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Abstract

In the thesis, we try to probe new physics by considering the muon electric dipole moment
(EDM) induced from some new CP phases in the new physics model. More precisely,
we study a Standard Model extension with two vector-like leptons, one SU(2), singlet
and one SU(2)r doublet. We consider a simple framework that only the muon couples
to these new leptons. It leads to the mixing of muons with the extra heavy charged
leptons and thus the muon mass receives contributions from these new particles. This
contribution has a simple linear correlation with the muon g — 2 at the leading order.
Besides the muon dipole moments, an interesting feature is that the electron EDM is
also induced in this framework, which is measured to very high precision and thus may
give strong constraint on the parameters of the model if it predicts a too large electron
EDM. With an appropriate choice of parameters, this model survives the experimental
constraints on the Higgs-to-dimuon decay, heavy lepton masses, and electroweak precision
measurements. We found parameter regions consistent with the observed deviation on
muon g — 2 between the experimental and theoretical results. Heavy lepton masses at the
TeV scale are favored by the constraint on Higgs-to-dimuon decay, and typical values of
the muon and electron EDMs are of order O(1072% ~ 107%2) e - cm and O(1073%) e - cm,
respectively, which are just suitable for the proposed experiment on the measurement of

these dipole moments.
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Chapter 1

Introduction

Physicists have a dream, which is a theory of everything. In order to fulfill this quest, it
is necessary to understand in detail what are the building blocks of our physical world,
and what are the rules that lead to their specific properties and behaviors. This kind of
study has currently been pushed to an extreme in the field of particle physics, considering
the very sophisticated knowledge applied in experiments and theories of particle physics.
Particle physics is a branch of physics studying the smallest constituents of the universe,
which are called elementary particles. During the past seventy years or so, particle physi-
cists had obtained fruitful results through the development of experimental techniques
and the improvement of the theoretical framework. At the frontier of particle physics, re-
searchers dive into a huge amount of experimental data and theoretical equations, search
for the hint of the ultimate theory and try to figure out a single set of mathematical

equations that well describes our physical world at the most fundamental level.

Today, to the best of our knowledge, most of the experimental results are consistent with
the Standard Model (SM) of particle physics [1, 2, 3]. The SM of particle physics is the
theory that describes the properties of elementary particles, the matter particles including
leptons and quarks, and the fundamental forces, including electromagnetic, weak, and
strong interactions, among the particles. Ten years ago, the last piece of the SM, the
Higgs boson, was finally discovered at the Large Hadron Collider (LHC) by the effort of
many experimental particle physicists at CERN [4, 5], which was a great achievement of

particle physics and the triumph of the SM.



So far, the SM has been tested to work well through a wide range of energy scales up
to O(1) TeV. However, we now certainly know that it is inherently an incomplete theory
and therefore cannot be the ultimate theory that describes our physical world at the most
fundamental level. There are several problems in both the theoretical and experimental
aspects. First of all, it cannot explain gravity, since there is no description of gravity in
the SM. Also, there are some ad hoc features in the SM. One is that the SM contains many
free parameters which can only be determined by the experiments. These include 3 gauge
couplings, 3 charged lepton masses, 6 quark masses, 3 quark mixing angles, 1 CP-violating
phase, 1 Higgs mass, 1 Higgs vacuum expectation value, and 1 QCD vacuum angle, in total
19 parameters cannot be predicted from the theory (an extension with massive neutrinos
need 7 more parameters [6]). Some physicists tried to find the relation among these free
parameters, for example, the Koide formula proposed by Yoshio Koide [7, 8, 9, 10, 11]
which shows an interesting relation among the masses of three charged leptons, although
no one knows whether this kind of relation has any deeper implication or it is just a
numerical coincidence. Another one is the well-known hierarchy problem which is related
to the need for fine-tuning the Higgs mass to cancel out the large quantum corrections

due to the virtual particles [12, 13].

Concerning the physical observations, the SM is not able to describe the phenomenon
of neutrino oscillation [14, 15], because the neutrino mixings require neutrinos to have
nonzero masses [16, 17], while in the SM, neutrinos are assumed to be massless particles.
Another famous example is the mass-energy content of the universe. According to the
standard A-CDM model of cosmology, the universe contains 5% of ordinary matter, 26%
of dark matter, and 69% of dark energy [18]. Among them, only ordinary matter can
be explained by the SM, and the remaining 95% of the universe is still a big puzzle in
physics. There are no appropriate particle candidates for dark matter in the SM, and
the SM prediction of the cosmological constant turns out to be 120 orders of magnitude
too large compared to the observed dark energy [19, 20]. Recently, two new experimental
results are claimed to be in disagreement with the predictions of the SM. One of them is
the anomalous magnetic dipole moment of the muon or the so-called muon g — 2. The
discrepancy between the experimental result and the SM prediction has now increased

from 3.7 to 4.2 standard deviations [21].

Inspired by this recently updated anomaly, especially the muon g — 2, we investigate the

physics beyond the SM related to the muon dipole moments, including both the magnetic



dipole moment (MDM) and electric dipole moment (EDM). The highly developed experi-
mental techniques nowadays allow physicists to perform very precise measurements on the
muon dipole moments, which can serve as the appropriate probes to the physics beyond
the SM. One interesting feature is that a permanent EDM of an elementary particle is a
direct observable which breaks the parity-inversion (P) and time-reversal (7') symmetries.
Under the framework of quantum field theory, where C'PT symmetry is respected (C' is
the charge conjugation symmetry), the existence of an EDM also implies the C'P viola-
tion. There are several reasons why we should study the EDM of elementary particles.
First of all, in the SM the only observed C'P violation comes from the single complex
phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [22], which ex-
plains the observed C'P-breaking processes such as K-meson and B-meson decays. Such
CP violation is in principle able to induce EDMs. However, due to the smallness and
the symmetric property of the C'P violation in the SM, the predicted values of the EDMs
are highly suppressed and are beyond the scope of current and probably any foreseeable
experiments in the future. For instance, the nonzero contribution to the lepton EDMs

first appears at the 4-loop level in SM and is estimated to be around 1072% e - cm [23].

Fortunately, physicists believe that there must be some new sources of C'P violation.
According to modern cosmology, the universe is initially in a symmetric state, with equal
amounts of matter and antimatter. Under this condition, a C'P violation is required to
generate a finite amount of positive baryon numbers in the evolution of the universe,
otherwise, baryons and antibaryons would proceed with pair annihilations and in the
end, only radiations remain in the universe [24]. One problem of the SM is that the
CP violation generated from the CKM matrix is too small and it cannot successfully
reproduce the observed amount of the matter-antimatter asymmetry (baryogenesis) in
the universe. Therefore, any discovery of new sources of C'P violation is possibly an
important key to solving this mystery. Of course, there is no guarantee that the source
of C'P violation in the particle EDM is identical or correlated to the one needed for the
baryogenesis. Nevertheless, it would doubtlessly be a new milestone in particle physics
and would definitely be a breakthrough in the history of physics. Furthermore, many new
physics models predict relatively large EDMs. For example, to explain the deviation of
muon g — 2, a large class of supersymmetric models is proposed. These models contain
many hypothetical new particles and couplings, whose corresponding parameters can be

complex in general, and thus render new sources of C'P violation. This leads to several



loop contributions to the muon EDM whose magnitudes may be large enough to be
probed in the future experiments with the required precision [25, 26, 27, 28, 29, 30, 31,
32, 33, 34]. Other new physics models which also predict sizable particle EDMs include
leptoquarks [35, 36, 37], two Higgs doublet models [38, 39, 40], vector-like leptons [41], etc.
Once a particle EDM is detected in the experiment, it would certainly be an unambiguous

sign of the physics beyond the SM and is therefore quite motivated in this sense.

In this thesis, we consider the possibility of probing the physics beyond the SM with a
specific extension in the lepton sector by vector-like leptons. These hypothesized leptons
are different from their partner in the SM, in the sense that the leptons in the SM
are chiral, i.e. left-handed leptons and right-handed leptons act differently under the
SU(2)r x U(1)y transformations. Through the mixing among the muon and the vector-
like leptons, the deviation of the measured value of the anomalous magnetic dipole moment
of the muon from its SM prediction can be explained successfully. Besides the muon g— 2,
this lepton mixing has several interesting features. In this framework, the muon Yukawa
coupling in the SM is combined with new parameters, including the Yukawa couplings
and masses of the vector-like leptons, after the mass diagonalization. This means that the
vector-like leptons also contribute to the muon mass at the same time and it is possible
to find a correlation between the muon g — 2 and the muon mass. The Higgs couplings
are also affected by the lepton mixing in general. To be specific, the Higgs decay rates
such as I'(h — p™p~) are modified with respect to their SM prediction, and these effects

from the vector-like leptons can be examined by the experiment like LHC.

Our goal in this study is to examine whether the considered vector-like lepton model has
any parameter region that is consistent with the deviation of the muon g — 2 between the
experimental result and the theoretical prediction, and to scrutinize how large the muon

EDM can be generated, taking into account the experimental constraints on the model.

The organization of the thesis is as follows. In chapter 2, we briefly describe the Standard
Model of particle physics and the C'P violation generated in the CKM matrix. In chapter
3, general properties of the electromagnetic dipole moments of the charged lepton are in-
troduced. The anomalous magnetic dipole moment and electric dipole moment generated
in the framework of SM is also discussed, with a brief mention of the experimental aspect
and prospect of future experiments of EDM measurement. In chapter 4, we describe the

general structure of the new physics contributions to the dipole moments through the



quantum corrections in the loops of the Feynman diagrams. In chapter 5, the analysis of
the vector-like lepton model is performed. The results are shown to be consistent with
the favored region of the muon g — 2 anomaly and the constraints from the experiments
on the Higgs decay h — p™p~ [42] and the electron EDM [43], etc. Finally, in chapter 6,

we summarize the content of this thesis.



Chapter 2

Standard model of particle physics

In this chapter, we briefly describe the content of the standard model (SM) of particle
physics. Since the electric dipole moment is a physical quantity that breaks the CP

symmetry, we also discuss the structure of the C'P violation in the standard model.

2.1 Theoretical framework

As already mentioned in the introduction, the SM [1, 2, 3] is a theory that describes
the strong, weak, and electromagnetic interactions. In the SM, the electromagnetic and
weak interactions are unified into an electroweak interaction which is associated with the
gauge symmetry of SU(2); x U(1)y. Combining with the strong interaction associated
with the SU(3)¢ symmetry, it forms the gauge group SU(3)c x SU(2)r x U(1)y as the
foundation of the SM. In the sector of matter particles, there are three sets of generation
and each of them consists of one electrically charged lepton, one neutral lepton (neutrino),
and two charged quarks. All particles in the SM are summarized in table 2.1, with their
spins, representations of the gauge groups, electric charges, baryon numbers, and lepton
numbers shown. The electric charge Q) of a particle is defined by its weak isospin T3 and

hypercharge Y through the relation Q = T3 + Y. The Lagrangian of the SM is

ESM = »Cgauge + Lfermion + ['Yukawa + LHiggs; (21)
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TABLE 2.1: The quantum numbers of the particles in the SM. For quarks and leptons,
only one generation is shown for simplicity.

where
Laugue = —~Go,Go — Tye yaw _ Lp g 2.2
gague—_z Qv _Z 7% _Z g ) ()
Ltermion = ?Lilﬁq}d + URlﬁulR + Em]ﬁd}% + WLZZDEIL + ?RiIDe'R, (2.3)

Lyukawa = _(yu)ijang)ujRj - (yd)ijaLi(I)diRj - (ye)ij?Li&;ele +h.c, o= ioa®*, (2.4)
Lhiggs = (D, ®)T(DF®) — V(®F, @), V(0 ®) = —p?(dTd) + A\(@TD)2. (2.5)

In the above expression, the spinor with a prime means that it is in the flavor eigenbasis
and the indices 4, j indicate the generation of the particle. The covariant derivative is

given by

D, = 0y, +igst" Gy +igT* Wy +ig'Y By, (2.6)



The strength tensors of the gauge fields are

G4, = 0,GY — 0,G% + go f*"GhL G, (2.7)
WS, =0, W — 9,Wy + ge"™ WhWwy, (2.8)
B, = 0,B, — 0,B,, (2.9)

where the generator of Gy is t = \“ /2 with A% the Gell-Mann matrices, and the generator
of Wi is T = 0%/2 with ¢ the Pauli matrices. £ and €€ are the structure constants

of the SU(3) and SU(2) groups.

In order to generate the masses of leptons and gauge bosons, the Higgs mechanism is
introduced into the SM. An SU(2) scalar doublet field is added with a non-zero vacuum
expectation value and this breaks the original SU(2); x U(1)y symmetry spontaneously

into U(1)gm. First of all, we can rewrite the Higgs potential as

T ) 2\ 2 4
1% = PTPp— ) — I, .
(@7, D) /\< d 2>\> Y (2 10)

Based on this, the vacuum expectation value of the Higgs field is

0 0 9 9
(®) = = , AT = pc. (2.11)

v

2 2x
We can expand the Higgs field around the vacuum as

oo L[ V2ol

2.12
V2 \u+ h+igy 212)

Here the scalar fields gb‘jfv and ¢ are eaten by the W* and Z bosons in the process
of spontaneous symmetry breaking, and h corresponds to the physical Higgs particle.

Substituting this expansion into the Higgs potential, we obtain a Higgs mass term

1
Lo, = —5(2u2)h2. (2.13)

This means that the Higgs mass is

mp = \/2p% = V2 2. (2.14)



The masses of the gauge field can be obtained from the kinetic term of the Higgs field by
setting the Higgs field at its vacuum expectation value. We then obtain the mass terms

of the gauge bosons

9202

T4

921)2

Loy, Wiw=r + Z, 7" (2.15)

8cos Oy "

In order to write the above result, we have applied the linear combination of Wﬁ and Wﬁ

1
Wi = 5(Wl} W), (2.16)

and the linear combination of WS and B,

Z,, = cos 9WW3 — sin Oy By, (2.17)

A, =sin HWWj’ + cos Ow By, (2.18)

with the weak mixing angle defined by

/

g

Vo

Now, as we can see, after the spontaneous symmetry breaking, it correctly gives three

g

5 SiH@W:
g°+g

cos Oy = (2.19)

72’

massive gauge bosons with masses

gv my
= - = = 2.20
MW =590 M2 =5 s 0w  cosby’ (2:20)

and a massless photon
ma =0, (2.21)

corresponds to the remaining U (1) gy symmetry.

Similarly, we can obtain the mass of the fermions by setting the Higgs field to its vacuum

expectation value in the Yukawa interactions

L, = (Yu)ijv——, (yd)ijvfud’ (ye)ijv/ie}%j—i—h.c.. (2.22)

= — Ur - Up,: — . — ('
f \/5 Li“Rj \/§ Rj \/E Li

The matrix of Yukawa couplings are in general complex, and can be diagonalized by bi-

unitary transformations with two unitary matrices U and W. The unitary matrices are



10

defined by
yy' = UyH?UT, yly =W ()Wl — y=Uy'Wi, (2.23)

where y%s are the diagonal matrices whose diagonal elements are the positive square roots

of the eigenvalues of the combinations yy' and yfy.

Correspondingly, we have the following relations between the fermion flavor and mass

eigenbases after the diagonalization of the Yukawa matrices in eq. (2.22),

uy = Uyur, up = Wyug, (2.24)
d}, = Uydy, dp = Wydg, (2.25)
el = Uedy, €y = Weeg, (2.26)
vy = UevL. (2.27)

The mass matrices of the fermions are then defined as the product of the diagonalized

Yukawa matrices and the vacuum expectation value of the Higgs field

d
_yv

m; = ,
(2 \/§

i=u,d,e. (2.28)

Most of the terms in the Lagrangian are not affected by the unitary transformation of
the fermion fields, except the interaction that couples the quarks to the W bosons (the

charged current)

_ 9 7 gy + _ 9 — I v an
Loc = —\ﬁu’u'y“dmwu +he = —EuLify“(UJUd)UdLJWH +h.c.. (2.29)

Therefore, we see that the charged current connects the up-type quarks with a unitary

rotation of the three down-type quarks, with the rotation given by the unitary matrix

Vud Vus Vub
V=UUi=| Vg Ves Vi |- (2.30)
Vie Vis Vi

This unitary matrix is the well-known Cabibbo-Kobayashi-Maskawa (CKM) mixing ma-
trix [22, 44].
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Under the C'P transformation the interaction with the W bosons changes in the following

way

g __ N + g - T —
~ Lapy vaw, - Ldy vt w, 2.31
LA VAW, = adiy VW, (2.31)
s T G VTu Wy, — Ly vrd, i (2.32)

V2 V2

According to the result of the transformation, the interaction with the W boson does not

respect the C'P symmetry when we have the following condition
V#V*, (2.33)

which means V' must be complex to establish the C'P violation. Let us now turn to
consider the number of parameters in V', assuming N generations of quarks. In general,
an N x N unitary matrix contains N2 parameters. Among these parameters, N(N —1)/2
are related to the rotation or mixing of the generations, and the remaining ones are related
to the phases. Since we have in total 2NV up-type and down-type quarks, it is possible to
absorb 2N — 1 phases by the field redefinition of the quark fields. In the end, the number
of physical phases of V' is

N(N —1)
2

(N—-1)(N—-2)
5 .

N? —

—(2N-1) = (2.34)

From this result, we understand that only when the number of generations is no smaller

than 3 do we have a complex phase in V for the C'P violation.

2.2 (P violation in the SM

The C'P symmetry is a combination of the charge conjugation and parity transformations.
In the theoretical framework of the SM, there are two sources of the C'P violation. One
is the complex phase in the CKM matrix, the other one is called the QCD 6 term which
can contribute to the electric dipole moment of the neutron. Basically, the # parameter
is a free parameter in the range of 0 to 2w. According to the experimental result on
the neutron EDM, the 6 parameter is strongly constrained to a very tiny number and is
consistent with zero. Why its value is so small is a puzzle called the strong C' P problem,

which we will not discuss in this thesis and assume that it is solved by some physics
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mechanism beyond the SM, such as the Peccei-Quinn mechnism [45, 46]. In the following

discussion, we will focus on the CP violation in the CKM matrix.

