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Abstract

In this thesis, I study a particular extension to the Standard Model of Particle Physics,
namely the Beyond Standard Model Scenario of an additional U(1)" symmetry to the
SM symmetry group, which through Spontaneous Symmetry Breaking gives rise to a
massive Z' gauge boson. The phenomenology that is analyzed and studied is around
the muon’s anomalous magnetic moment and the origins of the Yukawa couplings.
The models presented here, and which attempt to explain these phenomena, require
a clear understanding of one-loop radiative contributions, the seesaw mechanism, and
effective field theory, which are presented analytically and in great detail. Both mod-
els introduce a vector-like lepton. In the first model, the existence of a vector-like
lepton explains the small muon mass by a seesaw mechanism, based on lepton-specific
two Higgs doublet models with a local U(1)" symmetry. The physical muon mass is
generated due to the mixing between the vector-like lepton and the muon after the
leptophilic Higgs doublet and the dark Higgs acquire VEVs. The non-decoupling
effects of the vector-like lepton give rise to leading contributions to the muon g — 2,
thanks to the light Z" and the light dark Higgs boson. In the second model, the ideas
of inducing flavourful Z’ couplings via mixing with a vector-like fourth family, which
carries gauged U(1)" charges, and furthermore generate fermion mass hierarchies and
mixing patterns without introducing any family symmetry, are fused to provide a con-
nection between R+ and the origin of Yukawa couplings in the quark sector. In the
last chapter, I suggest a different approach to the Origins of the Yukawa couplings,
by introducing a modified form of the symmetry breaking mechanism, namely mod-
ifying the covariant derivative to include spinor fields. This mechanism generates in
a natural way the Yukawa coupling terms to the theory, with the cost of introducing
a scalar source and a tree-level Higgs-fermion scattering term. Despite this accom-
plishment, this mechanism needs to be modified in order to respect the observable
measurements and the phenomenology of the SM.
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1 Introduction and the Standard Model

Introduction

The Standard Model of particle physics describes a wide range of precise exper-

imental measurements, and that alone is a remarkable achievement. It is a model
constructed from a number of beautiful and profound theoretical ideas put together
in a somewhat ad hoc fashion in order to reproduce the experimental data. It consists
of 25 parameters: 14 associated with the Higgs field (Yukawa couplings, VEV, Higgs
mass), 8 associated with the flavour sector (parametrized PMNS and CKM mixing
angles) and 3 associated with the gauge interactions (gauge coupling strengths). In
principle, there is one further parameter in the Standard Model; the Lagrangian of
QCD can contain a phase that would lead to CP violation in the strong interaction.
Experimentally, this strong CP phase is known to be extremely small, and is usually
taken to be zero. However, this theoretical framework alone can not answer all the
unanswered questions about the phenomena that describe Nature [16]. For instance,
it does not explain dark matter and dark energy even though our observations show
that they make up the most of the energy content in the universe. It does not ex-
plain the matter-antimatter asymmetry and also the masses of the neutrinos. Most
importantly, it fails to include the description of gravity, which at very high energy
scales plays an important role in the structure of the universe. These are the reasons
that we suspect that there has to be Physics Beyond the Standard Model that can
answer these open questions. In this thesis, we present a rather simple extension to
the SM, the addition of a simple U(1) to the SM symmetry group, and study some
phenomenological applications regarding the muon g —2 and the origin of the Yukawa
couplings.
This thesis is structured as follows. We review briefly the contents of the SM in
Chapter 1. In Chapter 2 we present the Z’ models, discussing about their couplings,
the new mass spectrum of the theory and their kinetic mixing with the SM Z boson.
In Chapter 3, we analyze some of the SM contributions to the muon g — 2, that
are important in the description of the model of the next chapter. In Chapter 4 we
present and analyze a model that attempts to explain a part of the discrepancy in the
anomalous magnetic moment of the muon between the experiment and the theory,
utilizing the seesaw mechanism from heavy vector-like leptons, in a Z’ theoretical
framework. In Chapter 5 we present a model that explains the origin of Yukawa cou-
plings by utilizing effective field theory in a Z’ theoretical framework, and is applied
to the problem of Ry(,y. In Chapter 6 a new mechanism that generates the Yukawa
couplings is suggested. In Chapter 7 we present the conclusions.



The Standard Model

The first steps towards the SM was Sheldon Glashow’s discovery in 1961 of a way
to combine the electromagnetic and weak interactions. In 1967 Steven Weinberg and
Abdus Salam incorporated the Higgs Mechanism into Glashow’s electroweak interac-
tion, giving it its modern form. As a Quantum Field Theory, it treats fundamental
particles as excitations of fields that permeate spacetime. The whole dynamics and
propagation of these fields are encoded in the Lagrangian densities (Lagrangians for
short), which one can obtain the equations of motion and construct mathematical
expressions for observables.

The Standard Model of Elementary particles consists of the following ingredients
[10]:

1. A symmetry.
Its proposers guessed that the smallest possible symmetry could correspond to
a simple group but it must contain 3 group factors, it is of the form

Gsmu =SUB)c@SU2); @ U(1)y, (1.1)

each of them being a special unitary group in dimensions 3, 2 and 1 respectively.
The first refers to the colour group (C'), the second the weak isospin (/), and the
last behaves just like a number whose value is indicated by Y, called hypercharge.
After writing down the symmetry of the theory, we also need the particle content
that is described under these symmetries.

2. The gauge bosons.
These are spin-1 particles, they must transform like the adjoined representation
of the group, and their structure and interactions are fixed by the symmetry.
The number of gauge bosons is the same as the number of generators of the
group, in this case (32 — 1) + (22 — 1) + 1 = 12. They are indicated as follows:
G, for SUB3)e, (i=1,...,8),
Wi, for SU2);, (j=1,2,3),

B,, forU(1l)y.

3. Fermions (Matter particles)
The fermions are put in chiral multiplets of some representation of the above
symmetry. The chiral components of a fermion field f are given as follows:

fu=30=0)f, fa=50+mw)f suchthat ssfy =i, 2505 = fn
(1.2)



where the left-handed doublets in SU(2); have weak isospin value I = 1/2,
whereas the right-handed singlets in SU(2); have I = 0. The quantum number
Y called hypercharge is defined so that

Y
Q=1+ PY () = the electric charge in units of e. (1.3)

The fermions are split in two categories: the leptons and the quarks, which
appear both in three flavors.
For the leptons, we have the following generations:

Ve _ 14 _ V- _
<€—> 9 6R7 (M/i> I :U’R7 (T_) ) TR? (14)
L L L

where I, & (I,Y) = (1/2,-1),lr < (I,Y) = (0, —2), with [ the lepton family.
For the quarks:

ua a a Ca a a ta a a
(da> ) UR, dR’ (8“) ’ CRr» SR> <ba> ) tR’ bR? (1'5)
L L L

with a = r, g, b colour indices. The quarks correspond to the following charges:

qr, < (1Y) = (1/2,1/3),
(u, " tYp < (I,Y) =(0,4/3), (1.6)

(d*,s* b )r < (I,Y) = (0,-2/3).
The weak interaction acts vertically between members of the isodoublet, while
the strong interaction acts horizontally between quarks of the same flavor with

different color indices. Under the group SU(3)., the quarks are color triplets,
indicated as (1, g,b) < (red, green, blue).

