW~y
coupling in the Standard Model. For completeness, the couplings between Ul and the gluons
were included in but they are not relevant to our discussion.

After electroweak symmetry breaking, [Eq. (8.3)[ contains the couplings between the leptoquark
and the photon. To calculate the neutrino magnetic moment, we extract the terms with two
leptoquarks and one photon, which are

Lo %ie [(8"U{’ —o'u) a0, - (ot - orutT) A, + (UtTuy - uyio) 8MAV] .
(8.4)

8.2 Prediction for the Neutrino Magnetic Moment

In [Eq. (8.2)] and [Eq. (8.4)] we have all the necessary ingredients to calculate the transition

magnetic moment ppy,,. The diagrams contributing at one-loop are similar to those in the

Standard Model calculation of but are shown in for convenience.

74



(b)

Figure 8.1: Diagrams involving the vector leptoquark U}" contributing to the transition mag-

netic moment pupy,,. The interaction Lagrangian [Eq. (8.2)| allows any up-type quark to run
in the loop. Since the internal quark line contains a chirality flip, the magnetic moment is

proportional to the quark mass.

The amplitudes obtained from [Fig. 8.1aland [Fig. 8.1b| respectively are

feN Z fl(Mx]La zV)* (8.5)
4,j=1,2,3
d‘k w(qy)” Pr + mu, )y Pru(q:)
X 4 . 2 . 2 . (86)
(2m) [k;2 —m32. + 25} [(Qf —k)? — mg, + 25] [(ql —k)? — mg, + zs]
qr — k)u(qr — k) qi — k) p(qi — k)
X(_gy/\+(f )gf ))(_ngr( )pg )
mUl mUl
K )‘ K K
X [¢" (k+qr —2¢:)" +g ’\(qi+qf—2k)”—&—g”A (k+q —2q7)" ],
*EN Z CKM ja %V)*
ij=1,2,3
/ d*k w(gp)V Prdy — K+ mu )V (d; — ¥ + mu )y Pru(ai) (= gup + kukp/mi;,)
(2m)4 (k% — mQU1 +ie] [(qr — k)2 —m2, +ic] [(@ — k)? — m2, + ic] ’
(8.7)

where m,,, is the mass of the quark running in the loop. Extracting the magnetic moment using

[Eq. (4.30)| yields

eN, CKM jar (il s 3 3a2 loga?,
vy = ———— VOEM2 (i) % ay, | 1 - : :

(8.8)

= elN CKM i N
= Sirm O Vi o @R F (),
1,7=1,2,3

where a,, = my,/my,. This is the general transition magnetic moment for a neutrino of flavor
a to the sterile neutrino, with contributions from all three up-type quarks. The result was
cross-checked with the formulae in Ref. [47].

As already mentioned, we assume the couplings to the first generation of leptons are zero. Thus,
knNv, = 0. Here we focus on fin,,. The three terms in |Eq. (8.8) each receive a numerical factor
from the loop function f(a,,), which depends on the mass of the vector leptoquark. With
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certain model assumptions, the CMS collaboration has constrained the vector leptoquark mass
to above 1530 GeV [56]. For numerical calculations, we here take my, = 2 TeV. Then, the loop
function takes the values

flay) =~ 4.6 x 1076,
fla.) ~ 2.5 x 1073, (8.9)
f(at) ~ 0.34.

Clearly, the contribution from the top quark dominates. This corresponds to the ¢ = 3 term in
[Eq. (8.8)l which gives

Nemepin (1 crm 2 CKM, 3 3N\
KNy, ~ m (V;fs ' + Vi xLH) (zr")" flar), (8.10)
where the magnetic moment has been written in terms of the Bohr magneton pp. Using global
fits for the CKM matrix elements [10] and choosing the couplings :C’L‘Z = —:1:%3 = 0.05, z3¥ = 0.5,

we obtain the numerical result
vy, | = 5.7 x 107 g, (8.11)

which means that the model can accommodate the desired value ~ 10~ 13 with small coupling

constants.

The coupling to the third generation of quarks gives the largest contribution because of the
magnitude of VtSKM Interestingly, setting xf’ = 0 such that up,, is proportional to the off-
diagonal CKM element VthM, we still find pp,, =~ 3.1 x 10~y with :L"‘]-f2 = x?j%N = 0.6. Thus,
the model can explain the XENONIT excess in a large region of parameter space. However,
these coupling values are not suitable to explain flavor physics anomalies, as we shall see in the

next section.

Doing a similar calculation with the charm quark running in the loop, corresponding to the ¢ = 2
term in gives a contribution of 1.6 x 10~ 13 even when all the relevant couplings are
set to 1. If x%N ~ m:;’%N , such that a large hierarchy does not weigh up for the difference between
the top quark contribution and charm quark contribution to y,,, we can neglect the latter.

8.3 Flavor Physics Anomalies

In the Standard Model, the gauge interactions act identically on the three generations of leptons.
This accidental symmetry is called lepton flavor universality (LFU), and is only broken by the
Yukawa interactions. That is, the only property differentiating the three generations is the
mass of the particles. A violation of LFU would be a clear indication of new physics, thus
motivating experimental searches for such phenomena. In particular, experimental data on
decays of B mesons show deviations from the Standard Model predictions, which may be signs
of new physics.