As we have already seen in the previous section, the CKM matrix must be complex in
order to violate the C' P symmetry. Let us first see why the existence of complex numbers
implies C'P violation by considering the C'PT invariance in the quantum field theory. Any
terms we write down in the Lagrangian must preserve the C PT symmetry, regardless of
whether they are real or complex. We also know that the property of the time-reversal
transformation 7' is to send the imaginary number ¢ to —¢. Therefore, if the real part of
a term is invariant under the time reversal, then its imaginary part must break the time-
reversal symmetry. Then, by the CPT invariance, we can conclude that the imaginary

part of that term must also violate the C'P symmetry.

Following the discussion made in the previous section, and taking into account the fact
that we have three generations of quarks, the CKM matrix thus has four degrees of
freedom, containing three rotation angles and one complex phase. We can denote the
rotation angle by 0;; for the rotation between the ¢ and j quark flavors, and the complex

phase by 4. Then, the most general CKM matrix is given by

c12€13 512€13 s13e"
V= | —s12c23 — c12823813¢" 12023 — S12823513€" s93€13 | > (2.35)
i i
512823 — C12€23513€"°  —C12523 — $12C23513€"  €23C13

where ¢;; = cos );; and s;; = sin 0;;, respectively. The numerical values for these parame-

ters are [47]

sin f12 = 0.22500 £ 0.00067,

sin 013 = 0.00369 + 0.00011,
(2.36)

sin fa3 = 0.0418277- 50983,

0 =1.144 + 0.027.

We know that the CKM matrix is unitary by construction. Therefore, the precise mea-
surement of the parameters of the CKM matrix also serves as a test for the assumption of
three-generation in the SM, because if there were a fourth generation, the three-generation

subsector in the CKM matrix cannot be unitary. If we substitute the values listed above
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FIGURE 2.1: The unitarity triangle corresponding to eq. (2.38).

for the mixing angles and the phase in the CKM matrix, we can see that the CKM matrix
is in good agreement with being a unitary matrix. Physicists had come up with a clever
way to visualize the unitarity of the CKM matrix by means of a unitarity triangle. The
unitarity of a matrix means that its rows are orthonormal to each other and so are its

columns, which indicates that we have

> ViiVii = e (2.37)
i=u,c,t
From this we have, for example, V4V, + VgV + VigV,; = 0. We can interpret this
equation geometrically as a triangle formed by three complex vectors . According to this

equation, we can further divide by by V.4V and normalize its length to 1

| n VidVi,

1=0. 2.38
VoV | VoV (2:38)

In figure 2.1, we plot the vector sum on the complex plane directly by using the matrix
elements obtained in eq. (2.35) with the parameter values listed in eq. (2.36). It is clear
from the figure that the three vectors indeed form a perfect triangle. Therefore, the three-
generation quark mixing is correctly described by the CKM matrix. Since it is in principle
possible to parameterize the CKM matrix in several different ways, it would be convenient
if we can measure the C'P violation that is independent of the parametrization we use. It

turns out such an invariant quantity exists, which is called the Jarlskog invariant J.

Let us recall the diagonalization of the Yukawa coupling in eq. (2.23), we have

Yu,d = Uu,dyidwld. (239)
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Without loss of generality, we can perform a rotation to the right-handed field by u/, =

WuUJu rand dp = WdUC];d r. This makes the Yukawa matrices become hermitian

Yu,d = Uu,dyidU;d‘ (240)

If they can be diagonalized simultaneously, then U, = Uy. In this case, V is a unit matrix
and no C'P violation at all. What this tells us is that CP violation is encoded in the

commutator of the two Yukawa matrices
—iC = [yua yd] - [UuygUJ7 Udl/gUﬂ =U, [93, degllvcﬂ UJ (2'41)

From the last expression, we know that the matrix C' is Hermitian and traceless. We can

compute its determinant as an invariant quantity, which is given by

detC = —E(mt —me)(my — my)(me — my) (my — mg)(my — mg)(ms —mg)J, (2.42)

6

where the Jarlskog invariant shows up and is given by the following different combinations

J = Im(ViaVes Vi Vag) = ITm(VeaVis Ve Vig) = Im(ViaVaus VisViga)

(2.43)
= —Im(VoaVer Vi Vo) = —Im(Vea Vo Vi Vig) = Im(Via Vi Vig Vi)
which can be written in a more compact form
T eirmejtm = Im(VigVieVii Vi), (2.44)

where ¢, k,m = u,c,t and j,l,n = d,s,b, respectively. One interesting feature of the
Jarlskog invariant is that its value is twice the area of the unitary triangle in figure 2.1.

In terms of the standard parametrization eq. (2.35), we have [47]
J = 8128138230120%3623 sind = (3081_8%2) x 1075, (2.45)

From this expression, we see that if V' is real, then J vanishes and so does the determinant
of the Yukawa commutator C. To preserve the C'P violation, two degenerate up-type or

down-type quarks are not allowed, too, as implied by eq. (2.42).



Chapter 3

Lepton dipole moments

In this chapter, we discuss the general properties of the magnetic dipole moment (MDM)
and electric dipole moment (EDM) of leptons. First, we look at the behavior of these
dipole moments under discrete symmetry transformations such as parity inversion and
time reversal. Then, we describe the general structure of the dipole moments in the

framework of quantum field theory.

3.1 General properties

In nonrelativistic electrodynamics, the interaction between an electromagnetic field and

a particle with a spin S is described by the Hamiltonian
- E, (3.1)

where p is the magnetic dipole moment (MDM) and d is the electric dipole moment
(EDM). From table 3.1, we found that the interaction between the MDM and the magnetic

field conserves the parity P and time-reversal 1" transformations, while the interaction

—

E

+ | &
+ | Wy

P
T|-|+]-

TABLE 3.1: Properties of the electromagnetic field and the spin under the parity P and
time reversal T transformations.

15
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between the EDM and the electric field violates both symmetries. Assuming the CPT
invariance of the quantum field theory, we conclude that the EDM interaction also violates
the CP symmetry. The interaction in eq. (3.1) are induced by the following relativistic

effective operators

S = — eQpap—
— ) — _ M _ g
pg B o Qi VA = T U, (3.2)
S di—
—d@-E = —zgwa“ V51 F . (3.3)

We note that the magnetic dipole moment consists of two operators, where the first one
corresponds to the part with g = 2 predicted by the Dirac equation, and the second one

corresponds to the part of the so-called anomalous magnetic dipole moment with g — 2.

In the language of quantum field theory, the anomalous magnetic moment and electric
dipole moment of a lepton are defined through the vertex function. The dipole moments
are induced by quantum corrections to the interaction of the leptons with a static electro-
magnetic background field. These corrections are represented by the Feynman diagrams
with loops. Their structure and calculation are the topics of the next chapter and more

details can be found in appendix A. The electromagnetic vertex function is given by

= —ieQeu(p" )T (p, p)u(p), (3.4)

where the blob in the diagram represents the quantum corrections to the interaction
between the charged lepton ¢ and the photon. The vertex function can be decomposed

into several Lorentz-invariant form factors as

it " —q¢"
@ — F3(¢®)o" quys + F4(q2)72g757 (3.5)

I = Fy ()" + Fa(q?) oy -
?

where g = p’* — p# is the incoming photon four-momentum. The mass my is the physical
mass of the charged lepton ¢. The charged leptons in the external legs are on shell,

p? =p? = m%. The factor e in eq. (3.4) is determined by the renormalization condition

F1(0) =1, (3.6)
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and represents the traditional definition of the charge of electron. @), is the value of

electric charge in the unit of e and for charged leptons it is simply Q; = —1.

The anomalous magnetic dipole moment is defined by the form factor F5 at the limit of
zero momentum transfer

:92—2

Ay = FQ(O) B s

(3.7)

and the electric dipole moment corresponds to the form factor F3 at the limit of zero

momentum transfer

dp = eQF3(0). (3.8)

The form factor Fy at the limit of zero momentum transfer is called the anapole moment.
In the vertex function considered here, its contribution is zero since the photon is on-shell,
which means ¢? = 0, and also ¢/ is contracted with a photon polarization vector €, such

that €,q" = 0.

3.2 Electromagnetic dipole moments in the SM

3.2.1 Magnetic dipole moment

Last year, the Muon g — 2 collaboration at the Fermilab published their latest precise
measurement on the muon g — 2 [21]. The new result shows a 4.20 deviation from the
theoretical prediction of the SM, which has stimulated many theoretical works related
to physics beyond the SM. In this section, we review the current state-of-the-art predic-
tions and briefly summarize the characteristics of each process from the theoretical point
of view. We will also discuss the contribution of hadron vacuum polarization (HVP)
from the Standard Model predictions, which is an issue from the viewpoint of theoretical

refinement.

According to the White Paper of muon g — 2 [48], the theoretical prediction currently has

a value of

a;M = 116591810(43) x 10~ (3.9)
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The value of muon g — 2 calculated in the framework of SM can be separated into several
dominated parts

SM _ aQED + QEW + aHVP + aHLbL

ay = ay 1 T

(3.10)

including the contributions from QED), electroweak, and hadronic processes. Their values

are also given in the White Paper [48],

adFP = 116584718.931(104) x 10", (3.11)

a, "V =153.6(1.0) x 10", (3.12)
a; V" = 6845(40) x 1071, (3.13)
a; P =92(18) x 1071 (3.14)

The QED contribution can be divided into components with different dependence on the

lepton mass, which appears as ratios since g — 2 is a dimensionless quantity,

agED = A1 + A (:ﬁbu) + Ag (:Zu) + A3 <mu m) ) (3.15)

)
e T Me Myt

where A; is the term independent of the mass ratios and therefore universal for all leptons.
Thanks to the small QED coupling constant, which is the fine structure o ~ 1/137, we

are able to compute the terms in eq. (3.15) by perturbative expansions
AN 4@ (2N 4@ (2N 406 :
A; = (7) Al (7) Al (7) A® L =123 1
5 ) i + o .t o . T 7 3 (3.16)

The current theoretical prediction of the QED contribution to the muon g — 2 is shown
in eq. (3.11). By comparing the value with the total theoretical prediction in eq. (3.9), we
can see that the QED contribution is the largest one, as it accounts for around 99.994%
of the total prediction after summing all different contributions. Yet it has the smallest
uncertainty among different components. This is because physicists put a lot of effort
into the loop calculations of the QED contribution, some of them are shown in figure 3.1,

and it has now been pushed to the amazing five-loop level [49].

The hadronic contribution includes the diagrams of hadronic vacuum polarization (HVP)
and the hadronic light-by-light scattering (HLbL). The HVP contribution originates from

the quantum corrections in the photon propagator, and the lowest-order HVP diagram
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FI1GURE 3.1: Examples of QED loop diagrams at one-loop and two-loop levels.

is shown in figure 3.2. In contrast to the QED contributions, the HVP ones cannot
be computed solely from the theory because most of the hadronic contributions come
from the nonperturbative QCD regime at low energy. Nevertheless, it is still possible to

calculate the diagrams by applying the analyticity and unitarity in the HVP correlator.

FIGURE 3.2: The lowest-order contribution from HVP. The blob inside the photon
propagator represents the hadronic quantum fluctuations.

The leading-order contribution from HVP is computed via the dispersion integral [50, 51]

2 0
HVP,LO _ ¢ K(s)
a, =33 e s R(s)ds, (3.17)

where K (s) is called the kernel function

1 2201 — 2
K(s):/o dxm2+(1(l_ x)i/m2, (3.18)

and R(s) is called the R-ratio

o%(ete” — hadrons)
A /3s ’

R(s) = (3.19)
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\/s is the center-of-mass energy of eTe~. The R-ratio is a physical observable and is mea-
sured in the experiment. On the other hand, from the expression of the kernel function,
eq. (3.18), we can see that the contributions from higher energy are suppressed due to the
factor s/m? in the denominator, and therefore most of the contributions come from the
low-energy regime. One disadvantage of the data-driven method is that we need to take
into account the experimental uncertainties for the theoretical predictions. The actual

value of the leading-order HVP contribution given in the White Paper is [48]
a VPO = 6931(28)sgat (28)sys (7)others x 1071, (3.20)

where the subscripts stat and sys correspond to the statistical and systematic uncertainties
from the experiments, respectively. After summing up contributions to the next-to-next-
to-leading order (NNLO), the final prediction is shown in eq. (3.13). As you can see, the
HVP uncertainty is the largest among all contributions due to the large uncertainties in
the experimental data. The HVP contribution has been a challenge in terms of refining
theoretical calculations due to its large errors, and there is one more issue that should be
mentioned. Currently, a discrepancy exists between the results in the White Paper and
the lattice QCD calculations performed by the Budapest-Marseille-Wuppertal (BMW)
group [52]. Lattice QCD, first formulated by Ken Wilson [53], is a first-principle approach
for tackling the nonperturbative strong interactions, unlike the data-driven method which
relies on the data inputs such as the R-ratio. According to the lattice QCD simulation,

the leading-order HVP contribution is
ay v = 7075(55) x 10711, (3.21)

This is 2.10 larger than the recommended data-driven result eq.(3.13). Naturally, the
two values should be compatible with each other because they correspond to the same
physical processes in the SM, even though the calculation methods are different. However,
the current situation is that there is a significant difference even between the different
theoretical approaches, and the cause of this difference is not yet clear. More intriguingly,
recently other lattice QCD groups published their result on the HVP calculation [54, 55]
and it seems to agree with the result obtained by the BMW group. If the result is further
confirmed, it is then necessary to first investigate what is the main reason that causes the

discrepancy between the data-driven method and the lattice QCD simulation.
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Let us also mention that in the meantime, the experimental side also proposed a new
approach, the MUonE experiment [56, 57], as a crosscheck of the leading HVP contribu-
tion to the muon g — 2 obtained from the R-ratio method, by measuring the hadronic

contribution to the effective electromagnetic coupling « in the muon-electron scattering?.

The hadronic light-by-light contributions (HLbL, figure 3.3), by the same argument, can
be obtained by applying the data-driven dispersive approach or doing a first-principle
lattice QCD simulation. The difference from the HVP contributions is that the data-
driven and lattice QCD predictions are in good agreement in the case of HLbL, and the

results are combined to give the value listed in eq. (3.14).

>

FiGURE 3.3: The Feynman diagram representing the hadronic light-by-light contribu-
tions. The blob in the plot corresponds to the interaction of photons with hadrons.

The electroweak contributions consist of those diagrams containing the electroweak bosons,
the Z, W, and Higgs bosons. Because of the heavy masses of these gauge bosons, the
electroweak contributions are highly suppressed compared to the QED contributions. The
typical one-loop diagrams of the electroweak contribution are shown in figure 3.4, which we
will calculate in the next chapter after discussing the general structure of one-loop contri-
butions of the dipole moments. Depending on the choice of gauge fixing, for example, the
Feynman gauge, diagrams with unphysical Goldstone bosons may also need to be taken
into account. The value listed in eq. (3.12) is obtained by combining the one-loop and

two-loop calculations, with an estimation on the three-loop leading contributions [63, 64].

'As a brief digression, we also note that the MUonE experiment has the capability for probing the
U(1)r,—r, boson [58], which is one hypothetical particle proposed for solving the muon g — 2 deviation
between the experimental result and the theoretical prediction [59, 60, 61, 62].
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(a) Higgs boson (b) Z boson (¢) W boson

FIGURE 3.4: One-loop diagrams of the electroweak contribution to muon g — 2.

3.2.2 Electric dipole moment

In this section, we review the EDM of charged leptons in the SM. In the SM, the CP
violation originates from the physical complex phase of the CKM matrix, so the contribu-
tions to the charged lepton EDM necessarily contain quark loops, and the flavor mixings
must be sufficient to satisfy the Jarlskog invariant [65], which is given by the product of

four CKM matrix elements [47]
J = TIm[Vig Vi ViV = (3.087015) x 107°. (3.22)

From the expression of the Jarlskog invariant, we see that the quark loops must include
four W boson-quark vertices. Considering the requirement of quark loops, the simplest
diagrams are the two-loop contributions with a quark loop connected to a charged lepton
by the W boson propagators. In such diagrams, since the W bosons are attached to
the line of a charged lepton, there are only two flavor-changing vertices containing the
complex phases in the quark loop. As a consequence, the Jarlskog invariant is not fulfilled
at the two-loop level, and it does not contribute to the EDM because the signs of two
complex phases are always opposite and cancel out each other, that is, one vertex with

Vi; and the other with V;}‘

Taking into account the requirement of the Jarlskog invariant, the first reasonable contri-
bution appears at the three-loop level [66]. However, after some detailed analyses of the
three-loop diagrams, physicists found that the contributions from the three-loop level also
vanish due to the antisymmetric characteristic of the Jarlskog invariant under the flavor
exchange [67, 68, 69]. Therefore, we anticipate that the first nonvanishing contribution

keeping away from the cancellation of the C'P phase appears at the four-loop level, an
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example of such a diagram is shown in figure 3.5. It seems that there is yet no com-
plete analysis of the four-loop calculation. Nevertheless, it is possible to make a rough

estimation. For example, in [23] the electron EDM is claimed to be

M <1078 ¢ em. (3.23)

e e

FI1GURE 3.5: An example of the four-loop contribution to the electron EDM. A gluon
is attached to the internal quark propagators to prevent the cancellation due to the
antisymmetric character of the Jarlskog invariant.

From the above discussion, it can be seen that the lepton EDMs in the framework of
SM induced by the CP-violating phase in the CKM matrix are vanishing small and are
out of the capability of current experimental techniques. The measurement with the best
sensitivity was performed by the ACME collaboration, which set an upper bound on the
electron EDM as < 1.1 x 1072 e - cm [43], about 10 orders of magnitude larger than
the prediction of electron EDM in the SM. This fact indicates that when we consider
physics beyond the SM, the lepton EDMs are highly sensitive to the new CP-violating
sources because the background events of the SM are very small. This is one of the main
motivations that physicists should pursue the experimental searches for the lepton EDMs
because there is a huge space for the discovery of new physics before the experiments

become sensitive to the SM EDMs in the far future.