. A scalar boson(Higgs)
A complex scalar particle (spin zero) with zero colour and also represented as
an isodoublet

<¢?> ,(I,Y)=(1/2,-1), (Higgs doublet) (1.7)

which was found at LHC, CERN in 2012. It was very crucial for the success of
the SM to cause the spontaneous symmetry breaking.



1.1 Quantum Electrodynamics

In order to construct the Lagrangian of QED, we first need to formulate the Dirac
Lagrangian for a free fermion

= ¢ (x) (i — m)(z) (1.8)

in the natural units framework (A = ¢ = 1), where ¢(z) a fermion field and m
the mass of the corresponding particle. QED needs to be invariant under U(1) gauge
transformations. These transformations correspond to a multiplication of the fermion
field with a complex number of absolute value 1. If we consider global U(1) gauge
transformations,

() = ' () = Si(x) = eY()

b(a) = P (x) = ST (a) = e (x)
the Lagrangian of Eq(1.8) is invariant under this transformation. However, by im-
posing a local gauge transformation of the form

Y(z) = ¢ (x) = S(x)p(x) = ()

O(x) = ¥ (x) = SH(a)d(z) = e @Y(x)

we notice that the derivative of the fermion field does not transform the same way:
0! (2) = 0, (S(@)b(2)) = S(@)d,(x) + 0, (S(@)) ¥(x) # S@)Fa),  (111)

and similarly for 8#@/(13). In order to make our theory gauge invariant under local
gauge transformations, we generalize the notion of the derivative 0, — D,

D, =0, —igA,(z) (1.12)

(1.9)

(1.10)

where D, is the covariant derivative. The gauge field plays the role of the photon field,
and g = —e the QED Coupling We demand the covariant derivative to transform like
P itself, D) y)" = '9’@ D 4p. Then we have,

D" = (9, — igA;,) S(x)i(2)

= S(2) (9 — igAL)¥(2) + 9,5 (x)y (w)

= S(z)(0, — igA, ) z) +1i90,0(x)S(x)Y(x) (1.13)
S(ZL’) [((% —igA,) +ig(A, A;) + ig@ﬁ(x)hb(z)

S(x)D,p(z) +ig [Au - AL + Gué(x)}S(x)@/)(m),

and for the second term to be vanished, the gauge field needs to transform as

Al = A, +0,0(x). (1.14)
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Now, we may write the gauge invariant QED Lagrangian,

Lopp = 0(x) (i) — m) () — iFu,,FW

Ba) (i — m)b(a) — eAu (@B (o) — Rl (L19)
‘C Dirac + ﬁmt + 'C’y,kznetzea

where F,, = 0,A, — 0,A, is the electromagnetic field tensor. Summarizing, the
Lagrangian in Eq(1.15) contains the kinematic and interacting terms of a massive
fermion, while also the a spin-1 gauge boson, the photon. This Lagrangian is invari-
ant under the local U(1) = U(1).,, gauge transformations, and describes electromag-
netism at the quantum level, while also at the classical level as well, since the £, rinetic
term leads to the Maxwell equations.

1.2 Quantum Chromodynamics

The strong interaction is governed by the SU(3). group of the SM, with a set of
traceless generators, the Gell-Mann matrices \*. Associated with this symmetry,
we have a set of 8 gauge bosons G, with u the Lorentz index and a = 1,2,...,38,
the gluons. The gluons remain massless even after the spontaneous symmetry break-
ing. Thus, this symmetry remains unbroken. The merging theory is called Quantum
Chromodynamics, and is described by the Lagrangian:

Locp = __Fz Fz,uy+zqm s, (1.16)

where r is the quark flavour index, o and [ are color indices, and D* is the covariant
derivative

N
D, =0, - lgsGu?? (1.17)
and . | |
F,, =0.G, —0,G, — gsfijkGiLGl]f (1.18)

where g, is the strong gauge coupling constant, and f;;; are the structure constants
of SU(3) given by: o )
[N, M) = 20 fi7R ), (1.19)

Quarks and gluons are the only particles in the SM that carry color charge. Com-
binations of quarks and virtual gluons can create composite structures, the hadrons.
Mesons are hadrons consisting of a quark-antiquark pair, while baryons consist of
three quarks. All composite structures that have been observed in nature do not



carry free colour charge, since it is confined in the hadrons. This phenomenon is
called confinement: colour-charged particles can not be isolated at low energies, they
can only exist in the form of colorless combinations.

1.3 Weak interactions and the Electroweak theory

The charged-current weak interaction differs in almost all respects from the v (p')y*4(p)
form of QED and QCD. It is mediated by massive charged W* bosons and conse-
quently couples together fermions differing by one unit of electric charge. Further-
more, the parity violating nature of the interaction can be directly related to the
form of the interaction vertex. From experiment, it is known that the weak charged
current due to the exchange of W* bosons is a vector minus axial vector (V — A)
interaction of the form v* — v#~°, with a vertex factor of

Zgw o 5

———*(1 — 1.20

S (1 =) (1.20)
where g, is the weak coupling constant, and the corresponding four-vector current is
given by

Gw =y 5
Jh=—— (1 — . 1.21
b= 2T (=) (121)
The charged-current weak interaction is associated with invariance under SU(2).
local phase transformations,

—

Y(z) = ¢ (z) = eI () (1.22)

where T = %5’ are the three generators of the SU(2) group that written in terms of
the Pauli spin matrices, and a are three functions which specify the local phase at
each point in spacetime. Because the generators of the SU(2) gauge transformation
are the 2 x 2 Pauli spin-matrices, the wavefunction must be written in terms of
two components, a weak isospin doublet. The weak isospin doublets contain flavours
differing by one unit of electric charge, for instance

_ [ velw)
Ye(z) = (e_@)) : (1.23)

with the third component of weak isospin being I5(v.) = +3, I3(e”) = —3. Since
the observed form of the weak charged-current interaction couples only to left-handed
chiral particle states and right-handed chiral antiparticle states, we place LH particle
and RH antiparticle states into weak isospin doublets, while the RH particle and

LH antiparticle chiral states are placed in weak isospin singlets, with I3 = 0, and are



therefore unaffected by the SU(2), local gauge transformation. After the spontaneous
symmetry breaking of SU(2)y, the fields related to the ”charged” the generators will
generate the physical W+ bosons

1
3 E(WS) FiW?). (1.24)
As we shall see in the next subsection, the third "neutral” generator of SU(2).
combined with the generator of the hypercharge abelian group U(1)y, will provide
the theory with the physical Z and photon fields, in terms of the weak mixing angle,
0,,. In comparison with the vertex factor of the W boson, the Z’s boson vertex factor
does not couple in a universal V' — A way to fermions as the W boson:

—1i9z
2 (el ). (129

The vector and axial couplings to fermions are expressed by the coefficients cé and

cﬁ respectively, which depend on the particular fermion involved.