The vector leptoquark U!' can be used to explain such LFU violations. The authors of Ref. [55]
propose the coupling structure
2 3p 317 2N
) xl ay ey #0, (8.12)

which we shall now explore in the context of observed flavor anomalies.
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The R(D™) Anomaly
In the Belle [57-60], BaBar [61} |62], and LHCb [63-65] collaborations, LFU has been tested in

the charged current transition b — c¢fv, the observables being the ratio of branching fractions

Br(B — D™¥rp,)
R(D™) = T 8.13
() Br(B — D¥(l4v,)’ (8.13)

where a = e, 4, and B and D™ are non-strange beauty mesons and charmed mesons, respec-
tively, the asterisk referring to an excited state. The world averages of measurements, and the
corresponding Standard Model predictions are [66] (Spring 2021 update [67])

R(D)exp = 0.339 £ 0.030,  R(D*)exp = 0.295 4 0.014,

8.14
R(D)sy = 0.299 +0.003,  R(D*)gy = 0.252 = 0.005, (8.14)

The measurements exceed the Standard Model prediction at a combined significance of 3.4¢.

Introducing the U; leptoquark with the interactions in the b — clv transition receives
the extra contribution from b — ¢ Np shown in With the goal of comparing the model
predictions to the experimental values, we now calculate the quantity

R(D™)eyy | BB~ DM 1D)iotal
R(D®)gyy ~ Br(B — D®1o)gy

1. (8.15)

The branching ratio is defined as Br(A — B) =T'4,5/> T, where I'4_, 5 is the decay rate of
the process and > T is the total decay rate. Thus, we can write

RODW)exp | _ (U peremr T Ppoperwg) /(X Tsm + Tp peorg)
R(D®)gm Lpperr=/2-Tsm

~ 1 (8.16)

Assuming the new physics gives a small contribution to the decay rate relative to the total
Standard Model decay rate, this reduces to

RODW)ep _  Tsopong
R(D™)gy L'p s peorom

(8.17)

Since we are calculating a ratio of decay rates, complications due to the hadronic structure
cancel out, and we can work at the quark level. Further, since the neutrino masses are many
orders of magnitude smaller than the quark masses, the difference in phase space is negligible.
Thus, the ratio only depends on the squared unpolarized amplitudes,

2
ROy Myt g

A . 8.18
R(D®)su Mooror|? (8.18)

unpol.

Using the Feynman rules of the Standard Electroweak theory and the vector leptoquark model
shown in one can straightforwardly write the amplitudes for the processes

b(p1,s1) = c(p2, s2) + 7(p3, s3) + U(pa4, 54), (8.19)

where the quantities in the brackets are the momenta and spins of the external particles, and v
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denotes either v or Ng. We obtain

—g" + q'q” /mE,
Mo = —Z*VCKM (s, (p3) 7 Prvs, (pa)] 2 m2/ W g, (p2)yw Prus, (p1)]
w
~ - '2m2 5 M [ty (p3)y* Prvs, (pa)] [Wsy (p2) v Prus, (p1)] (8.20)
w
_ —g" +a"q"/mp,
Mb—>CTNR Zx%%N( ?}){)* [u83 (p3)7MPRUS4 (p4)] qg —m2 % [usz (pZ)%/PRusl (pl)]
Uy
TR @) p _
~ — m2 [u83 (p3)7 PRUS4 (p4)] ['LL52 (pQ)'YuPR’U«sl (pl)] P (821)
Uy

where ¢ = po—p1 = ps+ps. The process has the characteristic energy scale m., my ~ O(1 GeV),
so we have taken the limits ¢>/mj, — 0 and ¢?/ m%]l — 0. To find the squared amplitudes, we
average over initial spin and sum over final spins,

‘M|unpol Z M*M. (822)

51752753754

Using energy projection operators to eliminate spin sums as described in [Eq. (B.12)| the Stan-
dard Model process yields

Mol = G VB (829
where
A = 16mlm tr (g5 + me) 7" (1= 35) (9h — m0) (1+75) 7"
= mlmy (P52l + Pt — papag"” — i psapyy ) | (8.24)
B — mﬂjmb tr [(p + me) Y (1= 75) (4 + mi) (1 +75) 7]
= 2m1mb (pﬁp’ﬁ +piph — p1p2g™” + ie’“”\ppmmp) : (8:25)

The traces of products of gamma matrices were evaluated using the relations in [Eq. (B.5)]
Contracting, we obtain

4
2 9 ckm 2 (P1ps) (p2pa)
My—erz | unpol. = L B 8.26
} b=eTUr [ynpol. Sm%V‘ cb My M ( )
Meanwhile, the leptoquark diagram gives

2N .37 |2

2 |2
‘MbHCTNR‘unpol WCHVDMV, (827)
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Figure 8.2: Tree-level diagrams contributing to the flavor observables R(K*)) and R(D™)) in
the model with a vector leptoquark U{" and a sterile neutrino Ng.

where
1
C#V -t m 1 . 1— v
Ty 0 [ me) 7" (14 75) (s = mavg) (1= 75) "]
1 4 . >\
= e, (pSPff + Phplf — papagh’ — i€ ﬂpgmp) , (8.28)
1
DW=~ ¢ (1 1 5
T 1[0+ ) 7 (1436) (0 +7m) (1= 75) 2]
1 o
- Imym, (plfpg + pips — pipsgh” — i ppupgp) , (8.29)

which gives the unpolarized squared amplitude

2
Y — |25 237 | (p1ps) (p2pa)
b—c7NRg lunpol. 2m4[1]1 Mymemm,, .

(8.30)

Taking the limit m,, = my, — 0 and inserting [Eq. (8.26)| and [Eq. (8.30)|into [Eq. (8.18), we

arrive at

2
R(D™)exp, L |23 237 | vt

, (8.31)
R(D™)gy my, AVGEMP2

where the relation my = vg/2 was used.