As a brief digress, if we take the possible strong C'P angle 6 into account, it is pointed
out in [70] that the contribution from 6 to the electron EDM can be in a similar order to
those from the CKM phase, considering the latest constraint on the neutron EDM set by

the experiment at Paul Scherrer Institute [71] giving |0] < O(10710).
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3.3 Magnetic and electric dipole moments in new physics

New physics effects on the lepton dipole moments can be described by the following

effective operators

1 - ' 7
Lo = — s MM gy, B oy, (3.24)

where my is the mass of the charged lepton £, A is a mass scale at which these operators
are generated, F),, is the electromagnetic field strength tensor, and cpry and cgy are
model-dependent coefficients. We put the lepton mass in the coefficients of these operators
explicitly as these interactions flip chirality. However, we note that there are many models
(including the one discussed in this thesis) where the chirality flip is not associated with
the lepton mass term but with other, more sizable terms (denoted collectively by M). In
such cases, the resultant contributions to the dipole moments are enhanced by a factor of

~ M/my.

The first and second terms in eq. (3.24) for £ = p correspond to muon g — 2 and EDM,
respectively. Comparing with the expression in eq. (3.2), we see that the muon anomalous

magnetic dipole moment is given by

2m?

Aa, = _eTch”“ (3.25)
while the muon EDM is expressed as
m
dy = TSLCE’“' (3.26)

From these equations, we find a relation between these two quantities:

e CE,u
d,=— —E XA 2
" 2 X P~ x Aay, (3.27)
N 93102 cremx (B (B (3.28)
- Chp 2.51 x 1079 ) ’

This relation indicates that a new-physics effect that explains the observed muon g — 2
discrepancy can induce a value of the muon EDM within the reach of future muon EDM

experiments, e.g. |d,| <6 x 10723 e - cm [72].
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On the other hand, the electron ¢ — 2 and EDM can be expressed in a similar manner
as in eq. (3.25) and eq. (3.26), respectively. We can thus relate the anomalous magnetic

dipole moments of electron and muon as

2

m CM.e
Aa, = —% : A 3.29
a m2 X or x Aay, (3.29)
~Gx 107« [ e _ Bay (3.30)
= M 251 % 109 )" '

The size of the prefactor is smaller than the uncertainty in the measured value of the
electron g —2, a. = 115965218073(28) x 10714 [73], by a factor of around 5. This explains
why many models for the muon g — 2 discrepancy can evade the constraint from the

electron g — 2 measurement.
Similarly, the EDMs of electron and muon are related to each other as

m CE
J X 7’M
Me CE.e

~23%x107%" ¢ cm x <CE“> X < de > (3.32)

CE.e 1.1 x 10729 ¢ - cm

)

d, = X de (3.31)

The current limit on the electron EDM is |d.| < 1.1 x 107 e - cm [43]. By using this
limit and the relation eq. (3.32), we can obtain an upper limit on the muon EDM |d,|,
which is smaller than the sensitivities of the future muon EDM experiments by orders of

magnitude if ¢, ~ cpe.

The implications of the eq. (3.27) and eq. (3.31) for the expected value of muon EDM,
which apparently contradict with each other, are based on the assumption that the ratio
of the relevant coefficients, ¢y, and cgy, is O(1). This corresponds to the following

assumptions on the underlying physics:
(i) Sizable C'P violation: if C'P phases in the new-physics sector are highly suppressed,
then we have cg ¢ < cprp.

(ii) Lepton-flavor universality: if the BSM particles interact with electron and muon

differently, we do not expect cyr/pe =~ Crr/p -
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(iii) Chirality flip by the lepton mass: if the dipole moments in eq. (3.24) are generated
in processes where the chirality flip is caused by other sources than the correspond-
ing lepton mass terms, we do not have the lepton-mass factors in eq.(3.29) and

eq. (3.31).

As it turns out, these assumptions do not necessarily hold in the models that can explain
the muon g — 2 discrepancy. To see the deviation from (or consistency with) the above
arguments, we consider a concrete example of the vector-like lepton model as an extension

to the SM in the following chapters and discuss the implications for the muon EDM.

3.4 Muon EDM measurement in a storage ring

3.4.1 Basic concept

In order to detect an EDM in the experiment, it is necessary to measure the interaction
of the EDM with an electric field in an environment as clean as possible, since its signal is
expected to be very small due to the smallness of particle EDM. Also, there is a technical
challenge to handle charged particles in an electric field for a sufficient period, because
they will be accelerated by the electric field, becoming faster and faster and hard to
control. This is the reason why the muon EDM measurements are performed by means of
the storage-ring experiment, which can avoid difficulty. With an external magnetic field
applied to the muons, they move circularly in the storage. In the rest frame of the particle,
it feels a motional electric field transformed from the magnetic field relativistically, which
can be of the same order or much greater than the external electric field applied in the

laboratory.

To understand how an EDM is measured in a storage ring, we have to first learn how the
muon g — 2 experiment works. In such kind of experiment, the spin-polarized beam of

muons are generated from the charged pion decay

™ =t +y,, (3.33)

T (3.34)
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A schematic plot of the positively charged pion decay is shown in figure 3.6. In the fol-
lowing discussion, we fix the positive charge and simply call u™ a muon, since this case
is the one used in the real muon g — 2 experiment [21]. Because pion is a spin-0 particle,
muons are emitted isotropically in the rest frame of the pion. Also, the helicity of the
decay particles is fixed by the property of weak interaction, that is, neutrinos must be left-
handed. By the conservation of angular momentum, we know that the muon must also be
left-handed. When boosted to the laboratory frame, the highest-energy and lowest-energy
muon are produced from pion decays in the forward and backward directions, which are
highly polarized. We can obtain the spin-polarized muon beams by selecting the energy

of muons appropriately.

FIGURE 3.6: A schematic plot showing the charged pion decay in the rest frame.

For a muon moving in a magnetic field, the spin precession is induced by the interaction
between the magnetic dipole moment of muon and the magnetic field, which is given

by [74]

Gy =—g5—— —(1—-7), (3.35)

where v = (1 — 82)~Y/2, B =wv/c.
The cyclotron angular frequency of a muon in a storage ring is [74]

B
Ge= -, (3.36)

ym
which indicates the frequency that the muon goes around in a circle.

Since both &y and &, pointing in the same direction, the difference between the frequency

of the spin precession and the cyclotron precession is then

Go=dy—wy =922 = 22 (3.37)
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where a is the anomalous magnetic dipole moment of the particle. This represents the
angular frequency which the spin of a particle rotates relative to its momentum vector.
Since we know that g is greater than 2, the spin precession is faster than the cyclotron
motion of the momentum vector of the particle. Note that in eq.(3.37), the angular
frequency only depends on the size of the magnetic field and there is no dependence on
the momentum of the particle. This behavior will change once we apply an external
electric field to the particle since in such a case the spin motion does strongly depend on

its momentum.

The muon has a lifetime of 2.2 us in its rest frame and decays via the parity-violating

weak interaction to one electron and two neutrinos.
pt =T+ ve+et (3.38)

In the rest frame of the muon, the maximum energy of the positron appears when it is
emitted in the opposite to the pair of neutrinos which goes in the same direction, see
figure 3.7. Since the two neutrinos in the pair have opposite spin directions, the positron
must have the same spin direction as the muon by the conservation of angular momentum.
For a light particle like a positron, the right-handed production is more favorable than
the left-handed production in the weak decays. We can conclude that for the case when
the positron obtains maximum energy in the muon decay, it has a higher probability to
move parallel to the muon spin direction. The conclusion is the opposite for the case with

negatively charged particles.

- <
v, «—0 a <~
H—
v, «—O0
<
wt et

FI1GURE 3.7: A schematic plot showing the muon decay in the rest frame with a maximum
energy of the decay electron.

The positron energy is maximum when its direction of motion is parallel to the muon
momentum in the laboratory frame, and when its center-of-mass energy is maximum too.
With the conclusion that we reached for the muon decay in the last paragraph, it is

now clear that such kind of high-energy positron appears more frequently when the spin
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direction is parallel to the muon momentum. Because the muon spin rotates relative to
the muon momentum with an angular frequency w,, it means that the number of positrons
with maximum energy in the laboratory frame also oscillates at this frequency, that is,
the number of decay positrons reaches a maximum when the spin and the momentum
of muon are parallel, and a minimum when they are antiparallel. We can set an energy
threshold Ejy, to select the high-energy positrons from the muon decay in the experiment,

the variation of the positron number is given by [74]
N(t, Ep) = No(Ew)e M1+ A(Ew,) cos(wat + ¢(Ewm))], (3.39)

where A™! = ~7 is the dilated muon lifetime. The normalization Ny, the weak asymmetry
of the muon decay A and the initial phase ¢ depend on the threshold energy. By mon-
itoring the number of the decay positrons, we can know the spin direction at a certain

time.

If there is no any field gradient applied for confining muons in the storage ring, then
the capture efficiency of muons would be low such that muons cannot move in a static
trajectory. In the actual experiment at Fermilab, the focusing of the muon beam is
achieved by using an electric quadrupole field [21]. When an electric field is applied,
eq. (3.37) is modified to [74]

aé—(a— ! >BXE, (3.40)

c

with the assumption 5 . B = 0. In order to eliminate the effect from the electric field
on the muon spin, it is necessary to tune the muon momentum to the so-called “magic”

momentum

mc

Pmagic = 7= = 3.094 GeV/c, (3.41)

which corresponds to v = V1 + a~! ~ 29.3. With this magic momentum, the effect of the
electric field on the muon momentum and spin are equal and the second term in eq. (3.40)
vanishes and it brings us back to the simple eq. (3.37). This method led to the 0.46 ppm

measurement of the muon g — 2 at Fermilab [21].

As we learnt from the course of special relativity, the electric field and magnetic field
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transform into each other. We have already seen that in eq. (3.40) the muon spin does
receive a contribution from the motion magnetic field B_' x E that is transformed from
the applied electric field. Similarly, if the muon EDM exists, then the motional electric
field 5 x B would create a torque to the EDM and induce a spin precession around the

motional electric field. With this consideration in mind, eq. (3.40) becomes [74]

. 1 \BxE +~ = E
aB—(a— 3 >6 +77<5><B+>
¥4 -1 2 c

where 7 is an analog of the g-factor in the magnetic dipole moment and is related to the

muon EDM d by

: (3.42)

. e
w=——
m

eh
d=n——-. 3.43
4dme ( )

Tuning the muon momentum to be pmagic, the frequency reduces to

. . - E
aB+n<B><B+>
2 c

In the actual experiment, the static electric quadrupole field is much smaller than the

. (3.44)

G=——
m

motional electric field, |E | < ¢ 3 x B |, and the expression can be further approximated
by

e _, - _

Qz——PB+ﬂ@xBﬂ. (3.45)

m 2
If the muon does have an EDM, the observed angular frequency in the experiment becomes
the sum of two components, & = d, + &, where the first one comes from muon g — 2 and
the second one comes from muon EDM. A schematic plot is shown in figure 3.8 for the
two components of the spin precession frequency. The x-direction is the direction of muon
momentum, the y-direction points radially inward to the center of the circular ring, and

the z-direction points upward. The magnetic field is applied in the negative z direction.

The existence of muon EDM would change our interpretation of the &, measured in the
experiment, since it becomes a combination of the contributions from muon g — 2 and

muon EDM. From figure 3.8, we know that one effect of the muon EDM is that the spin
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X

FIGURE 3.8: This schematic plot shows the spin precession frequency &, and ¢, induced
by the muon g — 2 and muon EDM, respectively. The sum of the two vectors makes the
spin precess out of the horizontal plane of the storage ring.

precession plane is tilted by an angle 0

§ =tan! <ZZ> = tan ! <Z§> , (3.46)

The tilt of the precession plane leads to an up-down oscillation of the muon spin, and a
phase shift of 7/2 relative to the precession caused by the muon g—2. These characteristics
were the main objectives of the muon EDM search performed by the E821 experiment at
Brookhaven National Laboratory (BNL) [75]. It turned out that the experiment obtained

a null result and set an upper limit on the muon EDM,
d,| <1.8x107" e¢-cm (95% C.L.). (3.47)

The overall magnitude of the precession frequency also changes and given by

5 2
@ = 42 ez + (775> | (3.48)

m 2

If we consider new physics as an explanation of the 4.20 deviation between the experi-
mental result and the theoretical prediction of muon g — 2, assuming that g ~ 1, it can

be rewritten as

= \éy\/(;f (aSM 4 aNP)? 4 (i_f) : &, (3.49)
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Figure 3.9 shows the possible combinations of w, and w;, in terms of the new physics

o~ B1Y (5)°(25" + &) + ()9

[0 BNL (2009)

—-60 —-40 -20 0 20 40 60
ay” x 100

FIGURE 3.9: Regions on the (a)",d,) plane which are consistent with the measured
value of precession frequency at its central value and 1o level. The gray area is already
excluded by the E821 experiment at BNL.

contributions to the muon g —2 and the muon EDM that give the correct value of the spin
precession frequency measured by the E989 experiment at Fermilab [21], with the region
excluded by the latest constraint on the muon EDM obtained from the E821 experiment
at BNL [75].

3.4.2 Prospects of future experiments

Here we would like to briefly mention without technical details the three proposed exper-
iments related to the muon EDM measurement. One is the E989 experiment at Fermilab,
another one is at Japan Proton Accelerator Research Complex (J-PARC), and the last
one is at Paul Scherrer Institute (PSI).

3.4.2.1 Fermilab [76]

After many upgrades for the muon g — 2 experiment at Fermilab, the E989 experimen-
tal setup can probe the muon EDM with higher sensitivity. The segmentation of the

calorimeters is adapted in the experiment, which can make physicists better control the
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pileup, and also the systematic uncertainty from the position and tilt angle of the detec-
tors which were the large ones in the E821 EDM measurement. The energy acceptance of
the calorimeters is also improved to cover a broader range of energy. The voltage of the
electrostatic quadrupole applied in the E989 experiment is also chosen appropriately to
reduce a significant systematic uncertainty from the coherent betatron oscillation. Other
improvements include the increasing amount of experimental data, the number of trackers,
and better tracker acceptance. They give an order of 1000 times more statistics compared
to the E821 EDM experiment. Considering all these effects, the collaboration claims a

preliminary estimation of the EDM sensitivity to be at the level of 107! e-cm.

3.4.2.2 J-PARC [77]

The idea of the experiment at Fermilab basically follows the discussion in section 3.4.1,
where the momentum of the muon is tuned to the magic momentum in order to cancel
the effect from the motional magnetic field generated by the electrostatic focusing. In
the proposed experiment E34 at J-PARC, a different approach is adapted to measure
the muon dipole moments. The experimentalists try to reduce the requirement of muon
focusing by applying a technique called reaccelerated thermal muon beam. This leads
to a significant improvement in the emittance of the muon beam, which is smaller by a
factor of 1000. Such kind of small emittance makes the very weak magnetic focusing and
the low-energy muons (around 300 MeV/c) in a compact storage ring become possible,
without using an external electric field for the muon focusing. This means in the J-PARC

scenario, eq. (3.45) becomes exact

w:—%[§+g(3x§>}, (3.50)

with no effect coming from the electric field and thus it reduces some possible sources
of systematic uncertainty. Also, instead of the horizontal injection of muon beams into
the storage ring, the J-PARC group proposed a novel vertical helix injection that can
store the muon beams in the storage ring more efficiently. With this whole new approach
different from the one at Fermilab, the collaboration estimated the muon EDM sensitivity
to be of 1.5 x 1072! e-cm, which is 60 times better than the muon EDM measurement

performed by E821 experiment previously.
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3.4.2.3 PSI [72]

The experimental group at PSI plan to use another novel approach for measuring the
muon EDM. This method is called the frozen-spin technique [78, 79]. The idea is to
totally cancel the contribution from the anomalous magnetic dipole moment in eq. (3.42).
This can be achieved by carefully choosing the electric field applied in the experiment.

We can solve for the required electric field by imposing the following requirement,

- 1 BxE
aB—(a—26X ) —0. (3.51)
-1 c
From this equation, we obtain the desired size of the electric field as
B
aBcp aBcBy?. (3.52)

T1-(1+a)p

Under this condition, there is no time-dependent relative precession between the muon
momentum vector and spin vector if the muon EDM is absent, that is, the spin is “frozen”
without an EDM. It is clear that with the frozen-spin technique, we are able to suppress
the contamination from the precession of the frequency induced by the anomalous mag-
netic dipole moment in the measurement and maximize the signal of muon EDM. The

experimental group estimates the sensitivity to be of order around 6 x 10723 e-cm.

As a recap of this section, we summarize the prospects of the three different proposals for

muon EDM measurement.

goal

9] (GeV/e) | v ||BI(T) | |E|(KV/cm) | [E'|/y(KV/cm) | R(m) | 05 (e-cm) | Ref.
3.094 29.3| 1.45 0(10) 4300 7.11 | O(1072Y) | E989 [76]
0.3 3.0 3.0 0.0 8500 0.333 | 1.5 x 10721 | E34 [77]
0.125 1.55| 3.0 20 7000 0.28 | 6x 10723 | PSI [72]

TABLE 3.2: Comparison among different proposals of the muon EDM measurement. p’
is the momentum of muon. 7 is the boost factor. B is the applied magnetic field. E is
the applied electric field. E’ is the electric field that muon feels in its rest frame. R is

the radius of the storage ring. o

goa

"is the goal of the sensitivity of muon EDM.




Chapter 4

General structure of new physics

contributions to dipole moments

In this chapter, we discuss the general structure of the new physics contributions to dipole
moments. To be specific, we explain the procedure of deriving the general formulas for all
possible one-loop contributions to the vertex function, and also the two-loop ones which

are necessary for the model we consider in the next chapter.

4.1 Omne-loop contributions

One-loop contributions to the electromagnetic vertex function can be divided into four
categories generically, which are shown in figure 4.1 and figure 4.2. We note that in the left
diagrams of figure 4.1 and 4.2, both neutral and charged bosons are possible depending
on the model considered, while in the right diagrams, only charged bosons are available
because they need to carry electric charges to interact with the photon electromagnetically.
Now we explain the general steps for obtaining the electromagnetic dipole moments of

the charged leptons.

Our goal is to extract the form factors corresponding to the magnetic and electric dipole

35
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v
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(a) Neutral/Charged scalar (b) Charged scalar

FIGURE 4.1: One-loop contributions to dipole moments with scalar bosons. The left
diagram is for the neutral scalar boson and the right one is for the charged scalar boson.