1.4 The Higgs Mechanism

The success of the Standard Model in describing the experimental data, including the
high-precision electroweak measurements, places the local gauge principle on a solid
experimental basis. However, the required local gauge invariance of the Standard
Model is broken by the terms in the Lagrangian corresponding to particle masses.
For example, if the photon were massive, the Lagrangian of QED would contain an
additional term gm2A*A,,

_ _ 1 1
Lorp — V(i — m) + epyp A, — ZFWF’“’ + 5miA,wL. (1.26)

The photon field under the U(1) symmetry transforms as

A, — A; =A,+0,0 (1.27)
and the new mass term becomes
1 1 1
émiAuA“ = émi (A# + 8”9) (A“ + (9“9) #+ am?YA#A“ (1.28)

from which it is clear that the photon mass term is not gauge invariant. Hence
the required U(1) local gauge symmetry can only be satisfied if the gauge boson of
an interaction is massless. This restriction is not limited to the U(1) local gauge
symmetry of QED, it also applies to the SU(2); and SU(3). gauge symmetries of

7



the weak interaction and QCD. Whilst the local gauge principle provides an elegant
route to describing the nature of the observed interactions, it works only for massless
gauge bosons. This is not a problem for QED and QCD where the gauge bosons are
massless, but it is in apparent contradiction with the observation of the large masses
of W and Z bosons.

The problem with particle masses is not restricted to the gauge bosons. For a
fermion field ¢, the mass term in QED Lagrangian can be written in terms of the
chiral particle states as

it = b 51 27) + 51 =770
(1.29)
=-—m {ERwL + ELwR:| :

In the SU(2); gauge transformation of the weak interaction, left-handed particles
transform as weak isospin doublets and right-handed particles as singlets, and there-
fore the mass term of Eq(1.29) breaks the required gauge invariance. The Higgs
mechanism provides the solution for the theory to obtain the masses of the fermions
and the bosons. In the Salam—-Weinberg model, the Higgs mechanism is embedded in
the SU(2), x U(1)y local gauge symmetry of the electroweak sector of the Standard
Model. Three Goldstone bosons will be required to provide the longitudinal degrees of
freedom of the W+, W~ and Z bosons. In addition, after symmetry breaking, there
will be (at least) one massive scalar particle corresponding to the field excitations in
the direction picked out by the choice of the physical vacuum. The simplest Higgs
model, which has the necessary four degrees of freedom, consists of two complex scalar
fields.

The minimal Higgs model consists of two complex scalar fields, placed in a weak

isospin doublet [16]
(o) _ L [ tig

where one of the scalar fields must be neutral, written as ¢°, and the other must be
charged such that ¢+ and (¢™)* = ¢~ give the longitudinal degrees of freedom of the
W+ and W~. The Lagrangian for this doublet of scalar fields is

L = (Duo) (D"¢) = V(9) (1.31)

with the Higgs potential

V() = —*d'¢ + A(0'9)*. (1.32)



The covariant derivative D, in SU(2); x U(1)y is written as

Y
D,=0,+ig,T-W, + ig'EBN (1.33)
where T = %7‘ are the three generators of the SU(2), symmetry group, and Y the
generator of the U(1)y hypercharge’s symmetry group. The potential V(¢) has a
manifold of minima, satisfying

2 U2

1
—_ = . 1.34
2\ 2 ( )
After symmetry breaking, the photon is required to remain massless, and the mini-
mum of the potential must correspond to a non-zero vacuum expectation value of the

neutral scalar field,
1 [0
= , 1.35
(@ = () (1.35)

while in the unitary gauge, the Higgs doublet is written,

1 0
d(z) = Ne (U N H(x)) . (1.36)

Inserting the above doublet into the kinetic term we obtain the mass terms of the
W, and B,,, and also the interactions between them and the Higgs boson. The mass
terms are the following:

1 1
—v?g2 (W(l)W(l)“ + W£2)W(2)“) + §U2 (waL(L?’) - g’BM) <wa(3)“ - g’B“) , (1.37)

816 = 36} + 6%+ 63 + 67) =

8 I
and in order to go to the physical mass eigenstates, we use the following linear com-
binations of the fields

A, = cos0,B, +sin HleSB),
. 3

1

V2

where 0, is the weak mizing angle, and

Wy =—=(WFw?)

cos 0, = L (1.39)
Vi + 97
Then, in the physical mass eigenbasis, the mass of the W boson is
1
My = 5 Gut (1.40)



and for the Z and the photon:

v? 2 _gug | [(WOH v? 0 0 Ar
(3) gu} gwg _
8 (W“ B") (—gwg’ q" > ( B* ) T8 (A“ Z“) (0 g +g?) \zr )

(1.41)

1
my =0, m,= §U\/97_2u + g (1.42)

The Higgs Mechanism has given mass to the gauge fields W= and Z, which absorbed
the degrees of freedom from the corresponding Goldstone bosons, whereas the photon

has remained massless. The remaining degree of freedom has given mass to a scalar
field H, the Higgs field, with mass

we obtain

my = V2 (1.43)

and from the relation
Gr . 9120 o 1

V2 8m2 202
where G is the Fermi constant of the weak interaction, we obtain the vacuum ex-
pectation value

(1.44)

v~ 246GeV. (1.45)

For the fermion masses, one needs to add them by hand in the Lagrangian. As it
was mentioned in Eq(1.29), the theory needs gauge invariant terms for the fermion
masses. For the leptons, this can be done by adding to the Lagrangian terms of the
following form:

L= —y [ (vl Z)L (‘ZX) In+ In <¢+* (bo*) (VZZ)L] (1.46)

where y; is a constant known as the Yukawa coupling of the lepton to the Higgs field.
After the spontaneous symmetry breaking, the lepton mass terms become