Since R(D) and R(D*) are both given by we use the average of the ratios

R(D)exp/R(D)sm and R(D*)exp/R(D*)sm, weighted by their uncertainties given in [Eq. (8.14
Doing so gives the requirement

22N 3712 4
=5 o | cxary = 0-159 + 0.065, (8.32)
corresponding to
|22V |” = 4.57 (8.33)

at the central value, which falls within the 1o region for both R(D) and R(D*).
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The R(K®™) Anomaly
Another flavor observable is the ratio

Br(B — K®putpu™)
() —
R(E™) = Br(B — K®ete~)’ (8:34)

where K*) are the K-mesons possessing non-zero strangeness. The decays in come
from the neutral current transition b — sf*¢~. Since there are no tree-level flavor changing
neutral currents in the Standard Model, the transition happens at the one-loop level. Because of
the small mass of e and p in comparison to the b quark mass, the Standard Model predicts these
ratios to be close to unity [68]. Recently, the LHCD collaboration published the experimental
value [69]

R(K)exp = 084615001, (8.35)

which is a 3.10 deviation from the Standard Model. LHCDb has also performed the most accurate
measurement of R(K™) [70],
R(K*)exp = 0.6970 45 (8.36)

This value deviates from the Standard model at 2.40. Both the experimental values correspond

to a dilepton invariant mass squared between 1.1 GeV? and 6.0 GeV?2.

On the theoretical side, the b — s¢T¢~ transitions can be treated in a model-independent way
by using effective field theory. In this framework one constructs an effective Lagrangian by
integrating out the heavy degrees of freedom and adding up the possible relevant operators of
a given mass dimension. Such a Lagrangian encodes the low-energy behavior of the Standard
Model and potential new physics (NP), and can be written accordingly as

Lo = LI+ £NF. (8.37)

Relevant to R(K (*)) are the dimension 6 operators containing b, s and two charged leptons /.
As will be explained shortly, the operators of interest here are

e .
£NP —\/EF Y, SKMy CKM % (033““038““ n Ci’f)““O’{g““) +He., (8.38)
where
b _ _ b. _ _
O’ = (5y,Prb) ("), Ol = (5yuPrb) (v vsp) (8.39)

and Cy 19 are the so-called Wilson coefficients. The subscripts on the operators and coefficients

come from the naming convention commonly adopted in the literature.

Having integrated out new heavy fields, the effect of new physics can be encoded in the Wilson
coefficients, allowing a model-independent analysis. A recent such analysis, based on data on
rare B decays, can be found in Ref. |[71]. In a combined fit to rare B decay data, it was found
that the scenario

Chsm — _Cbsm — _0.39 +0.07 (8.40)

is preferred over the Standard Model.

To connect to the leptoquark model, consider the diagrams in The amplitude corre-
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sponding to the process b — su™ ™ is

—g" + ptp” /mi,
Yy Prup| , 8.41
p2 _ m2U1 [ By :| ( )

3p
Ty,

.2 —

My gty = —ia " (x]")* [us'yHPLv#]
where the subscripts on the spinors indicate the corresponding particle, and p* is the momentum
of the intermediate U}'. To match with the effective theory in [Eq. (8.38), we take the limit

pz/m2U1 — 0, giving

xr ()t -
Mb—>s;ﬁ,u* ~ _ZLn(lgL) [USVMPLUM] [u,u')/,uPLub] . (8.42)

Using the appropriate Fierz identity [3, p. 66] to rearrange the spinors, and expanding the
rightmost chirality projector, the approximate amplitude can be rewritten as

AT
Mb%sm‘u— A 92 [wsy" Prug) [Uu%ﬂfu]
U
.7)2“(1‘3;)* (843)
+1 L2 2L [ﬂs'}/MPLub] [au%/)%v,u] .
Uy
As is evident from the operators in [Eq. (8.39), this matches the effective description if
) 20 3p %
chvn = g = -T2 r) (8.41)

K T
where v is the Higgs vev, and we used the relation Gr = (v/2v?)~!. Thus, with the same
coupling structure needed to produce the transition magnetic moment in the model
also contributes to R(K*)). The relation CJ** = —CP"" arises since the contributing term in
the interaction Lagrangian is a current of left-chiral muons. Note that the negative
sign in is cancelled by the sign of VtSKM Thus, assuming real couplings, we require
xi“ and xi“ to have opposite signs in order to fit the data. To reach the central fit value in

[Eq. (8.40)| the requirement is
et = —2.38 x 1072, (8.45)

From [Eq. (8.31)] and [Eq. (8.44), we see that it is possible to explain both the R(D®*)) and

R(K™) anomalies in the model given in [Eq. (8.2), given the couplings in [Eq. (8.12)l With

these couplings, a transition magnetic moment py,, is induced at one-loop order with a charm

quark running in the loop. To explain the flavor anomalies, the authors of Ref. [55] take

¥ 23N ~ O(1) and xi" ,:c?i“ < 1. As discussed in [Section 8.2| this is not sufficient to explain
the XENONIT excess.

To obtain a large pix,,, we extend the model to include a non-zero x?j%N , allowing the top quark to
run in the loops. As pointed out in Ref. [55], this does not alter the flavor anomaly contributions.
Then, the formula for the neutrino magnetic moment is The observables pny,
and R(K (*)) both depend on 33%“ and xi“ , so we seek a region of parameter space which can
accommodate them simultaneously. Meanwhile, R(D™*)) does not share parameters with the
leading contribution to the neutrino magnetic moment, so we adjust the couplings a:?{ and x%%N
assuming they do not affect pn,, .
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Figure 8.3: Preferred parameter regions in the xi“ — mi” plane. The gray hatched region is

the 1o region for the Wilson coefficients Co**#* = —CY"" which explain the R(K*)) anomalies.