(b) Charged vector

(a) Neutral/Charged vector

FIGURE 4.2: One-loop contributions to dipole moments with vector bosons. The left
diagram is for the neutral vector boson and the right one is for the charged vector boson.

moments in the vertex function, eq. (3.4), that is, F» and F3. For convenience, the neces-
sary parts of the vertex function are reproduced here

o xuid
T* > Fy(q?) 5~ F3(¢*)o™ g, 5. (4.1)
my

Let us first define the momentum flow in the diagram. This is given in figure 4.3.



37

FIGURE 4.3: The convention of the momentum flow in the one-loop diagram.

We then write down the expression for each one-loop diagram according to the Feynman

rules. The general form looks like

d4
—1eQI* = / o) (a product of couplings and propagators). (4.2)
T

As an example, let us explicitly show the expression in the case of a neutral scalar boson

d*k
(2m)"*

p/_k—}—mg/ L p—k_}_mé, 1
s + —. (4.3
Wi =2 ok —md (95 + 9p75) 15— - (4.3)

—ieQI'" = —i%eQy /

(95— 9575)

where we move the electric charge factor in the coupling with the external photon outside
the integration of the loop momentum k. The factors like (gs + gp75) are the couplings of
the scalar boson with charge leptons, where g; and g, are the scalar and pseudoscalar cou-
plings, respectively. We will summarize the general Feynman rules used in each category

of the diagram in the following section.

The next step is to simplify the numerator and the denominator in the product of couplings
and propagators. The denominator can be simplified by taking advantage of Feynman’s

formula

(4.4)
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where the integration measure over the Feynman parameters z; is
1
/an:(nl)!/ dry---drpd (1 + - +x, — 1). (4.5)
0

For instance, in the case of neutral scalar boson, we have

1 {(p' - k’)2 — ’mﬂ + x9 [(p - k)2 — m?/} +x3 (k2 — m?g) =/ D, (4.6)

where
L=Fk— (mlp' + :ng) , (4.7)
D = —z129¢® + (z1 + x2) (z1 + 25 — 1) m% + (1 + x2) ’I’TL%/ + xgm%. (4.8)

Now we use the fact that the dipole moments correspond to the dimensional-five oper-
ators in the Lagrangian eq. (3.24), which are nonrenormalizable. This means that there
are no counterterms for absorbing the infinities, and therefore the contributions to the
dipole moments must come from the finite part in the vertex function. After shifting
the momentum from k to ¢, we get terms up to quadratic order in ¢. The terms with
¢? contain divergences, but since these terms only contribute to the form factor Fj in
eq. (3.5), we can ignore the £ terms in the numerator. Next, by using the fact that terms
linear in ¢ are odd functions, these terms integrate to zero in the end. It turns out that
we only need to focus on terms independent of ¢ in the integration for the extraction of

the dipole moments. In the case with a neutral scalar boson, it is given by

(95— gpvs) [(L = m1) P — wop +me | A* [~z + (1 — 22) p+ mur] (gs + gpr5) - (4.9)

Recalling that the vertex function is actually sandwiched between a pair of lepton spinor
like w(p/)T*u(p). We can use the fact that the external leptons are on-shell to further
simplify the numerator by applying the Dirac equation. This replaces factors p and p’ to

the mass of external lepton, my.

In order to extract the form factor, we rearrange the simplified numerator and extract

the term proportional to (p’ + p)*. Then, applying the Gordon identity

1

w (p') 'u (p) = P ) [(0 +p)" +ic"q] u(p) (4.10)
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to obtain the desired term proportional to c*’q, and o""q,7s, where ¢ = p' — p. The
coefficients of these terms give us the form factors, F»(g?) and F3(q?), of the electromag-
netic dipole moments. Finally, we can translate the form factors into the dipole moment

in the limit of zero momentum transfer, ¢*> = 0,

ar = F5(0), (4.11)

dy = eQoF3(0). (4.12)

4.2 Feynman rules

Here we list down the general Feynman rules used in the calculation of the contributions.

4.2.1 Lepton propagator

The lepton propagator is given by

q
- - +m

T = z‘q’im‘;. (4.13)
Y4 — MYy

4.2.2 Photon couplings

The couplings of a photon with leptons or charged scalar bosons are

Y Y
= —ieQ"" , p/v/, \pl = —ieQs (p+p)".
¢ ¢ T8 8 T

(4.14)
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The couplings of a photon with charged vector bosons are

U
Y|P —p
Pk \pi_k =iG[g* (p+p — 2k)" + ¢°"(p — 20 + k)™ + g"*(—2p + p' + k)7,

(4.15)

where G denotes the coupling constant.

4.2.3 Scalar boson sector

The following Feynman rules are derived from the Lagrangian with both the scalar and

pseudoscalar couplings,
L =1(gs + gpy5)LS*. (4.16)

The general couplings of a scalar boson with leptons are written as

77777777 =i(gs+97°) . =i(gi —g°).  (417)

The propagator of a scalar boson is given by

-t (4.18)

4.2.4 Vector boson sector

The following Feynman rules are derived from the Lagrangian with both the vector and

axial-vector couplings,

L= Z/")/u(gv + ga')/5)£V:' (4'19)
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The general couplings of a vector boson with leptons are written as

= iy (gs + giv°). (4.20)

The propagator of a vector boson in the Feynman gauge is

q

. G

4.2.5 Unphysical scalar boson

Since we choose to work in the Feynman gauge, we need to take into account the contribu-
tion from the unphysical Goldstone bosons. Their Yukawa couplings can be obtained by
matching the amplitude with the unphysical scalar boson replaced by the vector one and
requiring that the gauge dependent part must vanish. The resulting Yukawa couplings is

given by

g g
gamehy = mi?/(me —my) , gyt = *mic;(mz +mgr). (4.22)

A photon-vector-scalar coupling is given by

— iGgH, (4.23)

where G denotes the coupling constant.
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4.3 Summary of the one-loop general structure

In this section, we write down the exact form of all contributions from the four categories
of diagrams to the muon anomalous magnetic dipole moment and the electric dipole
moment, after the tedious calculations. More details of the calculation can be found in

appendix A.

4.3.1 Neutral/charged scalar boson

The general structure of the magnetic dipole moment and electric dipole moment in

figure 4.1a are

, 1 mo * _ * _"_:L,m * + *
0y = Qv me / do(l— 2™ (92595 ) ome (9595 gpgp)’ (4.24)
Qo 872 zmg+ (1 —z)mj —x (1 —x)m;
eQp [* 2 me (929p — 9s95)
dy = — dx (1 — . 4.25
¢ Z16712/0 v(1-2) am% + (1 —z)m3, —x (1 — ) m? (4.25)

4.3.2 Charged scalar boson

The general structure of the magnetic dipole moment and electric dipole moment in

figure 4.1b are

1 1—2)m * + * + my * ok
L i / da (1 — ) o 2T (929: + 9,90) + e (939, gpgp), (4.26)
Qe 81 ami + (1 —z)m% —x (1 —2)m?
eQg me (92g9p — 9s95)
dr (1 — . 4.27
de = 162/ @) wm%,+(1—w)m%—x(l—a:)m? (427)
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4.3.3 Neutral vector boson

The general structure of the magnetic dipole moment and electric dipole moment in

figure 4.2a are

[ng/ (g:gv

—95g90) — (L +2)my (9590 + 95 9a)]

Qe my (!
aé:ng dr (1—z)zx

1
L @l mf/ dz (1 - z)?

Qy 872 m3,

X

ami + (1 —z)m? —z (1 — z)m?

mye [gvgv (mg —mp)® — giga (Mg + mzfﬂ + xmy [giﬁgu (mg —me)? + giga (me + mz/)2]

ami + (1 —z)m2, — z (1 — ) m?

= eQe, / dz (1

_ 1
—FieQz W/ dz (1 — z)?
0

1672 m%/

(4.28)
My (g:ga — gvg;)
m2 p) 2
+(1l—a2)mj5 —xz(l—2x)m
my + Jmi (* ) ‘ (4.29)
me (Gy9a — Juga)
ami + (1 —z)m? —z (1 —z)m?’

In the expression above, the first term is the contribution from the vector boson and the

second term is the one obtained by

boson.

4.3.4 Charged vector boson

replacing the vector boson with an unphysical scalar

The general structure of the magnetic dipole moment and electric dipole moment in

figure 5.1c are

G omy (! 2me(3 — 22) (g5 g0 + G59a) — 3me (9590 — 9i9a)
ag=—--— [ de(l-=x) 2 5 P
eQ 8% Jo xmj, + (1 —x)mij, — 2(1 — x)m;
G 1 omg 1o amu(gygu + 9iga) — e (9590 — 9a)
T 20, 872 z(1 - ) 2 2 2
eQe 8 my Jo xmj, + (1 —z)mij, — 2(1 — x)mj

x (4.30)

—my)? + giga(me + me)?]

" {(1 — ) my [gige(my

ami + (1 —xz)m

2 —a(1—xz)m?

me [gige(me —me)? — giga(me + me)?]
amy, + (1 —z)mi — (1 —z)m? ’

)
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1 * *
. 3my (g Ya — Gvg )
d _ d 1— 2 v a
£= 62 /0 (1 =) amg, + (1 — z)mf, — (1 — z)m?
~ 1 * *\ A oF _ *
+ ZG/ dz(1 — x)me(ggga + gvga) 2’/TL@ (gvga gnga) (4.31)
16m2my J, xmy + (1 —z)mi — z(1 — x)m;
eQy m% — m% ! me (9y9a — Gv9a)
T — dz(l — z)r—s7 0 5 . 5
™ mi, 0 xmj, + (1 —z)my, — 2(1 — x)m;

In the expression above, the first term is the contribution from the vector boson, the
second term is the one obtained by replacing one of the vector bosons with an unphysical
scalar boson, and the last term is obtained by replacing all two vector bosons with the
unphysical scalar bosons. For the diagrams with vector bosons, the contribution from the
vector boson itself is always dominant, as we can see from the general expression. The
contributions from the unphysical scalar bosons are suppressed by the heavy mass of the

vector boson.

In the next chapter, we will apply the general formulas to the model of vector-like leptons.
It would be convenient if we can express the combinations of couplings in the form of left-
handed and right-handed couplings. The Lagrangians (4.16) and (4.19) can be rewritten in
the form of ¢'(gr, Pr, +grPr){S* and £/~v* (9r.PL+grPRr){V,, where P, g are the projection

operators. Couplings gs, and g, , are related to their corresponding g;, and gr by

1 1
(9L + 9R) » Ypa = 5(—9L + gR). (4.32)

gsv = 9

From them, we then obtain the following relations,

02 8e0 + Ghatpa = 5 (10 + lgnl?), (1.3
9sw9sw — padpa = Re(gLgR), (4.34)
Gt + 9o8ha = — (01l ~ lonl?), (1.3)
9sw9pa = Iswdpa = —i1m(gLgR), (4.36)

where the scalar-type and vector-type couplings are paired independently. For example,

in eq. (4.33) it should be read as gigs + g,9p Or gygv + gaJa-
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4.4 An example: muon g — 2 in the SM

In this section, we apply the formulas obtained above to the one-loop electroweak con-

tribution of muon g — 2 in the SM. Let us compute the contribution from Z boson first.

Since the lepton mass is much smaller than the boson mass, we neglect the second term

in eq. (4.28). In this case, my = mz and my = my = m,. The muon mass is ignored in

the denominator. The couplings of Z boson are

g -
=T (~1+4sin%
9v 4cos0W( + 4sin“Oy),
q - __ 9
“ 4cos by
Then we have
m? 1
a/Z‘ - 471—2,'222/0 dx (1—.’B) [gvgv(l_x) _gaga(3+$)]
2 2 1
My g /d 9. o
= 1— ) [(—1 + 4sin®0y)%(1 _3
4r2m? 16 cos20yy Jy z(1—2z) [(-1+4sin°0w)*(1 + ) + (=3 + 2)]
2 2
m# g 4 .2 . 4
= —(—1 — 2sin“# 4 0
Ar2m?, 160520 3\ Sin Oy + dsin“0vy )
miGFLL

=353 S+ 2sin®fy — 4sin?fyy),
T

where G = v/2¢%/ 8m12/V is the Fermi coupling constant.

(4.37)

(4.38)

(4.39)

Next, we compute the contribution from the W boson. In this case, my = my and

my = my = my,. The muon mass is ignored in the denominator. We also neglect the

third term in eq. (4.30) because it is suppressed by the large mass of the W boson. The

couplings of W boson are

—_ 9
Gv = —Ga = ok

(4.40)

(4.41)

(4.42)
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Then we have

w 1 m2 1
a, = 8772 dx(1 — z)[(3 = 22)(9590 + aga) — 3(909v — Gaga)]
T miy,

L my .
T 82 m2 (1 — 2)[(9,9v + 9a9a) — (9090 — 9uJa)]
W

(4.43)
1 my g
:2/ 2(1 — 2)[(6 — 4z) + 2]

872 mW8
::ﬁu mGr 10

8m2m2, 8 3 8/272 3’

The final piece of the one-loop electroweak contribution comes from the Higgs boson. In

this case, mg = my, and my = my = m,. The couplings of Higgs boson are

9s=——", gp = 0. (4.44)

Then we have

2,2 2 4 2
aHiggsim#m# b (A-a) (1t muGFl/l (1—=2)"(1+x)

meT 82 o ami+(l-z)’m2  4V2r2m; +(1— ) m2/m’
(4.45)

It turns out that the contribution from Higgs is several orders of magnitude smaller than

the Z and W contributions, and thus can be safely ignored.

Combining the results from the Z and W contributions, we obtain

EW(1) _ 2GF 1

K 8[7?23

5+ (1 —4sin®0w)?] (4.46)

which reproduces the one-loop contribution written in the White Paper [48].

4.5 Remarks

Let us consider a simple case with the contribution from a scalar boson mediation. The
magnetic and electric dipole moments of SM lepton are induced by the Yukawa couplings
of the lepton with new particles. It is, therefore, useful to give expressions of these

quantities for such cases in a generic manner. Suppose that the SM leptons £ couple to a
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new lepton ¢’ and a scalar S via the following Lagrangian terms:
Lint = *Z’(gLPL -+ gRPR)fS* + h.c.. (4.47)

The charge and mass of ¢’ (S) are denoted by Qu (Qg) and My (Mg), respectively. These

interactions induce the leptonic anomalous magnetic dipole moment at the one-loop level:

m My * M/ M/
Aay £ Re (gr95) [_QE’GZ’< ! > + QSGS< £ )]

82 M3 M2 M2
1 mj 2 2 Mg Mg
—_— —QuFp| —% F 4.48
t 32 M2 (lgL|” + l9rl?) | —Qe Fy 2 +QsFs Mmz)) (4.48)

where

3—dr+ 22+ 2Inzx

Gu(z) = CTE , (4.49)
Go(x) = 1 _;j - i")cglnx , (4.50)
Fo(z) = 2+ 3z —1629€i —l— z;—i- 6z Inx 7 (4.51)
Fy(z) = 1—6x+ ?i:;zl—l—_Zi;— 622 Inx (4.52)

These functions are obtained from the integrations of the generic expression in the cor-
responding category of the diagram, namely the diagrams with neutral or charged scalar

bosons, with the SM lepton masses neglected.

The EDMs are also induced at the one-loop level:

e Mgl ME/ MZ2’
= —1 x — Ly Gy . 4.
d@ 167'('2 Mg m (ngR) |: Qf GZ (Mg + QSGS Mg ( 53)

From this expression, we see that the EDMs vanish if g5, = 0 or gg = 0, whilst there
still exist non-vanishing terms for Aay. This clearly violates the assumption (i) in section
3.3. In this case, the interactions in eq. (4.47) conserve the C'P symmetry; for instance,
if g = 0, the C'P phase in gr can be rotated out by the field redefinition of S and thus

is not physical, and vice versa.

The first term in eq. (4.48), and eq. (4.53) are proportional to the fermion mass M, which
provides an additional source of chirality flip and thus spoils the assumption (iii) discussed

in section 3.3. If My > my, the first term dominates the second term eq. (4.48). In this
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case, we have a simple relation between Aay and dy:

de =~ 5 x tan [arg (gr.9%)] X Aag (4.54)
2my

which corresponds to eq. (3.27) for £ = p. We show a plot to visualize the dependence of
the muon EDM on the muon g — 2 and the C' P-violating phase in figure 4.4. In the region
consistent with the deviation of muon g — 2 in 20 enclosed by two vertical dashed lines,
the the proposed experiments at Fermilab and J-PARC can cover the region with large
phases while the experiment at PSI is able to probe region with much smaller phases due

to its high sensitivity.

M |d,|> 1.5x107%" e-cm
M [d,|2 5.0x107%2 ecm
M |dy|2 1.0x107%2 e<cm
M |dy|2 6.0x107% e-cm
M |d,|> 5.0x10"%° e-cm

arg(g.gr) []

0 1.x1079 2.x107% 3.x1079 4.x10"% 5.x10™9 6.x107°

Aay

FIGURE 4.4: The dependence of muon EDM on the deviation of muon g — 2 and the the
C P-violating phase in the scenario with new scalar sector. The region enclosed by the
vertical dashed lines is the 20 region of Aay,.



Chapter 5

Model of Vector-like leptons

Now we know that the assumption of three generations of matter in the SM describes
the experimental results very well. However, we still do not understand why it should be
so. It is therefore natural to suspect that there are some additional fermions in Nature.
We can build models containing new fermions, with their properties determined by some
theoretical assumptions, and see how they affect the SM predictions. In general, these
new fermions can couple to the electroweak bosons and result in measurable deviations

from the SM prediction, such as particle mass, cross-section, decay branching ratio, etc.

At first thought, a simple and naive option is to introduce more generations of new
fermions which are also chiral as their SM partners, that is, the left-handed and right-
handed leptons behave differently under the symmetry transformations of the theory, and
thus lead to different interactions, e.g. the weak charged current interacts only with the
left-handed particles in the SM. However, the null results from the experimental searches
have put strong constraints on these new chiral fermions, and their masses are restricted
to be huge [47]. Since the mass of these chiral fermions is generated by the Yukawa
couplings with the Higgs boson, it means that their Yukawa couplings must be relatively
large and may violate the unitarity bound. To avoid the severe constraints, another
approach of extension to the SM fermion sector is preferable: the vector-like fermions.
Unlike the chiral fermions, the vector-like fermions can acquire their masses from mass
terms independent of Yukawa couplings, and therefore are less constrained than extra

chiral families, as we can choose the mass parameters to be relatively large.