»Cl = _%(ZRZL +ZLZR) — ﬂH(ZRlL "’ZLZR)' (147)

V2 V2

The Yukawa coupling y; is not predicted by the Higgs mechanism, but can be chosen
to be consistent with the observed lepton mass,

my
=V2— 1.48
Yi v ( )

meaning that
£ = —mll — 21, (1.49)
v

10



The quarks however need a different kind of treatment. The reason behind this is that
the combination of fields LoR + R¢'L can only generate the masses for the fermion
in the lower component of an SU(2), doublet. In particular, we need a mechanism
that generates masses for the up-type quarks. This can be achieved by introducing
the following conjugate doublet ¢°:

e [T\ _ 1 [—dst+its
¢ = —io90 _<¢_>_\/§<¢1—i¢2>' (1.50)

In order to have gauge invariant mass terms for the up-type quarks, we construct the

following terms
_ _ A0x%
L, = 1Yy, <ﬂ d)L ( f_ ) ug + h.c. (1.51)

which after the symmetry breaking becomes

L, = —%(ELUR + ERUL) - %H(ELUR + ﬂRuL)- (1'52)

The down-type quarks obtain their masses in the same way as the leptons. As it
was previously mentioned, the Yukawa coupling terms are put manually to the SM
theory. A mechanism should generate them naturally, coming from a more funda-
mental theory. In the last chapters we present models that can, up to a point, achieve
that goal.

11
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2 7' models

One of the simplest and well-motivated extensions of the Standard Model is the
addition of an extra U(1) gauge factor to its SU(3). x SU(2), x U(1)y structure
([11], [12]). Such extensions were motivated by grand unified theories of rank higher
than that of the SM (SO(10), Eg or larger), or by geometric compactifications of
heterotic string models which possessed a low-energy spectrum sharing many features
with Fg GUT’s. Furthermore, in both string theories and in supersymmetric versions
of grand unification with extra U(1)’s below the string or GUT scale, both the U(1)’
and the SU(2), x U(1)y breaking scales are generally tied to the soft supersymmetry
breaking scale. Therefore, if supersymmetry is observed at the LHC there is a strong
motivation that a string or GUT induced Z’ would also have a mass at an observable
scale.

The experimental discovery of a new Z’ would be exciting, but the implications
would be much greater than just the existence of a new vector boson. Breaking the
U(1) symmetry would require an extended Higgs sector, with significant consequences
for collider physics and cosmology (direct searches, the 1 problem, dark matter, elec-
troweak baryogenesis). Anomaly cancellation usually requires the existence of new
exotic particles that are vectorlike with respect to the standard model but chiral under
U(1)’, with several possibilities for their decay characteristics. The expanded Higgs
and exotic sectors can modify or maintain the approximate gauge coupling unifica-
tion of the minimal supersymmetric standard model (MSSM). In some constructions
(especially string derived) the U(1)" charges are family nonuniversal, which can lead
to flavor changing neutral current (FCNC) effects, e.g., in rare B decays. Finally,
the decays of a heavy Z' may be a useful production mechanism for exotics and
superpartners. The constraints from the U(1)" symmetry can significantly alter the
theoretical possibilities for neutrino mass. U(1)’ interactions can couple to a hidden
sector, possibly playing a role in supersymmetry breaking or mediation. In this chap-
ter, we briefly mention how the Z’ couplings may rise in a theory after the symmetry
breaking of a U(1)" symmetry group, and the shift on the mass of the SM Z boson
that results from the kinetic mixing of the field tensors.

2.1 The Z' couplings

In the SM the neutral current interactions of the fermions are described by the La-
grangian
_Eiﬂg = gJi Wy, + ¢ Jy B, = el Au"'gl‘]fzgu (2.1)

m

where g and ¢' are the SU(2);, and U(1)y gauge couplings, Ws, is the (weak eigen-
state) gauge boson associated with the third (diagonal) component of SU(2), and

13



B,, is the U(1)y gauge boson. In the first form the currents are

Jy = Z?ﬂ” [tsi, Pr + t3i, Pr)
L (2.2)
Jy = Z Fiv" (i Pr + Yin Pr) fi

where f; is the field of the i fermion and Pz = (1 F+°)/2 are the left and right
chiral projections. The currents in the new basis are

Jh = Z af " f;

Ji = 27{7“ [ez‘lLPL + E%RPR] Ji 2
with the chiral couplings
€1 = t3;, —sin?0,qi, €5 = tzi, — sin®0,q. (2.4)
In the extension SU(2);, x U(1)y x U(1)", n > 1, Lyc becomes [11]:
n+1
—Lyc = el A+ gl 20, (2.5)
a=1

where ¢y, Z?w and Ji' are respectively the gauge coupling, boson, and current of the
Standard Model Z. Similarly, g, and Zgu, a =2 ...,n+ 1, are the gauge couplings
and bosons for the additional U(1)’s [11]. The additional currents are

Jy = Z?ﬂ“ €5 P + €5r Pr) f;

I~ e . (2.6)
= éz:fﬂ [giv—giAV ]fz

The chiral couplings €} p, which may be unequal for a chiral gauge symmetry, are
respectively the U(1), charges of the left and right handed components of fermion f;,
and gy, 4 = €7, + €z are the corresponding vector and axial couplings. If we simply
relate the U(1), charges with the chiral couplings, €7(f) = Q%, ex(f) = Q% the
diagonal (neutral current) part of the gauge covariant derivative of an individual field

G is
n+1
D¢; = (au +ieqi A, +1 ) ganZgO ¢; (2.7)
where ¢; and Q¢ are respectively the electric and U(1), charges of ¢;.
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2.2 Masses of the Bosons

Assuming that the neutral scalar fields ¢; acquire VEVs (and leaving the photon
massless), the Zg# fields acquire masses, and are described by the following term in
the Lagrangian:

1
z 2 70 70
‘Cmass - §MaﬂZapZﬁN7 (28)
where
M35 = 29095 ) QuiQpil(#0)[". (2.9)

If we ignore the mixings between the Z%’s, then the matrix element M7, = M2, is
the tree level Z boson’s mass of the SM. In order to obtain the massive eigenstates,
we diagonalize MZ; [11], to get to the new basis of fields

n+1

Zap =Y OapZy, (2.10)
B

where O is an orthogonal mixing matrix. Now, studying the case n = 1, we have the
following mixing matrix

A2 = [ 2000 20192 30 1 Qil(00)]
77\ 20192 20 tsiQil(@a) P 203 32, Q7o)

A% ME )
Depending on the model we are studying, we can determine the mass parameters

(matrix elements) in the above equation. Considering the scenario that our models
contains an SU(2) singlet scalar field s, and two doublets ¢, ¢q4, we get