The green areas are regions where \,u,NVH\ lies between 4.5 x 10*11/;3 and 6.5 x 10*11;1,3, for

three different values of x%—{N . The black line is x‘z“ = —a:i“ , showing where these couplings

have the same magnitude. Overlapping regions correspond to parameters which can explain the
R(K™) anomalies and the XENON1T excess simultaneously.

For the remaining parameters, we fix x%" and x%“ such that [Eq. (8.44)| gives Wilson coefficients
in the favored region, and then adjust x3RN to obtain the desired py,,. This is illustrated in
Fig. 8.3l The 1o region for Cgs” H = —Cfg” # is obtained by inserting the values in [Eq. (8.40)
into [Eq. (8.44)| and solving for :L‘%u . This gives a:i“ x —1/ a:i“ , resulting in the two symmetric,
hatched regions.

Also shown in are parameter regions which give |un,,| between 4.5 x 10~ yup and
6.5 x 107" 5. There is a small dependence of the neutrino magnetic moment on x%“ , which
comes from quark mixing. This alters the preferred parameter regions slightly, giving them a
small slope. The magnetic moment depends linearly on the couplings, so taking the absolute
value results in two distinct regions for each choice of xBj%N . It is clear from that
overlapping parameter regions for the two observables can be found while keeping all couplings

small.

To ensure the validity of the model, the authors of Ref. [55] calculated limits on the couplings
coming from constraints from other observables. These are observables related to tree-level
processes of beauty, charmed, and strange mesons. The addition of l‘?l’%N # 0 in the model does
not contribute at tree-level, and there are no analogous constraints involving the top quark since
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it does not form bound states. To summarize, the most stringent constraints given are [55]

Br(B, — uN) = |z3'z3| <0.23, (8.46)

Br(Ds —» uv/N) = ‘xiﬂm%{N‘ <0.17 (177:[%{[)2, (8.47)

Br(B, = ) — | (@2) 2| < 8.8 x 10° (%)2 (8.48)

To reach the benchmark point xi“ = —:ci“ ~ 0.05 with my, = 2TeV, the constraints give

:E?j{ < 0.70, IL‘%N < 4.6, which still gives room to satisfy [Eq. (8.32)

Looking at [Fig. 8.3] there are large overlapping regions for R(K®)) and |p N, | when increasing
x%” , since the curve for CSS“ H = —C’ff)“ # flattens out and matches the slope of the preferred
|y, | region. However the stringent limit from Br (Bs — 7u) then requires one to reduce 37

and thus increase of %" to explain the R(D D™)) anomaly.

In summary, choosing an appropriate point in parameter space, the model can explain the
R(D™) and R(K®™)) anomalies together with a large | KN, |, while satisfying constraints and
keeping the couplings small. As a concrete example, the point

(xi“,:ci”,m%,x%\’,%)x(o.05, —0.05, 0.7, 3.0, 0.5) (8.49)

gives the desired outcome. The charm contribution to |y, | is in this case more than an order
of magnitude lower than the top contribution.

As usual, when removing the photon line from either diagram in we obtain a diagram
contributing to the Dirac neutrino mass. The authors of Ref. [55] estimate a contribution
proportional to the charm quark mass. Here, since we allow the top quark to run in the loop,
the dominant contribution is

L sy 3 2
omp ~ 162 3 (azL“V}b + ﬂfLMVts> ) (8.50)

which gives dmp ~ 1 MeV with the couplings needed to fit the data and avoid constraints. With
only a Dirac term contributing to the neutrino mass, this means the neutrino Yukawa coupling
must be tuned with an accuracy of one part in 107. The authors of Ref. [55] invoke the inverse
see-saw mechanism to obtain acceptable active neutrino masses. Here, requiring active-sterile
mixing to be

tanf,y ~ — < 1072, (8.51)
mp

the inverse see-saw scenario would lead to a heavy mass eigenstate with mpy ~ 100 MeV, which
ruins the explanation of XENONI1T data. Thus, fine-tuning of the neutrino Yukawa coupling
is necessary.
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Chapter 9

Conclusions and Outlook

Motivated by recent experimental results, this thesis has discussed magnetic moments of neutri-
nos in and beyond the Standard Model. In 2020, the XENON1T experiment reported an excess
in electron recoil events at recoil energies around 2-3 keV. This excess can be interpreted as the
consequence of a neutrino magnetic moment on the order 10~ 153, many orders of magnitude
above the Standard Model prediction.

To facilitate a clear discussion, the theoretical background necessary for discussing neutrino
magnetic moments was given. This included an introduction to neutrino physics in the Stan-
dard Model, and some extensions of the standard theory to account for neutrino masses. A
thorough introduction to magnetic moments was given, where we connected the classical pic-
ture to the quantum mechanical one. We saw that in the framework of quantum field theory, the
magnetic moment can be generalized to a coupling constant in an effective Lagrangian, includ-
ing transition interactions between different particle states. The identification of the magnetic
moment in this way was justified by taking the non-relativistic limit and connecting back to the
classical concept.