49
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Models with extra vector-like leptons (VLLs) have been discussed previously as being
possible explanations of the muon g—2 deviation between the experimental and theoretical
sides [80, 81, 82, 83|. Inspired by these studies, we discuss an SM extension with two
vector-like leptons, one SU(2);, doublet and one SU(2); singlet, and investigate the
electromagnetic dipole moments in the model. In particular, we are interested in the
possible new sources of C'P-violation in the model, which can generate sizable muon EDM.
Looking forward to the experiments of EDM measurement, we perform the computation
of the prediction for the muon EDM and see whether it is suitable for the proposed

projects of the muon EDM measurement.

5.1 Lagrangian

ur pur H | Lpr FErLgr
SUB)e 1 1 1] 1 1
SU2), 2 1 2| 2 1
Uy -3 -1 5] -3 -1

TABLE 5.1: This table shows the quantum numbers of SM and extra vector-like leptons.
As usual, the electric charge is given by Q = T35+ Y, where T3 is the weak isospin, which
is +1/2 for for the first component and -1/2 for the second one of a doublet, respectively.

We consider an extension to the SM by one doublet (L) and one singlet (E) vector-like
leptons. For simplicity, we consider the minimal scenario where only the couplings of
the vector-like leptons to the second generation of lepton exist and the couplings of the
vector-like leptons to other generations are unchanged from their SM values.! Therefore,
the electron and tau do not mix with extra vector-like leptons and their masses totally
originate from the Higgs Yukawa couplings. The quantum numbers of the fields necessary
for the analysis are listed in table 5.1, where the lowercase letters denote fields in the SM
and the uppercase letters denote the vector-like leptons. As can be seen from the table,
L; g and Ep, g have the same quantum numbers as their chiral partners p7, and pg in
the SM, respectively. In the discussion below, our notation basically follows the one used

in [82].

1Such kind of structure may be realized by imposing specific flavor symmetries to the model, for exam-
ple, U(1)r, or U(1)r, -1, symmetry which we studied in [84, 85]. The neutrino masses can be generated
by breaking these symmetries with the mass term of right-handed neutrinos. In general, couplings with
other leptons are possible, but it complicates the model and analysis, so in this work, we focus on couplings
with muon directly related to muon dipole moments and assume that other couplings are negligibly small.
Considering the concrete model in this framework, especially for the explanation of the neutrino mixing,
is not trivial, we devote the more general couplings and neutrino sector to our future work.
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The components of the doublet fields are labeled as

Vip L([]/,R 1 0

lp = , Lpr= , H = —= )
B Ly » V2 \vtn

where v = 246.22 GeV is the vacuum expectation value of the Higgs field.

Without loss of generality, we work in the basis where the Yukawa matrix of the leptons
in the SM sector is already diagonal. The most relevant part of the Lagrangin is the
Yukawa interactions among the muon and the vector-like leptons and the mass term of
the vector-like leptons, which are given by

LD— yuZLURH — )\EELERH — )\LELMRH — AELERH — XHTELLR

i i (5.2)
— MLLLLR — MEELER + h.c..

The parameters y,,, A\g, AL, A, A\, M1, Mg are in general complex. However, most of the

complex phases are not physical since they can be removed via the field redefinition. It

turns out that in the model there are two independent complex phases

¢y = arg (Y ALAEA) (5.3)

ou = arg (AMM{Mg), (5.4)

which are invariant under the phase rotation of the fields and therefore can serve as the
sources of new C'P violation. In this work, we take the two C'P phases to be the phases

of X\ and \g.

After the spontaneous symmetry breaking of the Higgs field, the leptons acquire masses

and the mass matrix of charged leptons is given by

yuv/\/§ 0 )\E'U/\/i IR
(MUlg = (pn, L7, EL) | Apv/vV2 My M/V2 Lz |- (5.5)
0 M/vV2 Mg ER

Following the notation I adapted for the SM, the leptons in the flavor eigenbasis are

denoted collectively as £1, = (ur, L}, Ep)T and (g = (ur, Ly, Ep)T.
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We can diagonalize the mass matrix in eq. (5.5) by a bi-unitary transformation with two

unitary matrices Uy, and Ug:

yuov 0 Agv my, 0 0
Ul | Ao My xo |Ur=|0 ms 0 |, (5.6)
0 M Mg 0 0 ms

where the eigenmass my is set to be the mass of muon, m,,, and the mass ordering is fixed

as mo < my < ms.

We also note that the mass of the neutral component of the doublet L, L? = vy, solely
originates from the mass term —M; L;Lr and hence its mass is simply determined by

the value of M7y,

5.2 Muon mass

In order to perform the numerical calculations of this model, we need to input the values
of the free parameters. In particular, these parameters must be chosen in such a way
that the eigenvalue of my after the diagonalization of the mass matrix corresponds to the
real value of the muon mass measured in the experiment, namely, m,, = 105.6583755(23)
MeV [47]. We choose to fix all the parameters except the Yukawa coupling of muon to

the Higgs boson, y,,, and solve the value of y,, for the correct m,,.

From the daigonalization of mass matrix, we have

mz 0 0

UlMMUL=| 0 m2 o |. (5.7)

0 Omg

We then subtract on both sides the muon mass squared to obtain

U;{(MgMg—MQ)UL: 0 mi—m
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This means that the determinant of the quantity M,M, g — mi[ is zero,
det(M;M] — m2I) = 0. (5.9)

By substituting the mass matrix in eq.(5.5) to the determinant, we get a quadratic

function of y,,
8
det(MgMT m I) = ngu +cay,+c=0, ¢ = ZCQ” (\[m“> , (5.10)
n=0

with the coefficients c given by

c8 = NAs2AP,
= XA — ePAI2 — NZ[AIZ — A2 Ag]? — r3Agl? — rEA} — r3r% + drprpARe(A),

cg = A2+ 22 + N2+ Dgl2+ 12 + 12,

=1

(5.11)
c(l) =2\, [’I“LT‘ERQ(/\ES\) - >\|5\|2Re()‘E)]
f =20\ rRe(Ap), (5.12)
ct =0,
§ =0,
A = NA2 +r2rd — 2rprpA),
A=X—[\2=r2 12,
o (5.13)
§=0

Since it is a quadratic function of y,, we know that there are in general two solutions for

each set of 6 free parameters, (Ag, A, \, A\, M1, Mg).
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5.3 Interactions

In this section, the quantities related to the flavor basis are indexed by Greek alphabets

(ar, 8,7, -+ ), while the quantities related to the mass basis are indexed by Latin alphabets

(a,b,c,---). For the flavor indices, we have 2 = p,4 = L and 5 = E.

5.3.1 Higgs boson couplings

Since the couplings related to electron and tau are not modified by the vector-like leptons,

their couplings with Higgs boson are the SM values A, = —m, r/v. Other couplings of

charged leptons to Higgs boson is modified by the mixing with the vector-like leptons.

The Yukawa interaction in the flavor basis is given by

1 -
Ly D _GELprUERUh_'_h'C“

V2

This can be transformed to the the mass basis given by

1 i —
Ly > === > 11a(U})ap Yoo (U)ot Cry b+ hoc. = Lrq Aap Lrp h + hoc,

\@ p,0=2,45

where the Yukawa matrix is written as

Yu 0 )\E
Y = )\L 0 A )
0 XA 0
and the Yukawa couplings in the mass basis is
1 f
Aab = ——= Z (UL)aprU (UR)a'b'

\/i p,0=2,4,5

(5.14)

(5.15)

(5.16)

(5.17)

We notice that the Yukawa coupling in the flavor basis is similar to the mass matrix

of the charged leptons with the absence of the masses of vector-like leptons, that is,

Yv/v2 = M — diag(0, Mz, Mg). With this relation, the Higgs boson couplings in the
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mass basis can be written as:

Y0/ V2 0 Apv/vV?2 0 0 0
X =Ul | A\po/v2 My Mo/v2 |Ur=Ullo My o |Ur  (5.18)

0 \v/v/2 Mg 0 0 Mg
my, 0 0 0 0 0
=10 my O —Uz 0 M; 0 |Usg. (5.19)
0 0 ms 0 0 ME

In this expression, we can see clearly that the first term has a simple form which is the
same as the Yukawa couplings in the SM. It originates from the mixings between muons
and vector-like leptons. The second term corresponds solely to the contributions from the

mass term of the vector-like leptons.

5.3.2 Z boson couplings

The couplings of leptons to the Z boson come from the kinetic term of the leptons. Due

to the mixing among muon and vector-like leptons, the kinetic term is modified to

Liin D L1aiBolro + lraiDalia = L1a(UN)aoiDe(UL)oblrb + Lra(U L) acilB e (Ur) ot rb-

(5.20)
The covariant derivative D, is defined as
Dyo = 0y +i —2— (T3 — Q,sin®0w) Z,, + ieQu Ay, (5.21)
cos Oy

where T3 and Q are the weak isospin and electric charge of leptons obtained from the

quantum numbers listed in table 5.1.

The couplings of the Z boson to charged leptons £, and #;, are defined in the Lagrangian

Lz D [Lrav(97)avlis + Lrav" (98) ablrb) Zpi- (5.22)
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Couplings of left-handed and right-handed charged leptons with Z boson are given by

g .
(9D)ar = = cosg 2 (Tho = 5in* 6w Qo) (UL )ao (Un)ob, (5.23)
0=2,4,5
g .
(9R)ar = = o D (Thy = 50 0w Qo) (U)ao (Uro, (5.24)
o=245

where the electric charge @), and the third component of weak isospins T’ g , and TI?;LJ for

each flavor are summarized in the following table 5.2.

Flavor 2 4 5

Qo -1 -1 -1
T3, -1/2 -1/2 0
T3, 0 -1/2 0

TABLE 5.2: This table shows the electric charge @, and the third component of weak
isospins T3, and T's, for each flavor considered in the mixing of charged leptons. Recall
that in the flavor basis, we have 2 = y,4 = L, and 5 = F.

Since the electric charge @), is the same for all the charged leptons considered, no mod-
ification is made on the couplings of photon with charged leptons. On the other hand,
because of the different weak isospins of the charged leptons in the mixing, the couplings
of the Z boson in eq. (5.23) and eq. (5.24) are modified from their SM values. In (g7)ap,

we have

—COSQHW { (—; + SiH29W> [(UD)aa(UL)ap + (U] aa(UL)as) + sin20W(U£)a5(UL)5b} .

(5.25)

To see the modification to the SM coupling, we can arrange and separate eq. (5.23) in two

parts. The first one is

_cOsgew {<_; + sin20vv> (UD)a2(UL)2 + (U})aa(UL)ap + (Uz)a5(UL)5b]} . (5.26)

By the unitarity of the matrix Uy, we have 2022’475(U£)M(UL)01, = 0qp. This gives the
form of the SM coupling of Z boson with the left-handed leptons

g .
(9)ay = —— = (—2 + sm20w> Sab. (5.27)
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The second one corresponds to the modification of the SM coupling,

g
(595)(117 = *m(Uz)as(UL)%

Similarly, we can separate eq. (5.24) in parts of the SM coupling

Z\SM g .9 ab
= — Ow o
(gR)ab cos Oy sm” Ow
and the modification
Sa% b = g + . '
(697 )ab Y= HW(UR) 4(UR)ap

5.3.3 W boson couplings

(5.28)

(5.29)

(5.30)

The couplings of W with leptons are also derived from the kinetic term. Since the charged

lepton E is an SU(2)[, singlet, it decouples from the interaction with W boson. The kinetic

term is given by

Liyin DO _9 (5LM’YMML + E%fy“LZ + E%fy“Lﬁ) W;j' + h.c.

V2

= — L (0p*(UL)avlrs + 714" (UL) vlrs + Pray* (Ur) 15l sb) W+ he.

V2

This can be written in a more compact form
c 0La Y (91 )avlrs + Prav" (W Vaplrs] W, + R
w D [7La¥" (91 ablrs + VraV" (9K Javlrs] W, + h.c.,
and the couplings of W boson with leptons are defined as

(91 )20 = ——=(UL) 2, (91 )ap = ——=(UL)

N

(98 )av = ——=(UR) ap-

Sls g

5.4 One-loop diagrams for the muon dipole moments

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

In this section, we perform the computation of the one-loop contributions to the electro-

magnetic dipole moments of muon by applying the general formulas discussed in chapter
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4. In this model, we need to consider the diagrams of the Higgs, Z boson and W boson
mediations, see figure 5.1. These correspond to the neutral scalar boson (section 4.3.1),

neutral vector boson (section 4.3.3), and charged vector boson (section 4.3.1), respectively.

(a) Higgs boson (b) Z boson (¢) W boson

FI1GURE 5.1: One-loop contributions considered in the model.

5.4.1 Higgs boson mediation

As we discussed in the previous section, the interaction of the Higgs boson with the

charged leptons is
CriNij Lrj b+ Cri N £ h = €;(Nij Pr + Xj; PL)l; h, (5.36)

where Pr, g are the projection operators for the left-handed and right-handed components

of the leptons. This can be rearranged in the form of the scalar and pseudoscalar couplings

i(gs + gp5)L5 b, (5.37)
where
1 N 1 «
9s = 5 (Nij + X50) » gp = 5 (Aij = Ajy)- (5.38)

Substituting these couplings, with j = 2, into the general formulas, we obtain the contri-

bution to the muon g — 2 as

1 2 2
i 122 i il“)/2
Aah — my E / dz (1 . ZL‘)Z m Re()\ 2)\2 );_ $m/‘«(|)\ 2| ;_ |)\2 | )/ ) (539)
0 zmi + (1 —x)m

7
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For simplicity, we have neglected terms higher than O(mi /m?) in the integral. In this

case, the integration can be carried out easily as

1 1—x)2 r2 —4r; + 3+ 21n(ry
wiry= [ U=y (r)
0

z+(1—x)r; v 2(1—r;)3 ’
1 [t 2(1—x)? 2 —6r? + 3r; + 2+ 6r; In(r;
fh(Ti)ZQ/ x( x) d:czrl ri 4 31 + —1; s n(rz)7
0o x4+ (1—x)r; 12(1 — ry)

where r; = mf/m% and 1 = 2,4, 5.
Then, we obtain the contribution to muon g — 2 from the Higgs boson,

&2 Z [(Ni2l® + [A2i?) mufu(rs) + Re (Ni2Aoi) mign(rs)] -

Aadl = )
Tmy, i=2,4,5

“w

The contribution to the muon EDM can be obtained similarly and the result is

ho & X . . .
du — _m i;BIm()\lgAQZ)ngh(n)'

5.4.2 7 boson mediation

The interaction of charged leptons with Z boson can be written as
Gy (97 + 9275) €2,

where

gUZ = % [(QIZ/)’L] + (QIZ%)W] ) gf = % [(_gf)ij + (g}Z%)U] :

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

By applying the general formula, with j = 2, for the case with neutral vector boson, we

obtain

2

i

zm% + (1—xz)m

> % /1 dr (1 1) L 2miRe [(97)ia(97)5] — (1 + @) my [[(97)i2l” + |(g7)iel] /2
™ Jo

zm% + (1 — z) m?

my /1 do (1 —z)2 " {miRe [(97)i2(95)52] +mu(@ = 2) [[(97)i2l® + [(97)i2|?]
0

/2}

(5.46)
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where r; = mf /m2Z and i = 2,4,5. For simplicity, we have neglected terms higher than

(’)(mi / m2Z) in the integral. In this case, the integration can be carried out easily as

1 2 3
dz(1 —z) +r;(1 — x) 3 4+ 3r; —4 — 6r;In(r;)
N — de = — -2 , 5.47
gZ(Tz) /0 z+ (1 — ZL‘)’l"i € 2(1 — 7"1')3 ( )
1t —22(1 — a2 (x—2)(1 —x)?
fz(ri) = / 2l — ) +rile — 2)(1 ~ 2) da
2 /o x4+ (1—x)r;
_5rf —14r] +39r7 — 38r; +8 — 1817 In(r) (5.48)
12(1 — ry)* ' ‘

The contribution to muon g — 2 from the Z boson is now given by

m *
Aaff = o5t > {lID)il + [(9R)ial] mufz(r:) + Re [(92)ia(9R )io] migz(ri)} -
Z =245
(5.49)
Similarly, we can calculate the contribution to muon EDM and the result is
€ *
G = Tomomz 2 1 [(0D)i2(9R )] migz(ri). (5.50)
Z §=245
5.4.3 W boson mediation
The interaction of charged leptons with W boson can be written as
vy (g0 + g8 vs) W, (5.51)
where
1 1
9 = 5 [(92)ij + (98 )ig] » 9 = 5 (=91 )i + (97 )] - (5.52)



61

By applying the general formula, with j = 2, for the case with charged vector boson, we

obtain

my [ mu(3 = 2z) [[(g] )a2l* + (g} )ial?/2] — 3muiRe (9] )i2 (9]} )5s]
my [ my [[(9] )iz + 1(gR i2l?/2] — muiRe [(9] )iz (91 )5]
+/0 d(1 — z)° ——=F migz T L ilaz

24 [ g {20 0o Do)+ 20 e [ o]
! zm?, + (1 — z) m, '

(5.53)

where myo = m,, ~ 0, myq = Mg, r2 = mgu/m%/v and 14 = Mg/m%,v For simplicity, we
have neglected terms higher than O(mi /m%,) in the integral. In this case, the integration

can be carried out easily as

gw(r) = _/1 31—2)? + (1 —x)? +ra(l — J:)dx P =127 4 15r — 4 + 6% In(r)
0

(1—2x)+ar B 2(1—r)? 7
(5.54)
1 YB3 —22)1—2)2+ (1 —2)® +rz(l — 2?)
fw(r) = 2/0 (1—x)+ar &
_ At —d9r% 4 78:22 (—1 {3:; 10+ 187 In(r) (5.55)

Neglecting the vanishingly small mass of the muon neutrino, the contribution from W

boson is then given by

Aa)) = }22:4 87:;17;;‘24/ {11(gr )izl + 1(g ial*] mufv (ri)} + Re [(91) )az(gR *)az] Mrgw (ra),

(5.56)

while the muon EDM originates from the W mediation can be calculated similarly and

the result is

e

A = ————Tm [(9))a2(g} *)a2] Mpgw (ra). 5.57
b o, (91 )a2(9R *)a2) Mrgw (r4) (5.57)

As we discussed in section 4.5, all electromagnetic dipole moments from different diagrams

acquire enhancements from the new sources of chirality flip provided by the mass of extra

vector-like leptons, my, ms, or My,
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Because the contributions from the SM are also contained in the modified p — p — h,
p—p— 2, and p— v, — W couplings, in the results presented below we subtract the SM
contributions from the values obtained in the calculations above. We note that in the
parameter space consistent with experimental constraints in this work, the new-physics
contributions from these couplings are small compared to the ones from mixings with
vector-like leptons. According to the numerical results we obtained, they are typically
at the level of 0.1% for the magnetic dipole moment and 0.001% for the electric dipole

moment. Therefore these contributions can be safely ignored under our consideration.