(2.11)

1
Mo = 162l + o),
1 2.12
A? = Zgi2(Qulvil? = Qaleal?). (212)
M7, = g3 (Qulval® + Qalval” + Q3lvil*).
For a general M2 ,,, the eigenvalues are [11]:
1
M;, = 3 [M%o + Mz, F \/(Mgo — M2)? 4+ 4A%, (2.13)
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where we use the rotation matrix

U ( cosf smG) (2.14)

—sinf@ cosf
with . A2
f = — arctan <—), (2.15)
2 M%O — M%,
and 0 is related to the masses by
M2 _ M2
tan20 = ]\éof]\é. (216)

2.3 Kinetic mixing

The phenomenon of kinetic mixing can significantly shift the predicted couplings
of the Z' to SM states away from their canonical values, as well as changing the
relationship between other SM observables. Furthermore, kinetic mixing is in general
generated by renormalization group running down from the high (i.e., GUT) scale to
the weak scale ([11],[12]). In U(1), x U(1)s, the most general kinetic energy term for
two gauge bosons Zgu and Zgu is

Liin = —%FQWF;)W - %FQM”FQW - %BFQWFQW (2.17)
where Fy,, = 0,25, — 0,23, A particular choice would be ¢, = ¢z = 1, by rescaling
the fields, and c,3 = siny. In order to discuss the physical implications of the
new gauge boson, it is necessary to work in the physical eigenbasis for the Z — Z’
system. Going to the physical eigenbasis requires both diagonalizing the field strength
terms and the mass terms. This can be seen as a two-step process in which we first
diagonalize the field strengths via a GL(2, R) transformation [12]:

AP 1 —tany ZARL 70
= A — V A H 218
<Z§#> (0 1/cosx Zgﬂ Zg# (2.18)

where V' is non-unitary. In the new Z’ basis, the mass matrix becomes VI M2,V
which can be diagonalized by an orthogonal matrix U . The interaction term then
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becomes
70
=J'V (g}]ﬂ) (2.19)

where Z; o are the mass eigenstates. Then, depending on the approximations of the
model, one may find the new eigenvalues of the diagonalized M%_,, matrix.
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3 The Anomalous Magnetic Moment

One of the greatest successes of the Dirac equation was its prediction that the mag-
netic dipole moment fi, of a spin |5§] = 1/2 particle such as the electron (or muon) is

given by
e

0 = qg—23 [ = 3.1
2] ngmlSa €, U, ( )

with gyromagnetic ratio g; = 2, a value already implied by early atomic spectroscopy.
Later, it was realized that a relativistic quantum field theory such as quantum elec-
trodynamics (QED) can give rise via quantum fluctuations to a shift in g;. These
quantum corrections induce a deviation from the Dirac moment that is traditionally
expressed as the magnetic moment anomaly,

g —2

@ == (3.2)

In a now classic QED calculation, Julian Schwinger showed that the one-loop (0(62))
quantum correction to the electron’s magnetic moment contributes [1]

«
=5~ 0.001162 (3.3)
where the numerical value reflects the value of the fine structure constant, o = 1/137.
This contribution is due to quantum fluctuations via virtual lepton photon interac-
tions and in QED is universal for all leptons. The predicted value of a; can be con-
fronted by experiment, which is easier to measure in the case of electron and muon,
rather than the tau lepton, due to its very short lifetime 7, = (290.3 +0.5) x 10~'%s.
Over the last decades, experiments have shown that the muon anomalous magnetic
moment deviates from the predicted SM value. This observation was achieved by the
even more precise experiments that were conducted, and also by the state-of-the-art
evaluations of the contributions from quantum electrodynamics (QED) to tenth or-
der, hadronic vacuum polarization, hadronic light-by-light, and electroweak processes.
The theoretical prediction for a,(SM) is generally divided into three contributions,

au(SM) = a@"P + alV + aﬁad“’mc. (3.4)
The first results from FNAL [4] show the difference a,(Exp) — a,(SM) = (251 £
59) x 1071, which has a significance of 4.2¢, and also confirm the BNL experiment
result. This result will further motivate the development of SM extensions, including
those having new couplings to leptons. In this chapter, we present the one-loop con-
tributions with a virtual photon, SM Higgs boson, and SM Z boson to the anomalous
magnetic moment of a fermion.
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3.1 Construction of the Form Factors

Our first task, before calculating the radiative corrections to the anomalous magnetic
moment of a lepton, is to present the derivation of the form factors in the vertex func-
tion. In the non-relativistic limit, the Dirac equation with electromagnetic radiation
takes the form [14]:

i%zﬁ = l&- <f’ — SA) +ep+ mc%i} W (3.5)

where the Dirac matrices 8 = (7°)7!, and o = 37" in the Pauli-Dirac representation

are ‘
=6 %) = (0 3) oo

with the two component wavefunction

P = (i) emimet, (3.7)

Substituting the two component wavefunction of Eq(3.7) into Eq(3.5), and through
some simple manipulations in the calculations in the non-relativistic limit, we arrive
at

0 1 (= N\’ ed -
—¢=|—|P—-¢eA) ——=-B 3.8
G0 [ (Foed) - g By 59
where ¢/2 is the spin S of the particle. Therefore, the Hamiltonian in the non-
relativistic approximation is

1 (= 2\? P

H:—(P—eA) ~°S.B+es. (3.9)
2m m

M=—S=g9—S (3.10)

the Lande g factor is equal to ¢ = 2. Moving on at the tree level of QED, the
electromagnetic interaction of a charged particle takes the form

Hy = —eA,(z)(z)y" () (3.11)
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where A, (x) is the four-vector potential of the electromagnetic field, e is the magni-
tude of the electric charge of the charged lepton and +* is the Dirac algebra repre-

sentation matrix given by
0 o#
B
Y (5# 0 ) ) (312)

with o# being the Pauli matrices. Eventually, at the tree level g = 2 just like in the
non-relativistic limit. Going beyond the tree level the value of g acquires additional
contributions from loop effects. It is important now to study the most general vertex
function I'* in the following amplitude:

iM = —ieA,(p' — p)a(p)T"u(p), (3.13)

where A,,(g) is the Fourier transform of A, (z), and T* is the effective vertex function,
involving all Lorentz scalars. The general form of I'* includes v, ¢* = p* — p#,
and P* = p'* 4 pH, some contractions with the anti-symmetric tensor element e***#
with the momentums, and constants such as m, e and pure numbers. Through some
manipulations, utilizing the following relations