Since neutrinos are electrically neutral, their magnetic moments arise only at loop-level in
quantum field theory. To allow the systematical calculation of neutrino magnetic moments in
any given model, the electromagnetic vertex function for neutrinos was decomposed into form
factors, and we identified the neutrino magnetic moment as one of these form factors. Using
this description, magnetic moments can be extracted from amplitudes by means of projection
operators, allowing us to avoid calculating entire loop integrals. The methodology was adapted
to the specific case of a transition magnetic moment from an active neutrino to a heavier
singlet state, connecting our discussion to other works which consider this scenario. We saw
how the magnetic moments of Dirac and Majorana neutrinos differ; for Majorana neutrinos
the magnetic moment is antisymmetric in the space of neutrino states, thereby only allowing
transition magnetic moments. Magnetic moments of Majorana neutrinos can be treated using
established Feynman rules for fermion-number violating processes, or they can be extracted

from the corresponding Dirac magnetic moments.

Like mass operators, the magnetic moment operator flips chirality. Since the Standard Model
neutrinos are left-chiral, a non-zero neutrino magnetic moment requires right-chiral neutrinos in
some form. Thus, the discussion of neutrino magnetic moment is closely connected to neutrino

mass generation. In the most straight-forward extension of the Standard model, neutrino masses

84



are generated by Yukawa couplings to the Higgs vev, and the neutrino fields take the form
v = v +vg. In that case, magnetic moment interactions are transitions between the two chiral
components, exactly like in the case of the magnetic moment of charged leptons. If neutrinos
are Majorana particles, their chiral decomposition is v = vy, + v}, with transition magnetic
moments between chiral components of different states. In both these scenarios, the neutrino
magnetic moments were calculated assuming the standard electroweak interactions. Using the
projection technique, we arrived at magnetic moments which agree with the literature. These
results show that the electroweak interactions give neutrino magnetic moments proportional to
the neutrino masses. This was understood from the structure of the electroweak interactions;
They act only on left-chiral states, so the necessary chirality flip must occur on an external

neutrino line, leading to a mass insertion.

To generate large neutrino magnetic moments, one must introduce non-standard interactions
in which the right-chiral neutrinos participate. Then, the chirality flip can happen inside the
loop and one avoids the proportionality to the neutrino mass. However, a model building
challenge arises in such models; the diagrams which generate neutrino magnetic moments also
give loop corrections to the neutrino mass when the external photon line is removed. The loop
diagrams act as Dirac mass operators, and the resulting corrections give unacceptably large
neutrino masses if the magnetic moments are to be large enough to be detected by current
experiments. Therefore, the tree-level neutrino mass must be tuned to compensate the large
correction. Using a rough, model-independent estimate we found that the neutrino Yukawa
coupling must be tuned to an accuracy of one part per million.

It is desirable to avoid fine-tuning of the parameters in a theory. Therefore, we discussed the
Voloshin mechanism as a solution to the tuning issue. In this scenario, the left- and right-
chiral neutrinos constitute a doublet under a new global SU(2) symmetry, which forbids the
Dirac mass operator while allowing the magnetic moment operator. We saw how this symmetry
mechanism can be implemented in a specific theory when we considered a recently proposed
model with scalar leptoquarks coupled to the third generation quarks [32]. In this model,
transition magnetic moments occur between the muon neutrino and a sterile, right-chiral state
Npg of mass lower than 1 MeV, which is a kinematically possible process for solar neutrinos. The
transition magnetic moment iy, was calculated, our results disagreeing with Ref. [32] by a
factor of 2. We saw how the Voloshin mechanism is implemented by the introduction of a second
scalar leptoquark, with the two leptoquarks together transforming as a doublet under the new
SU(2) symmetry. This symmetry requires equal leptoquark couplings and masses, leading to
the cancellation of the 1-loop mass diagrams. In the context of the scalar leptoquark model,
the generation of the correct neutrino masses was also discussed. The Voloshin mechanism
mitigates the fine-tuning issue, and we found that the inverse see-saw mechanism is suitable to
obtain the desired masses, albeit with a large active-sterile mixing angle.

A model with vector leptoquarks was proposed to produce the active-to-sterile magnetic mo-
ment jp,, large enough to explain the XENONIT anomaly. An SU(2) singlet vector which
couples to standard model leptons and quarks can run in one-loop diagrams to produce neutrino
magnetic moments. Through the vector leptoquark, the neutrinos couple to the up-type quarks.
Because of the vector structure of the couplings, left-chiral fields are coupled to other left-chiral
fields, and likewise for the right-chiral fields. For the diagrams producing neutrino magnetic
moments, this implies that the chirality flip occurs by a quark mass insertion, allowing the
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neutrino magnetic moment to be enhanced by the top quark mass. We assumed a non-Abelian
coupling between the vector leptoquark and the Standard Model gauge bosons.

Couplings between the vector leptoquark and the first generation leptons and quarks is strongly
constrained by experiment, so magnetic moments involving v, are not feasible in this model.
However, a large transition magnetic moment from v, to Ng can be achieved by choosing the
appropriate coupling structure. In particular, we imposed non-zero left-chiral couplings between
the muon family and the second and third quark generations, and a non-zero coupling between
the sterile neutrino and the top quark. We found that due to CKM mixing, the XENONI1T
excess can be accommodated in a large region of parameter space with a 2 TeV leptoquark.

Further, the implications of the vector leptoquark model on lepton flavor anomalies were ex-
plored. With the same couplings structure as required to produce a large pny,, the model
also contributes at tree-level to the ratios R(K (*)), which quantify lepton flavor violation in
the semileptonic B — K®¢t¢~ decays. With two more non-zero parameters, in particular
the couplings between the right-chiral tau lepton and the bottom quark, and the right-chiral
charm quark and the sterile neutrino, the model also contributes to the ratio R(D(*)). This
ratio describes lepton flavor universality violation in the decays B — D®*)¢5. Measurements of
R(K™) and R(D™) show deviations in both variables with respect to the Standard Model.
The contributions to these observables from the vector leptoquark were explicitly calculated,
and using the most recent experimental results, an analysis of the parameter space to accom-
modate both flavor observables and a large neutrino magnetic moment was performed. While
satisfying bounds from other flavor physics observables, we found overlapping regions for upy,
and R(K®™)) with all relevant couplings below unity, while the R(D™)) can be accommodated
with the relevant couplings ~ O(1).