5.5 Constraints

In this section, we consider the constraints to the model of vector-like leptons. These
include the constraints from precision electroweak measurements, the electron EDM, the

Higgs decay such as h — upu~, and the heavy charged leptons.

5.5.1 Precision electroweak measurements

Since muon and muon neutrino mix with extra vector-like leptons in this model, the
gauge couplings in the mass basis are modified, as we have seen in section 5.3. Therefore,
several electroweak observables are affected correspondingly, such as the muon lifetime,
decay asymmetries involving muons, partial widths of W and Z bosons, etc. These
constraints have been considered in the previous analysis [80] and can be translated into

upper bounds of the couplings A;, and Ag given by

ALV < ARV

0.04
VM ™ V2Mp

<0.03, (5.58)

whose maximum values are adapted in our analysis.

5.5.2 h—putu~

Since the Yukawa coupling of muon is also modified from its SM value, the deviation
from the SM prediction is expected in the decay channel of Higgs boson to a muon pair,

h — pTp~. It has been a long history for pursuing the search of dimuon productions



63

in the Higgs decay, as presented in a series of competitive studies between the ATLAS
and CMS groups at CERN [86, 87, 88, 89, 90], with gradually decreasing upper limits on
the deviation from the SM prediction. Recently, CMS group claimed that it found the
first evidence of the Higgs-to-dimuon decay channel [42] with a significance of 3 standard
deviations. Currently, the branching fraction of h — pu*u~ is constrained to be within
the range 0.8 x 107% < B(h — pTpu~) < 4.5 x 107* at 95% confidence level. This can be

transformed into

L(h— p*u”)
(h = ptp=)sm

0369 < R(h = p*p”) = < 2.07, (5.59)

which we adapt as a constraint in this analysis.

5.5.3 Electron EDM

The latest measurement of electron EDM is performed by the ACME collaboration [43],
which measured the precession of electron spin in a superposition of the quantum states
of an electron inside a strong intramolecular electric field. The group obtained a rather

strong upper limit on the value of electron EDM,
|de| <1.1x107% ¢-cm (5.60)

at 90% confidence level. Therefore, we need to make sure that all models which can
generate an electron EDM must not exceed this upper limit. If there is no parameter
space for a value smaller than the bound, then the model should be considered as already
excluded. We note that in obtaining the above limit, possible contributions to the spin
precession frequency from the C'P-odd electron-nucleon scalar coupling are set to zero. In
the case of the model of vector-like leptons, such kinds of coupling exist as higher-order

quantum effects and therefore can be safely ignored in our analysis.

In the framework of this model, the mixings among muon and extra vector-like leptons
may also contribute to a sizable electron EDM. These contributions appear in the internal
lepton loop of the two-loop Barr-Zee diagrams shown in figure 5.2, where all possible
combinations of muon and vector-like leptons contribute to the inner loop, as shown in

figure 5.3.
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FIGURE 5.2: Contributions to the electron EDM from the Barr-Zee diagram induced by
the vector-like leptons.

k—q k k—q k
FI1GURE 5.3: The inner loop inside the blob of figure 5.2.

To obtain the value of the electron EDM, let us first discuss the left diagram in figure
5.2. The first step is to extract the effective vertex FZ‘VM from the inner loop. By the
gauge invariance of the on-shell photon, ¢, I'*” = 0, the effective vertex must have the

form of [91]
1
iThv, (¢, k) = i/o dx [cE(qVk:“ —q-kg") +icoePa.ks| . (5.61)

We can perform similar calculations as the ones we have done in the one-loop contri-
butions, except that this time we extract coefficients c¢g and co of the corresponding
combinations of momenta. Applying the general Feynman rules listed in section 4.2, we

obtain

i _ eQimi(l — 2)3(99 0" — g7 ga?) + mya?(1 — x)(g?gi” + g/ gy

- 5.62

B 4gn2 —2(l = 2)k? + (1 — z)m? + zm? ’ (5.62)

g Qi1 = PP — ) — a1 = )P+ )
O 42 —z(1—2)k?+ (1 —x)m + xm? ’ '

where 7, j = 2,4,5. The electron EDM can be obtained by attaching the effective vertex to
the electron line, which produces the mathematical expression corresponding to the AV~
diagram. We notice that for each diagram of FZ‘V/ 4o We need to consider the diagrams with

the exchange of propagators of Higgs boson and vector boson, and also with the crossing
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between the photon and the vector boson in the inner loop. After a lengthy calculation,

we get
ij —¢ ! ij eV _ehx ij eV ehx
d¢ = 3207/, dz |Im(cpgy” 9,"") — Im(cpgs g5)
+Im(cFge” g2") — Tm(cF g’ g<")| x I3, (5.64)

where 4, = 2,4, 5, ¢¢'s are the couplings of the electron with vector boson and ¢®"s are
the couplings of the electron with Higgs boson. The momentum integration over k in the

outer loop, I;g/, is given by

iy 1 20 Ay 2 A
1, = — [F (x v g) ~F <m v ;)] , (5.65)
my, my, My my My
where
Floy.) = — #05) (5.66)
- (1—y)lz—2(1—-2)] '
Ayj=(1—x)m? + xm? (5.67)

In the expression of d9 , particle 7 is defined as the one who interacts with the external
photon, accompanied by particle j in the inner loop of the Barr-Zee diagram. The total

contribution is obtained by summing all possible combinations of j.

For the case that V is a photon, the expression can be greatly simplified because in the

inner loop only one type of lepton can exist. Also, we have

69 = SO+ Ay, gt = -, (5.65)
g = %()\ — ANy, gt =0, (5.69)
g =g =, (5.70)
g =g =0. (5.71)

Therefore, only one term, Im(cggf)vgsh*), remains in the expression of eq. (5.64). With

17

c = —em;(1 —x) gzi,i, the electron EDM from the hvy~y diagrams is then given by

e3mem; e y
A = Z —32;411m(g;’)/0 dz(1 — x) . (5.72)
i=2,4,5
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We note that there is a factor of 2 compared to eq. (5.64) beacuse we can cross the two

photon lines in the diagram.

For the case that V is a Z boson, we have

g9 = SO+ My, it = -, (5.13)
gl = %(A Ay gt =0, (5.74)
) = 3lof + 9+ 9 = ~ g (-1 + Asin’tuy), (5.75)
il = 5ot s 9 =~ (576)

In this case, we need to sum all possible combinations of charged leptons to obtain the

contribution from the hZ~ diagrams.

Another class of diagrams is the ones with two W bosons as shown in the right diagram
of figure 5.2. In this case, the contribution to the electron EDM originates from the the

interaction of the heavy neutrino v4 with the charged leptons, and is given by

2 1
eg meszL * 1
dVWy = Sr6 Z — 5—Im (g1 )ai(gR *)ai] / dz Iy, (5.77)
i=2,4,5 w 0
where
B (1—z)mZ+aM?
w (1 x)lniw(l_w)m%v
Iyw = (5.78)

—z(1 —z)mi, + (1 — z)m? + M}’

5.5.4 Heavy leptons mass

It is possible that the extra vector-like leptons can decay via charged or neutral weak
currents through the mixing with the SM leptons of the second generation. The LEP
experiment searched for such kinds of decays and set a lower bound on the mass of these

new particles [92]. The lower bound is around 100 GeV for these heavy leptons.

5.6 Results

In this section, we show the results of our analysis on the model of vector-like leptons. In

the following figures we perform scans through several different parameters, with other
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parameters fixed mainly by one specific parameter set
A=02, |\ =058, arg(\) = arg(\p) = g My =4TeV, Mp=8TeV, (5.79)

and with A\ and |Ag| determined by their maximum values in eq. (5.58), namely, A\j, ~
2.3 x 107*M,/GeV and Ag ~ 1.7 x 107*Mpg/GeV. The Higgs Yukawa coupling of muon,
Yu, chosen to be the larger one of its two solutions. For clarity, we put the values of fixed
parameters on the top of each plot. We note that the mass of the vector-like leptons is
chosen to be at the TeV scale, therefore the constraints on the heavy leptons discussed

above can be safely ignored in this analysis.

The prediction of contribution to the muon g — 2 as a function of R(h — putu™) is
shown in figure 5.4, where the region enclosed by the two vertical dotted lines is the one
constrained by CMS experiment in [42]. We have examined the behavior over a broad
range of the mass parameter M. As can be seen from the plot, large M around 4
TeV can successfully reproduce the central value of muon g — 2 within the constraint on
R(h — ptp™) set by CMS, while small M7, fails to reproduce the correct Aay, in this case.
It is possible to make M, small, but we need to carefully fine-tune the parameters such
that the prediction can barely fit in the region around the 20 boundary of Aa, within

the constrained region of R(h — p*u~) and is therefore not favored.

A=0.2,|A| <1.0,Me =8 TeV, arg(A) = arg(Ae) = /2, /2o

« 150 GeV
« 250 GeV
_4] - 600 Gev
4000 GeV
0.0 0?5 1?0 1?5 270 2?5 3:0 3?5 4.0

Rh -ty

FIGURE 5.4: The prediction of muon g — 2 as a function of R(h — ptu™). In this plot,
we pick up 4 values of My, and let |A| run through -1 to 1. The region enclosed by the
two vertical dotted lines is the one constrained by CMS experiment in [42].
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Here, we discuss an interesting feature related to the muon g—2 in the model of vector-like
lepton. Assuming the vector-like leptons are very heavy, then after integrating them out

in the Lagrangian, we obtain an effective Lagrangian including the following terms [93]

Lot O — yYulrprH — CunlrupH (HTH>
i ) (5.80)
— CHBELUQBMRHBQB + C'#WELUO‘BMRT?’HWO% + h.c.,

where ¢; = (Vu,uL)T, C's are the Wilson coefficients of the corresponding operators,
B.g = 0,83 — 03B, and Wg’ﬁ = 8an — 8BWC%. We note that all parameters in Lo can
be complex in general. We denote the Pauli matrix o® by 72 to avoid confusion with o®¥.
After expanding the Higgs field in terms of (0,v 4 h)?/v/2, the second term in the first
line of Leg induces contributions to the mass of muon and the Yukawa coupling of muon
to Higgs boson. The terms in the second line give contributions to muon dipole moments.
From this effective Lagrangian, we obtain the mass term of muon as —|mu|ﬁe”5¢mu 73
where |my,| = |y,v/V2+ Cupv? /22| and tan ¢y, = Im(m,,)/Re(m,,). We can transform
it into a basis where the mass of muon is real and positive by the chiral transformation

of the spinors, p1 — e~ 75%mu/2) and i — fe”"5%mu/2. Then, from eq. (5.80) we have [41]

_ _ eAay, _ dy _
Leg DO —myjipt — ()\ZMMPR/ML + h.c.) + ﬁuao‘ﬁuFa/g — z?“uU“’B%MFa/g, (5.81)
o

with
3
yuv | Cunv —ig
_ n e 5.82
e (ﬂ 22 ) ‘ (582)
h Yu CMHU2 —itm
ANH = E + 3% e [ (583)
4 .
Aay = — :/“;Re (Cuneiomn), (5.84)
2 .
d, = 7%1111 (Cuneimn), (5.85)

where F,g = 0,Ag — 0gAq and C,y = Cypcosby — Cywsinby. my, Aa, and d,
correspond to the muon mass, muon g — 2, muon EDM and they are all real numbers,
while the muon Yukawa coupling )‘Zu is complex in general. We see that the phase rotation

in muon mass generically contributes to the muon Yukawa coupling, g — 2, and EDM.?

2We note that the chiral transformations do not affect the QED interactions, because QED conserves
C P symmetry and thus even in the complex formalism, it does not give contribution to the EDM. Actually,
it has been shown that such kind of complex phase is redundant in QED [94]. Therefore, the phase can
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To see the relation between muon g — 2 and muon mass, it is convenient to first consider
all parameters to be real. In this case, the mass of muon can be simply separated into two

H {5 the mass term from the direct Yukawa interaction

_ o H LE
terms, my, = m,, +m;", where m;,

of muon with the Higgs boson, y,v/ V2, while mﬁE is the contribution from the mixing

with vector-like leptons. Then, we can construct a relation between muon g — 2 and mﬁE
as
LE
m,m
Aay, ~ ——2F 5.86
" 8292 ( )
Therefore, in the limit of heavy vector-like lepton masses, muon g — 2 and m%¥ are

i

anticorrelated linearly. This means we need a negative mﬁE to reproduce the correct
value of muon g — 2. In fact, we can obtain a simple approximation for Aa, even in
the region of lighter vector-like leptons. In this case, the coefficient -1 is replaced by a

function c of the mass of vector-like lepton, and Aa, can be approximated as

mHmLE mLE
Aay = e~ le = 0.93 cAa;xpm—*;, (5.87)

where c is typically an O(1) coefficient given by ¢ = ¢y +cz +c,.5 We note that although
it deviates from the simple linear relation when the imaginary parts of the parameters
increase, the approximation is good as we will see in the result on the {|X|,arg(\)}-
plane that the anticorrelation holds in the parameter region consistent with experimental

constraints.

In figure 5.5, we demonstrate the simple linear relation between muon ¢ — 2 and the
contribution to the muon mass from the lepton mixing discussed above. It shows that

muon g — 2 and m}* are positively (negatively) correlated when the value of My, is small

LE
I

(large). This can be understood by looking at the behavior of the coefficient ¢ and the
muon mass contribution from mﬁE . In the left plot of figure 5.6, we show the predictions
of these quantities as a function of My, with other parameters fixed by the values in

eq. (5.79). All three components of ¢ from the Higgs, W, and Z bosons are also shown

explicitly. Intriguing features are that the contributions from the Higgs and Z bosons are

always be rotated away without affecting QED results. We can make the muon mass real from the
beginning, or at the end of the loop calculation. Either way, EDM would not be induced.
3In the large mass limit, m4 ~ My, and ms ~ Mg, and these functions can be approximated as

ew ~ =2g9w(rw) , cz ~ —gz(rz), cn ~ —27h4 gn(Tha) — Th5 gr(Ths), (5.88)

2/ 2 2, 2 2 2
where rw = ML /miy, 1z = m5/mz, and rpas = mi5/my,.
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A=0.2,|A| <1.0, Mg =8 TeV, arg(A) = arg(Ae) = m/2, y/2ro°

-2 1 ML
« 150 GeVv
e 250 GeVv
_ad « 600 GeV
4000 GeV
-2.0 —i.S -i.O —6.5 OjO 015 1j0 115 2.0
LE
mg-/my

F1GURE 5.5: The prediction of muon g — 2 as a function of the ratio mﬁE/mH. In this
plot, we pick up 4 values of My, and let A run through -1 to 1. We can see a clear linear

relation between the muon g — 2 and m /¥ from the plot. This linear relation has been

discussed in, for example, [80, 82].

opposite to the one from the W boson, and their sum equals minus 2 in a large range of
M, while the contribution of the W boson decreases to an asymptotic value 1 as My,
increases. These quantities depend on the behavior of the loop functions gy, gz and gw
given in section 5.4. As a result, it shows that the coefficient ¢ is around 1 at My = 100
GeV and decreases as My, increases. It then flips the sign when M} goes across ~ 250
GeV. This means that for the relation (5.87), the slope changes from positive to negative
when M, becomes larger and larger. In our choice of parameters, the mass ratio mﬁE /my,
is negative, so in this case, the positive product of ¢-m*¥ /m* is available in the large My,
limit where ¢ is also negative and is, therefore, possible to reproduce the correct value of
muon g — 2 when M7, is heavy enough. This is shown explicitly in the right plot of figure
5.6, where the contributions from Higgs, W, and Z bosons are also given separately. For
the case with a positive m™¥ /m#, the conclusion on the correlation between the muon
g — 2 and M7}, becomes opposite, as can be seen in figure 5.5. In this case, small My, is

necessary for reproducing the muon g — 2 correctly.

Next, we move on to the prediction of muon EDM in this model. Figure 5.7 shows the
predicted muon EDM as a function of My, with two specific values of the CP-violating
phase in ), 1.55 and 1.8, which are chosen to show the typical size of the generated muon

EDM in the model. The three different contributions from the one-loop diagrams with
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A=02,A=0.58,arg(A) = arg(Ae) = m/2, Mg = 8 TeV, yj2r9¢ A=02,A=0.58,arg(A) = arg(Ag) = m/2, Mg = 8 TeV, yjor9e
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FI1GURE 5.6: The left figure shows the behavior of the coefficient ¢ in the relation between

the muon g — 2 and the muon mass contribution from the charged lepton mixing. With

the chosen parameters, m™¥ /m* is negative. The right figure shows the prediction of the

muon g — 2 as a function of M. We see that in the large My limit, the prediction lies

inside the 1o band and is very close to the observed central value. All three contributions
from the Higgs, W and Z bosons are also given in the plots.

Higgs, W, and Z bosons are also given in the plots. Similar to the result of muon g — 2,
in a large range of My the contributions from Higgs and Z bosons are opposite to the
one from the W boson. In the large My, limit considered in this work, the typical size of
the muon EDM is around O(1072% ~ 10722) e - cm, whose value is just appropriate for

the search of muon EDM at PSI with the frozen-spin technique [72].

A=02,A=0.58, arg(A) = 1.8, arg(Ae) = /2, Mg = 8 TeV, ylaroe , A=02, A=0.58,arg(A) = 1.55, arg(A¢) = /2, Mg = 8 TeV, y/2r9®
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FIGURE 5.7: The prediction of muon EDM at two different values, 1.55 and 1.8, of the

CP-violating phase in A as a function of M. In the large M} limit considered in this

work, the typical size of the muon EDM is O(10723 ~ 10722) e - cm, which is able to be
searched at PSI using the frozen-spin technique [72].