ef = iyl yoyflys,

pu(p) = mu(p),

_ _ (3.14)
u(p')y =u(p’)m,
{77} = 29",
the effective vertex function takes the form
pr " " pH
T4 = bR b = Byt il By 4y Fy+ L SR 4 i PR (3.15)
2m 2m 2m 2m

where the factor 1/2m ensures the corresponding F’s to be dimensionless, and the
factor i ensures the corresponding F’s to be real so that €, (q)u(p")[*u(p) is hermitian,
where €, is the polarization vector of the electromagnetic field. Utilizing the following

relations:
qMP'u = 0,

@ u(p" )" u(p) = 0, (3.16)
quu(p )"y u(p) = 2mu(p’ )y u(p),

since u(p")[*u(p) is a conserved current, then g,u(p’)["*u(p) = 0, and we have

n n
) u() =10 (LR 2P+ B 5R Yu) (3a7)
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which leads to F3 = 0 and F5 = —F44m?/q*. Then T'* takes the form

pr 2mg* pr
r# :7“F1—|—%F2+ ('YM— ng )F4+Z%75F67 (3.18)

and by further using the Gordon identities (Appendix C), which allow us to swap the
P* term for one involving o"”q,,

() eu(p) = T(p) <7" - iaﬂﬂq”)ﬂ(p),

2m 2m

3.19
ﬂ(p’)ﬂv%(p) =u(p') —iﬂvf’ u(p) .
2m 2m ’
we have
2maqt o"q, o*q,
_ 2 5 2 2 5 2
=l + (14 = 25 ) Fala?) + 1% Bl + G B Fola?) (320

where the renamed F' coefficients are called form factors [14],[15]. To lowest order,
Fr =1 and Fj; = 0. In principle, the form factors can be computed to any order
in perturbation theory. Since Fr and Fj; contain complete information about the
influence of an electromagnetic field on the lepton, they should contain the lepton’s
gross electric and magnetic couplings [15]. To identify the electric charge of a lepton,
we set A% (x) = (¢(X),0), and study the case of Coulomb scattering of a nonrelativistic
fermion from a region of nonzero electrostatic potential. The amplitude becomes

iM = —ieu(p)I°(p', p)u(p) (). (3.21)

Taking the limit g — 0 in the spinor matrix element, only the Fz contributes (con-
sidering only vector contributions). In the nonrelativistic limit,

a(p')y u(p) = ul (p)u(p) = 2me'i¢ (3.22)

the amplitude for electron scattering from an electrostatic field becomes
iM = —ieF(0)(q) - 2me’Te, (3.23)

and we identify the Born approximation for scattering from a potential
V(X) = eFp(0)o(X), (3.24)

where eFg(0) is the physical electric charge of the electron. Since Fg(0) = 1 (the
renormalization condition of the electric charge), radiative corrections to Fg(q?)

22



should vanish at ¢ = 0. Since we are concerned prlmarily with the magnetic moment,
we focus on the Fy term. Setting A% (x) = (0, A“(R)), the scattering amplitude takes

the form
oid

oy ) A (3.25)

Repeating the same analysis for a lepton scattering from a static vector potential, we
arrive at the following results (Appendix E):

iM = +ieu(p )(”yFEﬂL

T ulp) = 2" (e )

alp) (ﬁaq) (p) = 2m§’*< m ¢qlo )5

The complete form of the lepton-photon vertex function is

(3.26)

; ic™q, 0 L
a0) (e + 5 Jut) 'R 2’| kit (Fu0) + Fu0)) 6. (s2)
Using the magnetic field described in momentum space
BX)=VxAR® = BYd) =i"qAl(q). (3.28)

and inserting Eq(3.27) into the amplitude, we find

iM = —i(2m) - el [%ak (FE(O) + FM(O)H £B*(q). (3.29)

Immediately we identify the Born approximation to the scattering of the lepton from
a potential well (magnetic moment interaction),

V(%) = — (@) - B(X), (3.30)

where -
3 (3.31)

() = —[Fe(0) + Far(0)] €13

Comparing it with the standard form

i = g<i) S, (3.32)

2m
where S the fermion spin, the coefficient g, called Lande g-factor, is
= 2[FE(0) + Fp(0)] = 2+ 2Fy(0). (3.33)
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In the leading order of perturbation theory, Fi;(0) = 0. It is the standard prediction
of the Dirac equation. However, in higher orders Fj;(q?) takes nonzero value, differing
from the Dirac value. In the following subsections, we present the one-loop corrections
to the anomalous magnetic moment of a lepton, with a virtual photon, Z and Higgs
boson. These specific contributions were calculated in order to show the mathematical
techniques needed for this task. Understanding the underlying concepts of these
calculations is important, since in a Beyond Standard Model scenario, like the one
presented in Chapter 4, one can manipulate the fermionic couplings and calculate the
new contributions using similar techniques (at one-loop).

3.2 The One-loop QED contribution
For this kind of computation, we utilize the algebra of the gamma matrices
{7} =29,
Y =4
where ¢g"” is the Minkowski metric. The calculations are based on the textbooks of

Schwartz [7] and Peskin, Schroeder [15], and as I explain later, I consider here the
simple case of ¢ — 0,

(3.34)

f

where the virtual photon has momentum k. The vertex function is written as,

d*k N
M= —je? | ——— )
ie /(27r)4D’ (3.35)
where the numerator is
Nt =" + F+m)v(p+ K+ m)y, (3.36)
and the denominator
D= {(p' + k)? — m2] {(p + k)? — m2] k2, (3.37)
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with m being the mass of the virtual lepton in the loop, which in QED is the same
as the on-shell leptons of the problem. The first step of the calculation is to con-
tract dummy Lorentz indices and reduce the number of 4 matrices using the on-shell

condition
pu(p) = mu(p),

ﬂ(p/)p/ = mu(p).
So, we need to change N* into a form that contains 4* and (p’* + p*) terms.