Unfortunately, the vector leptoquark model requires a large amount of fine-tuning to avoid
excessively large neutrino masses, as expected. With the top quark running in the loops, the
loop contribution to the Dirac mass of the neutrinos is estimated to 1 MeV, requiring a Yukawa
coupling tuned with an accuracy of 1 part in 107. Without a mechanism reducing the loop mass
contribution, the see-saw mechanism cannot solve the tuning issue without a singlet mass too
large to explain the XENONI1T excess. Therefore, going forward, finding a more elegant way of
producing the correct neutrino masses in the vector leptoquark model would be desirable to make
the model more appealing. One possible avenue, inspired by the SU(2) symmetry mechanism
employed in the scalar leptoquark model, is to introduce a second vector leptoquark. One could
explore the effects of imposing a symmetry, such as a simple exchange symmetry, between the
leptoquarks to obtain cancellation of the 1-loop mass diagrams. The candidate leptoquark is a
doublet vector, the only other vector leptoquark with couplings to both left- and right-chiral

neutrinos.

In addition to the Voloshin symmetry, other mechanisms to obtain naturally large neutrino
magnetic moments exist in the literature. For example, Barr, Freire and Zee proposed a spin-
suppression mechanism, where the loop mass diagram is suppressed on the basis of spin conserva-
tion [72]. Babu and Mohapatra introduced a horizontal flavor gauge symmetry under which the
electron and muon families form doublets [73], causing cancellation of the mass loop diagrams.
For future work, it could be of interest to explore the implementation of these mechanisms to
obtain a naturally large neutrino magnetic moment explaining the XENONI1T data.
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Appendix A

Feynman Rules

A.1 The Standard Electroweak Theory

Here we present the Feynman rules for the standard electroweak theory, including only the

vertex factors relevant to this thesis. The unitary gauge is employed. We adopt the convention

where e = |e| > 0 is the electric charge of the proton. ¢y is the charge of a fermion f. The

Feynman rules of this section are sourced from Refs. |3, |74].

Propagators
Fermion propagator: f p» f
Photon propagator: yr p AV
W propagator: WH wv
Z propagator: A0 v
Higgs propagator: H _r H

— i(]ﬁ—l—mf)
p2—m?—|—i€
—gMv
— i
p° +e
ez oV 2
— 2 +p2p /My
P — my, + e
Y KV [ 2
— +p2p /mz
pt—my + 1€
1
-

p? —mi +ic
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Vertices

f f
Electromagnetic vertex: \;/ == —igm” (A.6)
AH
' Vo
Charged current lepton vertex: = —ii’y“ (1—15) (A.7)
2V2
WH
dj Uq g
3 m _ CKM
Charged current quark vertex: — 7’2\@ 7" (1 =) Vuidj
(A.8)
WH
i ) _ CKM
Charged current quark vertex: = 12\/57 (1 =) (V“jdi )
(A.9)
WH
le_ p2/ W, ie [ (p1 — p2))\ Guv (A.10)
W-W-y vertex: pll}\;f = + (p2 — P3), Gua
p3
T + (p3 — p1),, 9ru)
A

A.2 Leptoquarks

In this section, the Feynman rules for leptoquarks (LQs) used in this thesis are presented.
The relevant leptoquarks and their quantum numbers under the Standard Model are shown in

[Table ATl

Table A.1: Relevant leptoquark states and their quantum numbers under the Standard Model.

Leptoquark SU(3). SU(2)r, UQ1)y

§'1 3 1 1/3
Ry 3 2 1/6
U, 3 1 2/3

A thorough account of Feynman rules for scalar leptoquarks can be found in Ref. |75]. For a
comprehensive review on leptoquarks, the reader is referred to Ref. [45].
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The interaction vertices between leptoquarks, neutrinos and quarks come from the terms

L5 —yrve dinSi + (V™) vl 0 uinS1 + v dgNrSi
+ iodipvar Ry P + N A Nr Ry Y

- yL dzRgaLRg/S VCKM ]Nul NRR2/3 (A.ll)

+ VM PG war Ul + o @y, NrUL

+ 20 di v lar UL + 28 diry,larUL + H.c.

where the sums over quark generations ¢, j, and lepton flavor a are implied. Color conservation

is implicitly enforced in each vertex. In the model of Ref. [32] which we discussed in [Chapter 7

the couplings are yi = y%N = Yo, Y5 R = y]?-:“ = 11, with the rest of the couplings set to zero.