We are now ready to present the main result of this analysis. In figure 5.8, the prediction

of muon dipole moments are shown on the {|5\|,arg(5\)}—plane, with other parameters
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A=02,M =4 TeV, Mg =8 TeV,arg(Ag) = /2, y,2r%
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FIGURE 5.8: Predictions of muon dipole moments on the {|A[, arg()) }-plane, with other
fixed parameters shown above the plot. The red line and bands are consistent with the
central value, 1o and 20 regions of muon g — 2 deviation. Black solid (dotted) lines are
the contours of muon (electron) EDM. Blue dashed lines correspond to the mass ratio
mL¥ /m,. The green region represents the constraint from the R(h — ptp~) [42]. In
the hatched regions, no correct muon mass is generated after the mass diagonalization.

fixed by the values given in eq. (5.79). The central value, 1o and 20 regions of muon
g — 2 deviation is plotted in red. The black solid (dotted) lines are the contours of muon
(electron) EDM. The blue dashed lines correspond to the contours of the mass ratio
mﬁE /m,, indicating the muon mass contribution from the charged lepton mixing. The
green region represents the constraint from the R(h — ™ p~) measurement by CMS [42].
The hatched regions are those which do not have a solution to the quadratic equation of
Y and therefore cannot produce the correct muon mass after the mass diagonalization.
We see that the region of muon g — 2 being consistent with the R(h — p™ ™) constraint
lies in 0.3 < |A| £ 0.6 and 1.0 < arg(A\) < 2.0, where the charged lepton mixing tends
to give a negative contribution to the muon mass. The typical size of the induced muon
EDM is O(1072 ~ 10722) e - cm as mentioned above, while the typical electron EDMs
generated are of order O(1073°) e - cm. With our choice of parameters, it turns out that
the electron EDM serves not as a constraint but more as a prediction that can be searched
in future experiments. For example, it is suitable for the proposed experiment in [95],

where the NL-eEDM collaboration in the Netherlands plans to measure the electron EDM
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in the Barium monofluoride (BaF) molecules with a sensitivity of ~ 5 x 10730 ¢ - cm.

Finally, we show the dependence of the muon and electron EDMs on the two C' P-violating
phases, arg()\) and arg(\g), in figure 5.9. As can be seen from the plots, there is a
relatively simple correlation between the muon EDM and the two C P-violating phases,
while in the case of the electron EDM it is nontrivial because of the complex structure of

the two-loop contributions. The gray bands in the figures indicate those with no correct

muon mass after the mass diagonalization.
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F1GURE 5.9: The dependence of the muon and electron EDMs on the two C' P-violating

phases arg(\) and arg(Ag). The gray bands correspond to the parameter region which
cannot give the correct muon mass after the mass diagonalization.



Chapter 6

Conclusions and outlook

The high-energy physics community has come to an era of precise measurement. Here,
physicists pursue the very-precise values of the fundamental physical quantities, such as
those listed in the Review of Particle Physics summarized by the Particle Data Group [47].
As the experimental techniques develop and improve, experimentalists have successfully
pushed the precision of the measurement to an incredible level. As an instance, in the
measurement of the anomalous magnetic dipole moment of the muon, the measured value
has been pushed to the 11 digits after the decimal points [21], which is truly amazing work.
In the meantime, theoreticians also have made significant progress in the predictions
of physical quantities such that the uncertainties become smaller and smaller. It has
become so precise that any deviations between the experimental results and the theoretical

predictions are speculated to be the signs of physics beyond the SM.

In particular, any discoveries of the EDM of elementary particles are unambiguous signs
of new physics, since the SM contribution to such kind of EDM signal is too small and
beyond the scope of the current experiment sensitivity. In addition, it is also possible that
these new sources of particle EDMs can also solve one of the big puzzles in modern physics,
the matter-antimatter asymmetry. In general, it requires new C P-violating processes for
the explanation of the observed asymmetry in the universe [24]. Therefore, it is important

to continue the search for the EDM of elementary particles.

In order to cope with the proposed experiments on the muon EDM measurements, and
also inspired by the deviation on the muon g — 2 between the experiment and theoretical

values, in this thesis, we perform an analysis on the model of vector-like leptons, in
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which one SU(2), doublet and one SU(2)[, singlet vector-like leptons are introduced as
an extension of the SM. We focus on the interaction between the muon and these extra
vector-like leptons and take the electromagnetic dipole moments of the muon as useful

probes for physics beyond the SM.

In order to fit in the strong constraint of the Higgs-to-dimuon decay channel [42], the
mass of vector-like leptons above the TeV scale is preferable, which safely avoids the
mass constraint of new lepton searches. In the result in the {|A[, arg()) }-plane, we found
that with an appropriate choice of the free parameters in the model, A = 0.2, My =
4 TeV, Mp =8 TeV, A, ~ 0.9, |Ag| ~ 1.4, arg(Ag) = 7/2 and the large root of y,,
the observed deviation of muon g — 2 can be explained in the available parameter region
around 0.3 < [A| < 0.6 and 1.0 < arg(A) < 2.0. In this region, the contribution to the
muon mass from the charged lepton mixings anticorrelates with muon g — 2, and the
typical size of the induced muon and electron EDMs are of order O(10723 ~ 10722) e¢-cm
and O(5 x 1073%) e - cm, respectively, which are suitable for the proposed experiments.
Muon EDM can be probed by the muEDM collaboration at PSI [72] with a sensitivity of
6 x 10722 ¢-cm and electron EDM can be searched by the NL-eEDM collaboration in the

Netherlands [95] with a sensitivity of 5 x 10730 e - cm.

We are looking forward to the real execution of these experiments and to seeing whether
there are any signs of the muon EDM. Once the signal is observed, it shows the concrete
existence of the physics beyond the SM, and the model of vector-like leptons is one possible
candidate, with these heavy extra leptons to be searched in other experiments, such as

the LHC at CERN.
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Appendix A

Calculations of the one-loop

contributions to dipole moments

In this appendix, we show more details of the calculation of the general one-loop diagrams

discussed in chapter 4.

A.1 The vertex function

Here, let us quickly recap the content of the electromagnetic vertex function of the charged

leptons. The amplitude related to the electromagnetic dipole moments is given by
iM = —ieQeu (¢) T* (¢°) u (p) Ay, (A1)
with the vertex function defined by
I = F (@) v + Fs (¢°) 2;30"”% — F3(¢°) o™ quys, (A.2)
where

q" =p* —pt. (A.3)
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The electric charge and electromagnetic dipole moments are related to the form factors

in the limit of zero momentum transfer of the vertex function by

F1(0) =1, (A.4)

F»(0) = ay, (A.5)
_ Ao

Fy(0) = (A.6)

The Gordon identity is extremely useful in the computation of the dipole moments, which

is given by

w (p') v"u (p) = 5 (') [ +p)" +ic" (p' —p), ] u(p). (A7)

A.2 Convention of the momentum flow

Here, we give the convention of momentum directions in the Feynman diagram.

A.3 Scalar boson contribution

In this section, we perform the calculation of the general formulation in the scalar sector.
For the Feynman diagrams and the corresponding Feynman rules, please refer to section

4.1.
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A.3.1 Neutral scalar boson

The vertex function is given by

d*k
—ieQI* = —i%Qy / —
(2m)
* * p/_k.—i_m@/ " p_k'"i_mﬁ/
— + —. (A8
(95 — 9575) TS e ) (95 +9p75) 15— 2 (A-8)
The denominator can be combined by applying the Feynman formula
1 1
—— = [ dF, , A9
pr il K ey e (A9
where the integration measure over the Feynman parameters x; is
1
/an:(n—l)!/ dry---drpd(x1+ - +x, — 1). (A.10)
0
In our case, it becomes
1 J—
[(p’ —k)? - m%] [(p —k)* - mg,} (k2 —m3)
1
3. (A1)

/ dF,

{xl [(p’ —k)? - mﬁ,] + [(p — k) - m?,} + x5 (k2 — m%)}

We can simplify the expression in the denominator:
2
T [(p’ — k)" — mﬂ + 29 [(p — k) - m%} + x5 (k* — m%)
= a:lp’Q —2z1p - k+ r1k? — :clm?, + x2p2 —2xop - k+ xok? — aﬁgm%, + w3k2 — xgm%
2 2
= [k — (19" + 22p)]” — (210 + 22p)” + 219 + 22p® — (v1 + 22) M§ — TIMZ

=(*-D,
(A.12)

where

L=k— (xlp' + :ng) , (A.13)
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D=—z(1- x1)p? — 1o (1- :1:2)p2 + 2129 (p’ -p) + (1 + 22) m%/ + xgm?g
2

=—x1(1—121) m% —x9 (1 — x9) mz + 2x179 (m? - q2> + (1 + x2) mt% + acgm%w

= —z129¢° + (1 + x2) (1 + 29 — 1) m? + (1 + x2) m?/ + ajgmg.

(A.14)

In the numerator, we have

ge—ayvs) (P — k+me) " (p— k4 me) (95 + gp75)
W' = (£ +aap +op) + me) 2" (p = (£ + 219’ + 22p) + ) (95 + 9p75)
(£ + QA =2y —ap+me) " (—f — 21 + (1= 22)p+me) (95 + 9p75)
{7*f (gs + gpvs) + N* + terms linear in ¢,

(A.15)

where

Nt = (g5 = gps) [(L— 1) p' — wap + mp | ¥ [—zrp’ + (1 — 22) p+ mur] (g5 + 9p75) -
(A.16)

The first term in the last line of eq. (A.15) does not contribute to a; and dy since the
dipole moment must be finite without divergences, and terms linear in ¢ vanishes after the
integration over £. Therefore, what we need to calculate is N¥, which can be expanded
into the following 9 terms. As an illustrative example, we perform the full and direct

calculation of N* term by term.

ge — ayvs) PP (9s + 9ps)

959 PP + G g VP Vs — 9say 1PV Y — G958V P )
(9595 + 9p90) PV"'Y + (9590 + 9593) PP 5]

(9595 + 9p9p) ¢ (20" — P2*) + (959p + 959;) ¥ (20" — P'+*) 5]
(

929s + gagp) (2mep™ — miy*) + (gigp + 9sg) (2mep’™ — miy*) 5] -
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(1 —a1)
—(1— )
=(1-1)
=(1—x)

m3 [(959s + 959p) 1 — (959p + 9595) 7" 75] -

me [(959s — gpgp) PV + (9590 — 9595) P7"75]

(

= (1 —z1) my (Gegsp' V"' + Ge 9P V5 — 9593 v5P V" — Gy 9915V s)
(
(

= (1 —z1) meme [(959s — 9p90) Y + (959p — 9s95) 7" 75] -

x1w2 (g5 — g5vs) Py (9s + gp15)

+ 1122 (95 9p + 9s9p

Z2

Z2

Z2

z2

+ x122

Gegsp'P + GV P s — 9sG 5P Y — G905V B )
(9595 + 9p90) PY"¥ + (9290 + 9595) PP 5]

9595 + 9p9p) (2§’ = 20" p) " + 290" — pyp)
2" =20 p) 2"+ 2p" — PAP) v

2mept — 2 (p' - p) v* + 2mep™ — mgy*)

(g%
(
[
( (
(g2 ) (
(9595 + g590) (
(g2 ) (

9igp + 9595) (2mep" — 2 (p' - p) 4" — 2mgp’ + mgA*) s,

g — 957v5) Prp (9s + 9ps)
GegsPV" P+ Ge gV Prs — 9s g vsPY P — Gngp VsV Ps)
9295 + 9ngp) PYP 4 (929p + 9s95) PV P

(
(959 + g5gp) (20" —7"p) p+ (9%9p + 9s95) (20" — 7*'p) ps)
(

9595 + 9p9p) (2mep" —miy") — (9igp + 9s9;) (2mep” +miy") vs) -
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— zamy (g% — g5vs) Pr* (9s + 9p5)
= — H * H _ * Mo ok 2
zome (g5gsPy™ + g gpPY" s — 9y 1PV — Gngp 5P Ys)
— 0y9p) PV + (9590 — 9s93) PY75]

= — T2Myr

(9

(959
=—zomy [(giy

[(g 9s = 9p9p) (20" = +"P) + (290 — 9595) (20" = +"P) 73]

[(g2

= — zamy [(95gs — ghgp) (20" — mev") + (gigp — 9s95) (20" + mey™) 5] -

—zime (95— g575) VP (9s + 9p75)
= —z1my (GigsY"'P + 92907 P15 — 95955V P — 9595V B s)
(9595 — 9p90) VP + (9590 — 9595) VP ¥5)
(g 9s — Gngp) (20" — P'v*) + (9igp — 9s95) (20" — P'A*) 7]
(9

9395 — 9p9p) (20" — me) + (939p — 9s9y) (20" — mey) 5] -

= —T1my

(92
(
-
[
[

= —T1my

(1 —z2)me (95 — g5v5) V' (95 + 9ps)

)
(1 — 2) mer (g2gs7"P + 9297 P15 — 9595757 P — 9 9p157" Ps)
= (1 —x2) my [(959s — 9p9) Y'P + (9590 — 9s9) V' P75]
)

(1 —z2) memy [(929s — 9p9p) V' — (959p — 9593) 7V'75] -

mZ (g5 — g575) 7" (95 + 9p75)
= my (gigs7" + Gh9p7" Vs — 9s 915" — Gagp 5V Ys)

=my [(929s + 959p) " — (9590 + 9595) V5] -

In the above calculation, the relations v#~¥ = 2g*" — y¥~4* and y5v* = —~vy*~5 are used

repeatedly. In the last line of each calculation, the momenta of the on-shell leptons are
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replaced by their masses via the equations of motion

pu(p) = meu (p), (A.17)
u (p') y =mgu (). (A.18)

Now we have all ingredients for the one-loop contribution of dipole moments. Let us first
collect terms proportional to p* and p’* in the previous calculation. For the anomalous

magnetic dipole moment, we need to keep terms without ~s:

2my (gigs + gpgp) [(x1 + 22 — 1) (z1p™ + 22p")| — 2myp (9595 — g59p) (z10™ + z20") .
(A.19)

The next step is to rewrite eq. (A.19) in the form with terms proportional to (p’ + p)*

and (p’ — p)" and keep the contributions from the former. We obtain

my (9igs + gngp) (11 + 22) (w1 + 22 — 1) (0 + )" — mer (9395 — 9p90) (w1 + 22) (1 + )"
(A.20)

By using the Gordon identity eq. (A.7), we can extract terms proportional to o*” (p’ — p),:

[me (9595 + 9p9p) (21 + 2) (21 + 22 — 1) — M (9395 — 9p9p) (21 + 22)] [—ic™ (' —p),] -
(A.21)

The vertex function now reads

IH () = Qél/ng/ d4£ _1 =

x [me (9595 + 959p) (xl + x3) (z1 4 22 — 1) — my (g59s — gpgp) (21 + 22)] (i0"q,)
ey / —i
- dFy ——
“O ® 3272D
X [me (g59s + gpgp) (@1 + 2) (@1 + 22 — 1) — myr (gigs — gp9p) (21 + x2)] (i0"q,)

Qel ng /
— v A g
Qp 3272 3
me (9595 — 959p) (1 + 22) — my (9295 + g5gp) (21 + 22) (11 + 22 — 1) (ia“”qy>
—2122¢% + (21 + z2) (x1 + T2 — 1) m2 + (21 + 22) m?, + z3m?, 2my

ic"qy
= FQ (q2) 727”[

bl

(A.22)
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where we have Wick-rotated the four-momentum ¢ and the result after integration is

d*e 1 i
/ eo (2 - Dy 32mD (A.23)

Finally, we obtain the one-loop contribution to the anomalous magnetic dipole moment:

Ay — F2 (O)
QZ’ me /1 /1x3 /1I3x2
= — 2 dxs dzo dr1 0 (r1+ 29+ 23 —1
Q¢ 1672~ Jg 0 0 ( )
L (9295 — gp9p) (21 + 12) — My (g;‘gs + g59p) (w1 + 22) (1 + 72 — 1)
(21 + x2) (21 + z2 — 1)mZ + (x1 + 22) m?, + z3m%

Qv my e 2, (9395 — gigp) (1 — x3) — me (9595 + ggp) (1 — x3) (—3)
Qy 872 / / (1 — x3) (—x3) m2 + (1 — z3) m% + x3m%
 Quomy / dzs (1— )2 ™ (gsgs gygp) + x3my (9595 + gpgp) '

T Q82 zym% + (1 — x3) m2, — x5 (1 — z3) m?

(A.24)

For the electric dipole moment, we need to keep terms with 5 in the numerator:

2my (gigp + 9s9y) [—21 (1 — 1) p* + w2 (1 — 22) p* — 2122 (p' — )" ] 5

— 2my (g:gp — gsg;) (a:lp’“ + azgp“) 5. (A.25)

Following the same steps, we rewrite eq. (A.25) and keep terms proportional to (p’ + p)"":

{me (g2gp + 9s93) [w2 (1 — x2) — 21 (1 — 21)] — mp (gigp — 9sgp) (21 +x2) } (' +p)"
(A.26)

By using the Gordon identity eq. (A.7), we can extract terms proportional to o*” (p’ — p),:

{m (gigp + 939;) [z2 (1 —22) — 21 (1 — 21)] — mw (959p — gsg;) (z1 + 22) }

X [—ia“” (p’ — p) V] 5. (A.27)
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The vertex function then reads

4
I‘“ _ Qg dF, d € 1
)3

X {me (92g9p + 9592) [562 (1 —a) — a1 (1 —21)] — me (92gp — 9s95) (w1 + 22) }

x (=0 qy5)
_ Qu dF —1 * * uv
= O 3 392D [—me/ (ngp - ngp) (w1 + 332)] (=" qu75)
.Qel 1 /
= — F
10, 32m2 |

my (g3gp — 95y (1 + x2) (=0 g,5)
—2122¢% + (21 + x2) (x1 + T2 — 1) mZ + (z1 + z2) M, + z3m?% VIS

S
= F3(¢°) (=" qus) -

(A.28)

In the above calculation, the term proportional to my vanishes after we integrate over the
Feynman parameters since this part is antisymmetric under the exchange of x; and xs.