Nt =" + E+mpy"(p+ k+m)y

=" [(—v“v“ +29") (Po + ka) + WW“] P+ &+ m)n

(3.38)

=" { — (k) + 200" + KF) + mv“] (p+ Kk +m)y

=Y — F+m] [(—7 + 200a) " + £) + my]
+ 20" + B (=% Ya + 290a) (P + K%) + m, ]
= (=" +20") [ = —F+m][—w@p+E) + 20 + k) +my]
+2(0" + B [ =P+ K) + 2(py + k) +m, ]
=YY+ E=m] [ =@+ E) +2p + K+ my
+2[m—p’—%} [—7“(p+%)+2(p“+k“) +m7“}
+20p" + K[ = 2(p + K) + 4m]
Now, acting from both sides with the spinors like this: u(p’) N*u(p), we get,
N = AP [ + k—m] [ — v (m+ k) + 2(py + k) + my,]
— 2%[ = (m A+ k) + 2(p" + k) + mA*]
+2(p" + k)| = 2k + 2m)]
= VY[ = (=00 + 290a) (P + k) + my, [+ 29" [p+ K] [ + k —m)]
+ 2ka (=" + 29")k — A" + KK + 4™ + E')(m — k)
=" [+ F) =20, + k) +my k20" [p+ K] [P+ F—m]
— 2917 ARME — A(pH + ROE A+ A"+ K (m — k)
[ X u(p)] = 7“[4(;2)' + k) — 2(p/ + k) +4m”€ + 27"[}?—1— k] [p’ + - m}

— 291 K? — Apt K 4+ 4(p* + kM) (m — F)
= 7“{2(;;1)’ + K+ Ampf 4 2[p+ K] [P + k- m] — 2k2}

+p{ = 4k} M {Am = B) } A+ R {4(m — R}
(3.39)
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where we used ff = kkgy*y” = }lkzngawﬂ = k?. The first and the third term of
~#* can be reformed in the following way:

R0+ BE] = 2(=7"" + 29" )Pl K + 2K
— 2P+ Ap R+ 291K
[ﬂ(p’) X } = —2mAPf 4 AP+ 291 k2 (3.40)

= 7“{2(k2 - m%)} + p* {4k},

and

w{2[¢+ k] [p+k —m] } =
w{2(pp’ +pk —mp+ kp + B - mk)}

[ % u(p)] = 7“{2 [P0 (—V87a + 29as) + P*k* (=770 + 29ap) — M
+ kaplﬁ(_’m'ya + 29a) + k? — m}é} }
:7“{2[—p’p+2p~p’—}ép+2p-k—m2—p'%+2p«k+k2—mk}}

[xu(p)} :7“{2[—mp/—mk+2(p-p/+p-/f—}-p/-k‘)—m2—p/k+k2—mk}}
= 2(—y"" + 2¢™) [ — mp), — Pl K]
+2oyt[—2mp+2(p-p +p- k4D k) —m® + k]
= 2[my' " + Py — 20" (m + §)]
+ 29" [ = 2mf+2(p-p +p- k4 k) —mP+ K
[u(p’) x | = 2[m*y* + myf — 2p™ (m + K)]
—I—27”[—2mk+2(p-p’+p-k:—l—p'-k)—m2+k2}
:7“{4(p-p'+p-k+p'~k) —2m;é+2k2} +p’“{ —4(m+k)}.
A1)
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Now, we substitute Eq(3.40) and Eq(3.41) into Eq(3.39) to get
N* :7“{2(152 —mf)+4Amf +4p-p +p-k+p - k) —2mf + 2k —2k2}
p{ —af e prfaon -+ aom - 0+ a e a1
N*# :7“{%2+4(p-p’+p-k+p’-k:)}

p"{ - 4%} +p’“{ - 4%} + k’"{4(m - %)}-

At this stage, we are able to transform the denominator D using the Feynman-
Schwinger parametrization (Appendix D):

1 1 1—x 1
_» / iz / dy , (3.43)
10203 0 0 [xal +yas + (1 —o — y)ag]

and D takes the form

(3.42)

1
da:/
/ p-|—k;) m2)+y((p+k)2_m2)+(1—$—y)k;2}3

:2/ d:E/ dy—,

0 0 a3
(3.44)

where

d=a(p?+k+2p - k) —am® +y(* + k> +2p - k) —ym? + (1 — z — y)k* (3.45)

= k*+ 2k - (xp' + yp).

It is now time to change variables, I* = k* 4+ (zp* + yp*). Considering the case of
g =7p —p — 0 we substitute the new variables on d, and we get

d= 1+ (xp" +yp")* =20 (xp' +yp) +2[1 — (xp' +yp)] - (xp’ + yp)
=1 —m*(z® +9°) + 2zyp - p (3.46)
=1 —m*(z +y)>

The vertex function becomes

g d*l NH 4
= —2je? / :E/ / P E = mi(z 1 ) (3.47)
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and then we change variables in N as well [I# = k# + (zp/™ + yp")]:
Nt = 7“{2@ —ap —yp) +4p-p+p-(l—ap —yp)+p - (I —ap — yp)}}
+p”{ — 4] —xp — yzﬁ)} +p’“{ —A(] -z’ —wﬁ)}
+ (l“—xp’“—yp“){zl[m—l+mp’+yp]}
(') - u(p)] = 7“{2[12 +m*(z+y)® =20 (zp' +yp)| +4[m* +1- (p' +p) — 2m*(z + y)}}
—l—p“{ —4[/ —m(x+y)]} +p’“{ — 4]/ —m(x+y)]}
+ (I = ap — yp“){4[m(1 +(z+y) - l}}
= 7“{2[2 +mP2(x+y)? —8x+y)+4] +4l- [(1—z)p + (1 - y)p}}
—l—p“{ — 4[] = m(z +y)] —dy[m(1+ (x +y)) — l}}
#rd —alf e+ )] - tefn(1+ G +) - 1]}
wedalm(+ @) - 1]}
(3.48)

Terms linear in [ disappear in the integration as now the denominator D is an even
function of [.

N Vu{zﬂ +m* 20w +y)* - 8(z +y) + 4}} (3.49)
+pu{4m[lﬂ - y(ﬁy)]} +pm{4m[y - ac(x—l-y)]} +zu{ _41}. .

Since we are interested in the magnetic contribution only, the form factor that is
spin-associated is the one analogous to (p' + p*). For now, we can ignore the other
terms of N*, and we shall deal with

Nty = p“{4m [z —y(z +y)] } +p/“{4m [y — z(z +y)] } (3.50)
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By symmetrizing N/, ;, we get,
1
Ny, = 4m(p" +p’“)§ (v — 2y —y* +y —2® — ay]
=2m(p" +p")[(z +y) — (z +y)?] (3.51)
=2m@“+ﬂ@k$+yﬂﬁ—@+y»'

As we can see, the momentum integral that we have to calculate has the following
form

/ (2d7rl)4 (2 —1 NC m*(z +y)*. (3.52)

By applying a Wick rotation, |y — —ily, we change to Euclidean coordinates lp =
(—ilo, ;), and the integral becomes

d*l | 1 D L 1
/ A=Ay (21)* / d'ly (12 + A)r
(—

i(—=1)"
R A = P o
i(—1)"27?

(2m)4 /0 P +A)
(_1\n 2 00 2
:M/ lEdlEQZ—E.