Propagators
]
Scalar singlet L tor: P - A.12
calar singlet LQ propagator S, S, " i ( )
1
Scalar doublet LQ propagator:  p - L R = (A.13)
2 2 p* —my +ie

2
Z.—g“” +php” /my;,

Vector singlet LQ propagator: -
p? — m%]l +ie

(A.14)

Vertices

VaL d;
Sy-vp-d vertex: \\/ — Py (A.15)

Lar Ug
S1-f1-u vertex: \\/ = z(VCKM) yL (A.16)

Ng d;
S1-Ng-d vertex: \/ = iyﬁ{NPR (A.17)
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RQ—I/L—d vertex:

}N?g—NR—d vertex:

RQ-EL-d vertex:

RQ—NR—U vertex:

S1-7v vertex:

Rg-fy vertex:

Ui-vi-u vertex:

VaL d;
Ngr d;
\/ . #iNp
Yr 'R
EozL dz
7 —  —iePy
1
Ng Us
\\/ s ivungggN Py

o 1
Pl\* g/p; = g () + %)

" .
p\j‘é/p’z = gle (o} + 1)

VoL Us

- Jjay,CKM
= iy Vuidj Y Py,
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(A.19)

(A.20)

(A.21)

(A.22)

(A.23)
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o d;
Ur-(-d vertex: \§/ IR (l'iLaPL + xiP?éPR> (A.25)

Uy
Ng Us
Ui-Np-u vertex: \i/ = iz} " Pr (A.26)
Uy
-1/3 b2 1/3 2.
Uy, 2 Uy —5ie[(p1 = p2)s gy
Ui-v vertex: _—
1-y vertex pl\* + (2~ P3), G (A.27)
Tpg + (p3 — p1), 9o
AN

A.3 Additional Feynman Rules for Majorana Fermions

When dealing with Majorana fermions, there are additional contributing diagrams to a given
process due to the fact that ¢ and v contain the same operators. To calculate these diagrams,
special Feynman rules must be constructed. Dirac fermions carry fermion number flow, which is
indicated by arrows on the external and internal fermion lines in diagrams. Majorana fermions

do not carry fermion number flow, and are therefore drawn without arrows.

The procedure for dealing with Majorana fermions in Feynman diagrams is sourced from
Ref. [40], and is as follows:

1. For a given process, draw all contributing diagrams.

)

2. For each fermion chain, assign an arbitrary direction of “fermion flow” (indicated by a

gray arrow).

3. For each fermion chain, write the Dirac matrices in opposite order of the chosen fermion
flow.

4. For each internal Dirac fermion, if the direction of fermion number flow is opposite to the
chosen direction of fermion flow, substitute the propagator S(p) for S(—p).

5. For each vertex with Dirac fermions attached, if the direction of fermion number flow is
opposite to the chosen direction of fermion flow, substitute the vertex I' for CTTC 1.

6. For each external fermion, assign a spinor according to the chosen direction of fermion
flow as follows:
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Appendix B

Dirac Matrices

The Dirac matrices are 4 x 4 matrices defined by the anticommutator

{2 =" (B.1)
and the Hermiticity condition
7T = 40yta0, (B.2)
The fifth gamma matrix is defined as
75 = i 'y, (B.3)
which satisfies the properties
{v5,7"} =0, (15)* =1, 7' = s (B.4)

Traces of products of gamma matrices are

tr (v

Y) =
tr (Y4977 *)
tr (odd # of v) =
Y)
?) =

4gh
4(9“”9“ 9"g" + g g"),
0, (B.5)
0,

trys = tr (157") = tr (y57"9") = tr (v

tr (957" P) = — e,

where e is the totally antisymmetric symbol, equal to 1 for an even permutation of (0,1, 2, 3).

The constant spinors us(p) and vs(p), describing particles and antiparticles of spin s and 4-
momentum p, satisfy the momentum space Dirac equations

(ﬁ - m)us(p) =0, (Z’j + m)vs(p) =0, (BG)

and their adjoints are
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They satisfy the completeness relation

2
37 [usa(P)iss(p) — vsa(P)Tes(p)] = das,

s=1
where the Greek indices refer to spinor space components.

The energy projection operators are defined by

B+ m
T 2m

A:t

in order to satisfy

and

AT (p)vs(p) = A~ (p)us(p) = Ts(p)A™ (p) = ws(p)A~ (p) = 0.

(B.8)

(B.10)

(B.11)

From the completeness relation one finds that the energy projection operators can

be written as

2
A;;B(p) = Zusa(p)ﬂsﬁ(p)’ A;ﬁ(p) = - sza(p)isﬁ(p)-
s=1

s=1

(B.12)

These relations are used to eliminate spin sums when evaluating unpolarized squared amplitudes.
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Appendix C

Translating the Voloshin Lagrangian
to 4-spinor Notation

In this section the flavor subscript on the electron neutrino is dropped, i.e. v = v, in order to
avoid overly cluttered notation. Lower case Latin indices refer to two-spinor indices, and Greek
indices refer to four-component spinor indices. The chiral basis for the gamma matrices is used

in this section.

The Lagrangian in [Eq. (6.1)[is written in two-component spinor notation,

L= fxrxv)n— f'(xExs)n* + H.c. (6.1)

In order to obtain the same Lagrangian in four-component notation, we first note that the

neutrino Dirac mass term in [43] is written as
LMass = mVealeC/aXVb +H.c., (Cl)

Where a,b = (1,2) and € is the antisymmetric symbol. We let the four-component spinors be

P = <X>i?“> ;Y= (XZ XC“) 7 = (xca xl) : (C2)

where the two-component spinors with undotted indices transform under the left-chiral represen-
tation of the Lorentz group, and the spinors with dotted indices transform under the right-chiral
representation. The indices are distinct since one cannot contract spinors of different represen-
tation to obtain a Lorentz scalar. Applying the rules for translating between four-component
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and two-component notation provided in [8], we have for the neutrino mass term

Litass = mue™ XX + H.c.
= My Xy Xva + H.c.
= mﬂffZLiwya + H.c.
= mﬂf(PL)%%a + H.c.
= m, Py (PL)}(PL)s + Hec.
= myYyrtyr + H.c., (C.3)

where

I= (é) : L= (1 o), (C.4)

are 4 x 2 and 2 x 4 matrices respectively, with O the 2 x 2 matrix of zeros and 1 the 2 x 2 identity
matrix. In the above calculation we used the properties ZZL‘; = (PL)(Z? and P, = (Pr)%.
[Eq. (C.3)|is the familiar Dirac mass term, which justifies the construction of the 4-spinors in

In the interaction Lagrangian we thus want to couple the upper components

of 1, and v, and the scalar field n, with the coupling constant f, and the lower components of
%T and ET, and n*, with the coupling constant f’. To pick out upper and lower components

pL:@ g), pR:(g g). ©

777" %
L= f¢rLT¢uLn+f/¢TR¢,,R n + H.c. "
= fOTPun + 0 PLdy 0t + Hee.