Then, we obtain the one-loop contribution to the electric dipole moment:

dp = eQeF3(0)

GQ[/ 1 1—x3 l1—xz3—x9o
= — 327r2 /0 dxg/o dxg/o dzry 0 (x1 + 9 + 23 — 1)

me (959p — ngZ) (z1 + z2)
(1 + x2) (1 + 22 — 1) mg + (1 + x2) mg/ + xgms (A.29)
1—z3 me - 1—
_,eQ / iy / . - v (9290 — 9s95) (1 — x3)

"16n2 ) (—x3) mi + (1 — x3) m3, + x3m?,

’ myr —
_ 72.66242 / drs (1 — 1)’ ¢ (gsgp2 9s9p) 5
1672 Jg z3mg + (1 — x3) my, — x3 (1 — x3) mj

A.3.2 Charged scalar boson

The vertex function is written as

d*k
(2m)*

(gs + 9p%5) (P +p — 2k)"

—1eQI* = —i6eQ5/
%
k2

b= s) o g W R = (K~
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The denominator can be rewritten as

1
[ = k)? = m3] [0 — 1) = m2] (k2 = m2)

[ ary :
{1 [0 =07 = m3] 422 (0= 0)? = mi] + a0 (12— md) }

S (A31)

Then we can simplify the expression:

2
x1 [(p’ — k)" - m%} + 29 [(p —k)? — m%} + 3 (k* —mj)
= :Ulp,Q —2z1p -k + o k? — :Ulm?g + ZL‘2p2 —2xop - k+ xok? — ZEQTH% + 3331432 — Jrgm?/

= [k — (10 + 22p)]* = (219 + 22p)” + 210 + w2p® — (21 + 2) M — w3M3

=0 _-D,
(A.32)
where
0=k — (z1p' + 22p) , (A.33)
D=—x;(1—xz1)p? — 2o (1 — x2) p* + 22129 (p’ -p) + (21 + x2) m?g + mgm%
2
=—x1(1—11) mf — 9 (1 — xq) m% + 2z129 (m? — q2> + (1 + x2) m?g + xgm%/
= —$1$2q2 +(x1 +x2) (21 + 29 — 1) m? + (1 + x2) m% + xgm%/. (A.34)
In the numerator, we have
* * / 1
95 — 9p75) (B +me) (gs + gpvs) (0 +p — 2k
(63 - 0 052 0+ 20 .

= (g5 — g3v5) (L + 21y + wap+me) (gs + gp75) [P +p— 2 (€ + z1p' + 22p) "

Following the same argument as we discussed in the previous section, we keeping only

terms independent of ¢, we have

(95— g;75) (@1p + zap + myr) (gs + gpys) [(1 — 221) p' + (1 — 232) p]". (A.36)

Then we simplify the numerator by performing a lengthy computation with the gamma
matrix algebra. Since the calculation is similar to the one perform in the previous section,

to save the space we skip this procedure. The vertex function for the anomalous magnetic
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dipole moment is given by

() = / /d4£ z21 —

X [me (214 22) (9595 + gp9p) +me (9595 — gpgp) | (1 — 21 — x2) [ic?” (p" —p) ]

__ZQS/ dFs _
Qe 32m2D

X [mg (xl + $2) (ngs + g;gp) + my (g;gs - g;gp)] (1 i x2) (iUMVQV)
Qs 2my
= dF;
Q@ 322
[me (21 4 x2) (9395 + 9p9p) + M (9595 — gpgp)] (1 — 21 — 22) ( z’an,,>
—xleqQ =+ (l‘l =+ .’L‘Q) (951 + 9 — 1) m% + (fL‘l + 562) m% + CCgm%/ 2my

>
= F (%) 72027%;]"

(A.37)

We obtain the one-loop contribution to the anomalous magnetic dipole moment:

ag = F5(0)
1 1-a3 l—a3—2
gj 1T6n7f2 /0 d:vg/o dxg/o dzy 0 (x1 + 2 + 23 — 1)
[my (1 + 2) (g;‘gs +g50p) +me (9595 — gi0p) ] (1 — 21 — 22)
(1 4+ 22) (1 + 22 — 1) me + (1 + z2) m% + xgmﬁ,
Qs my 1= - [me (1 —a3) (ghgs + g;‘gp) + my (gégs - g;fgp)] 3
T Qu8n? / / —x3 (1 — x3) mZ + (1 — z3)m% + xgmg,

Qs my d a (1 —x3)my (gigs + 959p) + mu (9595 — 959p)
T 0,872 3 (1 —x3) 2 _ 7 _ _ 2
Q 872 x3my, + (1 — x3)mg — x3 (1 — x3) mj

(A.38)

For the contribution to the electric dipole moment, the vertex function is given by

" d4£ 1 \ . »
F - _ )3 my (gSgS - gpgp) (1 — X1 — $2) (_G QI/’Y5)
- Q s 3w 2D (gsgs 9p9p) (1 — 21 = 22) (=0 q175)
Qs 1 /
=iz F
"0, 3202 | 4

my (939s — gpgp) (1 — 21 — x2) (—o™ge)
—x122¢% + (z1 + 22) (21 + 22 — 1) mF + (21 + x2) Mm% + x3m3, v

= F3(¢*) (o quys) -

(A.39)
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The one-loop contribution to the electric dipole moment is then

dy = eQF3(0)

eQS 1 1—z3 l—xz3—x2
327‘r2 /0 dl’g/o dxg/o dzy (5(1’1 + 29+ 23 — 1)

y me (gigs — g;gp) (1— 21 — )
(1 + x2) (1 + 22 — 1) mz + (z1 + 22) m% + (L'3m§, (A.40)
1—x3 Mo * . T
B eQS / de/ diy ¢ (gsgs 95gp) T3
(1—23)(—

1672 z3)ms + (1 — x3) m% + zzm?

eQs my (g39p — 9s9p)
= dxs (1 — .
1672 /0 w3 (1= 2s) x?’xgmf, + (1 — z3)m% — a3 (1 — x3) m2

A.4 Vector boson contribution

In this section, we perform the calculation of the general formulation in the vector sector.
For the Feynman diagrams and the corresponding Feynman rules, please refer to section

4.1.

A.4.1 Neutral vector boson

The vertex function is given by

d*k
—ieQ,T* = % //
o Qe (2n)]
P —k+my p—k+my Gpo
7* (95 + 92775) ol Y7 (Go + 9a¥5) 75— (A.41)
(p — k)2 — m%, (p— k)2 — m?, k%2 —m?

We can rewrite the denominator as

1
(=12 —m] [o- 02— m3] (2 —md)
[ ar, !
{on | = k2 =md] + o[- 07 = m3 |+ 25 (k2 = m3) }

- (A42)

It has the same structure as the denominator of the neutral scalar mediation, with the

scalar boson replaced by a vector boson. Therefore, the denominator can be simplified to

/ dpg(ﬁ_lD)g, (A.43)
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where

=k — (z1p' + x2p) , (A.44)

D = —x129¢° + (z1 + ) (x1 + 2 — 1) m2 + (z1 + 22) m3 + x3mi,. (A.45)
After the index contraction, the numerator becomes

Y (g5 + gavs) (F — K +me) A (p— K+ mu) v (90 + gas)
=" (g5 + gors) (= + (1 — z1) P — zop + mp) A" (A.46)
X (—f —z1p + (1= z2) p+ mu) v (9 + 9a5) -
Following the same procedure of the simplification of the numerator (lengthy calculations

with gamma matrix algebra), we obtain the vertex function for the anomalous magnetic

dipole moment as

’ d4£ 1
F“ _ QZ /ng/ - ) [_2771Z (g:gv + nga) (931 + 29 — 1) (331 + 22 — 2)

+ 4dmp (9590 — 9in9a) (1 — 21 — 22)] (i q)

%Z /dF3 397 QD[ 2my (g:gv + g:;ga) (331 + T2 — 1) (331 + 29— 2)
+ dmy (g:gv - gf;ga) (1 — X1 — mg)] ( O’lwq )
Qe 2my /
= — [ dF:
Q 322 3

[—2my (9590 + 9aga) (11 + 22 — 1) (21 + 2 — 2) + dmp (9590 — gaga) (1 — 21 — 12)]

—2122¢% + (21 + z2) (x1 + T2 — 1) m2 + (z1 + T2) M2, + x3m3,

" iotvq,
2mg

(A.47)

Y
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From this, we can extract the form factor and the anomalous magnetic is then given by

ag = F» (0)

QZ’ me /1 /1—x3 /1—:53—902
= 2 dxs dzo dr1 0 (z1+ 22+ 23— 1
Qe 1672~ Jy 0 0 ( )

" [—2my (9590 + gzga) (1 + 22— 1) (1 + 22 — 2) + 4myp (g5 90 — 9 9a) (1 — 21 — 22)]

(x1 + x2) (331 +ax9—1) mé + (1 + x2) m?, + xgm%/
- G5 / / Ty 2y 22 2) (9590 +929a) +4me (9590 — 9ada)]

Qy 872 —x3 (1 — x3) m? + (1 — x3) m% + xsgmi,
_ Qe my / ds (1 — g) g 2 (9090 — 9a9a) — (1 + 3) (gvgv + 9a9a)]
Qu 4n2 —x3 (1 — z3)m2 + (1 — x3) me, + zg3m?,

(A.48)

Since the calculation is done in the Feynman gauge, we need to consider the contribution
from the unphysical scalar boson with a mass my. The diagram is the one with the
neutral vector boson replaced by the unphysical neutral scalar boson, so the structure
is exactly the same as the one of the neutral scalar result, eq.(A.24), except that the

couplings are now replaced by the following relations:

9
g0 = 2 g = me) (A49)
gp = _Ja (me +my) . (A.50)

my

Then we have the complete expression for the contribution of the neutral vector mediation:

a = Qo me /1 das (1 — w3) 73 [2me (9590 — 9aga) — (L4 x3) My (9390 + 929a)]

Qq 472 x3mi, + (1 — x3) m3, — x5 (1 — x3) m
Qv 1 my [! 2

+ d$3 (1 — .7}3)
Qg 87T m%/ 0

X

ey [giigu (me —mer)? — giga (me + W')z} + sy [gigv (me — me)® + giga (Mg +mp)?

xgm%/ + (1 —z3) mt% —x3 (1 —z3) mf
(A.51)
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The vertex function for the electric dipole moment is

, d4€ 1 * * Y
Iy, (¢°) = L /dFs/ D) 5 4mp (1 — 21 — 22) (9590 — 9u9a) (—i0" g 75)
Qf’ * * uv
Qé dFs m dmyp (1 — 1 — x2) (gvga - gvga) <_U qQvs5)
=— — | dF:
"Qu 82 ’

my (1 — 21 — x2) (9590 — 9v9a) (=™ g,75)
—x122¢% 4+ (21 + x2) (11 + 22 — 1) m? + (21 + x2) mﬁl + z3m? Y

v
= F3(q%) (=™ quys) -

(A.52)
This gives
dy = eQ¢F3(0)
, 1 1—x3 l—x3—x2
—ing 2/ d$3/ dxg/ dry 0 (x1 + o + 3 — 1)
8m 0 0 0
mz' (1 -2 — :cz) (9990 — 9v9s)
(z1 + xg (r1+ 22— 1) mz + (21 + x2) mg/ + xgmv (A.53)
le’ - 333 €/$3 (gvga gvga)
dxg 2 2
47['2 —.%3 1 — 1‘3) (1 — 1‘3) my, + r3my,
eQy mye (gvga - gng)
— dzs (1 — .
Yan? /0 23 (1 = 23) xs:pgm%/ + (1 —a3)m3 — a3 (1 — x3) m?

{4

Adding the contribution from the unphysical scalar diagram, we obtain the most general

structure of the electric dipole moment,

le my (g:ga - gvg:;)
dy = dxs (1 —
¢ 47r2 /0 73 ( 73) :CSa:gm%/ + (1 —z3) mz, —x3 (1 —z3) m%

(A.54)
eQp mj —mj,

1 * *
my (g da — Gvd, )
2 e d.’E 1—=z 2 v a
1672 mi, /0 3 3) zzmi + (

1—x3)m§,—x3(1—x3)m§'
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A.4.2 Charged vector boson

The vertex function is given by

d4k‘ k + my 9pB
eI = i / (g + 015) 2 0 (g o+ garys) ——
Q Qe 2t (90 + 9a75) 13 — 2" (90 + 9a75) W — ki
af / © B / «a Qo ! B Yoo
X G g (p+0 = 28)" + g% (0= 2 + k)" + " (~2p+ 0+ k)| — I
(p—k)* —mi
(A.55)
We can rewrite the denominator as
1 —
(7 = k2 = md] [0 — ) = m3 | (2 — m2)
1
3. (A.56)

/ dF;s
{561 [(p’ - ]f)Q

_ m%/] + T2 [(p — k) - m%/} + x5 (k% — mz,)}

It has the same structure as the denominator of the charged scalar mediation, with the

scalar boson replaced by a vector boson. Therefore, the denominator can be simplified to

1
dF3———, A.57
/ (2 Dy (A.57)
where
=k — (z1p' + 22p) , (A.58)
D = —z129¢° + (21 + x2) (1 + 29 — 1) m? + (21 + x2) m%/ + azgml%. (A.59)

The numerator is given by

Y (g5 + gavs) (K +me) Ya (9o + gavs) (p — P — 2k)"
+ Y (g + gavs) (K +me) (P — 2§+ K) (9o + gas) (A.60)

+ Y (g5 + gavs) (K +me) (p— 28 + K) (90 + ga¥s) -
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After the simplification of the numerator, we obtain the vertex function for the anomalous

magnetic dipole moment

G d*e 1

2y s * *
0 ) = iy [ 48 [ s et ) (14 20 4200 (0 + i)

— 3my (1 + 22) (9590 — 9a9a)) (—i0"" q,)

=- Z@ / dF3 327r72D[m€ (x1+ x2) (1 + 221 + 222) (95,90 + 95 9a)

G my
S N T
eQy 1672 / 3

[me (21 + x2) (1 + 221 + 229) (9390 + gaga) — 3me (v1 + 2) (9590 — gada)]
—x1@2q? + (@1 + 2) (w1 + 22 — 1) m? + (@1 + x2) md, + z3m2,

» ot q,
2my

(A.61)

— 3my (21 + 22) (9590 — 9a9a)] (—i0"q,)

2my

We obtain the anomalous magnetic dipole moment as

ag = F»(0)
G me 1 1—x3 1—z3—x2
= ——2 d d dxr1 0 -1
cQ; 1677 /0 903/0 562/0 x1 0 (21 + 22+ 23 )

[myg (21 + x2) (1 + 271 + 272) (95 9o + 92 9a) — 3me (x1 + 72) (9590 — 959a)]
—z122¢? + (21 + 22) (x1 + 2 — 1) mZ + (z1 4 22) M, + x3m3,

G mg 1— ch
N eQ s 82 / /
[me (1 = x3) (3 + 223) (9590 + 9aga) — ?mw (1 —x3) (g;‘gv — 9aYa)]
—:C3 (1 —z3)m? + (1 — z3) m¥, + xzm?

_ G oy 2 [me (3 + 223) (9590 + 9aga) — 3me (9390 — 9aga)]
= ——— d.’IJ3 (1—x3) .
eQy 8w —x3(1 —aﬁg)me + (1 —xg)mv+a;3me,

(A.62)

Since we are working in the Feynman gauge, we need to consider the contributions coming
from the unphysical Goldstone boson. This can be done by replacing the vector bosons in
the diagram with the scalar bosons of mass my . There are two more diagrams that need
to be computed, one is the diagram with one of the two vector bosons replaced by a scalar
boson and the other is the diagram with both vector bosons replaced by scalar bosons.

We note that in the diagram with one scalar boson, there are two vector bosons for the
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replacement, so there are actually two diagrams in the one scalar boson case. These two
diagrams give the same contribution and therefore, in this case, we can simply twice the

result. The vertex function of the case with one scalar boson is given by

_ 4
—ieQir =G [ ar, | (;’wa_lm (63— gis) (K +me) 7" (90 +9005) . (A63)

From this we obtain the vertex function

G my / : 2 (9590 — 929a)
eQy 1672 —z122¢% + (21 + x2) (x1 + 2 — 1) mZ + (z1 + 22) M, + x3m3,

ny
w (124
2my

(A.64)

TH = —

- 5 (@) (%2

2my

From this we can extract the anomalous magnetic moment from F5(0). The diagram
with two scalar bosons is just what we have calculated at the beginning of the appendix,
with the couplings replaced by the ones of the unphysical scalar boson, so we need not
repeat it again and simply replace the couplings in the expression. The expression of the
dipole moments are a bit complicated because we need to consider three different types

of diagrams in this case. They are given by

_ G om [ 2me(3 = 22) (9390 + 92ga) — 3me (9590 — 9ada)
ag = 5 dz(1 —x) 5 5 5
eQ 8% Jo xmy + (1 —x)mj, — (1 — z)m;
G 1 om [t 2Me(G39v + 929a) — e (9590 — 9aga)
2 z(1 -z 2 2 2
eQe 81> my Jo xmy + (1 —z)mij, — (1 — z)m;
1 1
—QVW/ do(1— z) 2 (A.65)
0

2.2
Q¢ 87 my,

(1 —x)my [gig0(me — me)? + ghga(me + my)?)
X

am? + (1 —z)m} —z (1 —z)m?

me (9590 (me — me)? = giga(me + me)?]
ami + (1 —z)m} —z (1 — z) m? ’
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1
. 3me (9390 — 9v9a)
dp = dr(1 — ) . :
AT /0 z(1-2) am3, + (1 — z)m?, — (1 — z)m?
~ 1 * *) _ A o* _ *
N Z.G/ dz(1 — 2)? me(ggga + 9v94) e (929a gvg;) (A.66)
16m2my Jo xmy + (1 — z)mi, — x(1 — x)m;
eQy m%/ - mz ! My (g;ga - ngZ)
Ton 2 dr(l —r)r——7p 5 5
672 my 0 xmy + (1 — z)mij, — (1 — z)m;

where the first, second, third terms correspond to the diagram with two vector bosons,

one vector boson and one scalar boson, two scalar bosons, respectively.
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