=1 (¢ k) (3 8) (;5%) n+ (e x) (ﬁ g) <i<£3> N+ He.

= fr%an + f'r°%<n* + H.c.
= f(rv)n+ f'(rv°)n* + H.c.,

we use the chirality projectors

Thus, we have

i.e. the Lagrangian in [Eq. (6.2)} using four-component notation, agrees with
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Appendix D

Rewriting the Numerator IN#

In the evaluation of the one-loop diagram for the magnetic moment of a charged lepton, the
numerator of the amplitude is

N = {ag) [mP# (= B+ (K~ + o) (K~ v+ o)

—om(2k" — 2yp + 22" + p“)} w(g), B

from which we want to extract the term proportional to p,u(qs)o* u(g;). Our first goal will be
to deal with the terms containing Feynman slashes. In the following we will make use of the
momentum space Dirac equation, the anticommutation relation ¢ff = —§¢ —a-b and the relation
u(qs)pu(g;) = 0. Terms with k& will not contribute to the term we are ultimately interested in,
so we will not consider them.

- NV D (g [( yp + 2V + (— 31154‘2%)7“(—9154‘3%)} u(q;)
[M“ —yp+ 7B — yads) + 4" (26 — yep + 24 )} u(g;)
[(210“ — ) (—yp+ v°B — yads) + (24 — ;) (26 — yap + Z%)] u(q;)

(ay) { (07 == vete) — s (201 = s + 24,
+2p* ((y2 ~y)p - yzm) +2q;' (Z(l —y)p+ Z%) } u(qi)
= alap) {2 [~62 ~ s+ vt — 20— b ]
+201(y? — y)p — 2yzpd; + 22(1 — y)gj'p + 2z2q£%} u(qi)
=u(qy) {’y“ [(y — )0+ vz iy — it — 2(1 — y) (20 — ;) — ZQﬂiﬂi}

—2yzpHm + 2z2qu} u(q;)
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= u(qy) {v“ [(y — 2 )0” + yzdpm — 2(1 — ) (2095 — 2¢i¢; + did;) — 2Z2m2]
(0= D)) — 2+ 25 )

= T(qy) {7” [(y —y*)* = 2(1 = y) Qqigy — 2m* + m?) — 2z2m2}
+yaytdym — 2(1 = y)(dy"m — 2¢ym) — 2yzp'm + 222%“77%} u(gi)

=(qy) {v“ [(y — )0 = 2(1 = y)(=p* +m?) - 222m2}
—yemg " + 2yemgly — 2(1 - y)(m2yH — 2qym) — 2yzph'm + 2z2qu} u(q;)

=u(qy) {7" [(y — 2+ 2 —y2)p? — 2m? +yzm® — 222m? — yzm? — 2m? + yzmﬂ
—l—2yzmq$ﬁ + 22mq§f — 2yzmq$ﬁ — 2yzmp! + 222mqf} u(q;)

— () {w (= 92+ 2 =y + (—22 = 22+ y)m?] (1)
—2yzmpt + 2z2mqf + Zqu}‘} u(q;)-

In addition, in we have the terms
a(qy) [—2m(=2yp" + 224" + )] w(@i) = ulqs) [(4my — 2m)p" — dzmg | u(q).  (D.2)
Adding these terms to the ones above we obtain
—%N” D u(qy) {’Y“ [(y — P+ 2z —y2)p’ + (—22 - 227 + yz)mﬂ

—2yzmpt + (4my — 2m)pH + 22°mq!' + 2zmq$ﬁ — 4zmqf} u(gq;)

= T(qy) {7“ [(y Pz —y)pt (=22 - 220 + yZ)mQ} +(—2yz + 4y — 2+ 2z)mp*
—2mz(1 — z)qf} u(q;)

= T(qy) {7" [(y Pz —y)pt (22 -2 + yZ)mz} + (=22 + 4y — 2+ 22)mp”
—2mz(1 — 2)¢!" + mz(1 — 2)p" —mz(1 — z)p”} u(q;)

=u(qy) {7“ [(y — P bz —y2)p? 4 (—22 — 2% + yz)mﬂ (D.3)
+(—2yz + 4y — 2+ 32 — 22)mpH — mz(1 — 2) (¢ + qﬁf)} w(gi),

where we have used the fact that 2¢; +p = ¢; + ¢y. We can now use the Gordon identity to
rewrite

—mz(l—z)ﬁ(qf)(qf—kq?)u(qi) = —2m?2(1—2)u(qs )y ulq;) +imz(1—2)u(qs)p,ou(q;) (D.4)
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The terms we have not included from are terms proportional to k£, and one term
m?2~y#. These do not contribute to the o piece, and thus the term relevant to the magnetic
moment is

NF D =2imz(1 — z)p,u(qs)ot u(gs). (13.45))
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