2t (15 +A)r

Making a simple change of variables: a = [%4 + A = da = 2lgdlg, the integral is

(3.53)

equal to \ . o N
| Gy - 2,24;1))2 /AOO o™
- @E;)); /. dafarm = 2a7)
= e 1w, 30
4 _iggj{_zin 1in1Ai2
/ <2dwl>4 ( 1A>n _Zézx_wlv <2—n>1<1—n> =
For n = 3,

it 1 —i 1
/ Cmt (= AP 24m)2 A (3.55)



The effective vertex function then becomes

N L (—z‘) 2m(p* + p")(z +y)[1 — (z +y)]
Feff = —2ie / dx/ dy mz(x—i—y)z

1 _— N ) (3.56)
- P+ p) d
87r2 TP / m/ x—l—y
with the integrals
1 1—1: 1_ 1—
/dm/ x—i—y /dx/ dz -
0 0 Tty
:/ dw[lnz—z}l
0 xX
1
:/ dz[ — lnz — (1 — 2)]
0 . (3.57)
1
:—/ dxlnx — =
0 2
1
:—x[lnx—l}o——
11—z
/ dq:/ $+y) l
rT+y 2
So, I',;; becomes
My =~ (0 4 ) =~ ) (3:58)
et = " 16mzm L TP T pep '

4d7m

where o = €?/4r is the fine structure constant. Utilizing the Gordon identity in the
momentum space

_ _ p:u + plu . Eullqy

u(p )y u(p) = u(p’) +i u(p) (3.59)

2m 2m

we recognize that the factor of p* + p* multiplied by —2m is equal to the correction
of the ¢ factor,

4= - = g=2+2. (3.60)
2 7

This concludes the calculation of the 1-loop QED contribution to the anomalous mag-
netic moment of a lepton. However, if we proceed to calculate the integral containing
the v* term, we face the following form of an integral:

LI R [y Y S
/(QW)4 —-Aam (2n)t /dlE(l%E+A)n' (3.61)
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Switching to spherical coordinates, the integral takes the following form

A CRN T N 00 5,
/ e @Ay~ @) / d93/0 ey oy
—1)n1

i

== 7 (972 lodlp)——E
(277')4 ( @ )/0 (E E) (l%‘{'A)n,
and by changing variables a = [% + A = da = 2lgdlg we get
i(—1)"t /°° da(a — AP (=1t /°° daa2 — 2aA + A?
(4m)? Ja an (4n)? Ja ar
(_1\n—1 (e 9]
_ Z((41))2 / dov <a2n _ 20(1an + A2&n>
m A
Z’(_l)nfl a37n 2Aa2fn AQalfn S
= 5 — = — — (3.63)
(47) 3—-n 2—-n 1—n |,
_ i(—1) 1 _ 1 n 2 B 1 1
— (4nm)2 3—n 2—-n 1—n|An3
i(—1) 1 2 1

(4m)2 (n—1)(n—2)(n —3) An=3

It is obvious enough that for the value n = 3, the integral in Eq(3.63) is divergent
in any event. In order to make this integral finite, we need to replace in the photon
propagator [15]
1 1 1
— — = -
k? +ie  k*4ie k% — A% +ie
where A is a very large mass. Considering the second term as the propagator of a
fictitious heavy photon, the numerator algebra of the integral in Eq(3.35) remains
unchanged and the numerator is altered by

(3.64)

A= Ay=(z+y)*m* + (1 —2—y)A\? (3.65)

Eventually, the integral in Eq(3.62), for n = 3, is replaced with a convergent integral

/ <2d7rl> ((P fA)S G —ZQAAP) “ar | ‘”%(a% . INER() —léEw)

: ﬁ " (%)‘ (3.66)

Then, the convergent terms are modified by terms of order A=2. This prescription
for rendering Feynman integrals finite (by introducing fictitious heavy particles) is
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known as Pauli- Villars reqularization. Since this contribution corrects Fg(¢? = 0)
(which should be fixed at the value 1), we make the following substitution

§F5(q®) — 6Fp(q?) — 6F5(0) (3.67)

which absorbs the divergence in a renormalization constant.

3.3 The One-loop Higgs boson contribution

Similar methods are used to calculate the 1-loop correction with a virtual scalar bo-
son. In this case, the Standard Model’s Higgs boson.

The 1-loop vertex correction to the anomalous magnetic moment of a fermion by
the exchange of a virtual Higgs boson is

s (AN A i AL

u(p')or*u(p) <\/§) /(%)4 (p)(k_p)Q_m%%Jrg_mv p—— (p)

iN [ d'k —y (K + ¢ +m)y*(k 4+ m) y

2 /(27r)4 (p)[(k—pﬂ—mz] [(k+q)2—m2] [kQ—mﬂ (p)
(3.68)

Now, the denominator needs to be modified via the Feynman parametrization

1 1 1-x l—z1——zp_2 (n — 1)!
AAy . A, 0 0 0 [A1+$1(A2 _A1)+"'+xn—l(An_A1)}
(3.69)

which, in the case of n = 3, we have

1 /1 /1$1 2
[ i . 3.70
MAAs Sy o 2 [A1+ 21(As = A1) + 22(A3 — A1) o
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In this specific occasion, the denominator is written as

D= [k —m®’| +z[(k —p)* —mj — K> +m*| +y[(k +q)* — m* — k* + m’]

i

g

‘Xl x1(A2—A1) xg(A;,—Al) (371)
=k* + (z — 1)m® + 2p* + yq¢® + 2k - (—xp + yq) — xm,.

We may now shift the momentum k, so that [ = kK — xp-+yq is the new variable under
the integration. The denominator needs to depend on [?:

2=k + (—xp+ yq)2 + 2k - (—xp + yq)

=k +2°p* + y*¢" — 2xyq - p+ 2k - (—xp + yq) (3.72)
and
P—D=(1-2)m*+azm} +yly—1)¢* +z(z — 1)p* — 22yq - p, (3.73)
where we name the above difference as A
A=(1—-2)m*+ami +yly—1)¢ +z(x — 1)p* — 22yq - p, (3.74)
so that we can express the denominator as
D=10P—-A. (3.75)

Following the same calculational methods as in the previous section, we utilize the
following gamma matrices identities:

YAty = =29%,
YA = 49",
VAN Ty, = =297 yHP,
{97} = 29",

(3.76)
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and apply them in the modification of the numerator N*

Nt = (F+¢+m)y"(k+m)
= [l+xp+(1—y)g+m] “[l—i—xp—yg—l—m}
= I+ [y (ap — yg+m> +apyt( \{, +ap — yg +m)

J/

Vanlshes vanishes

+(1—y)g7“(\l// —l—xp—yg—l—m)—l—mv“(\l’/ +xp — yd +m)

vanishes vanishes
2

[u@)] = =gy 2=+ 20")pa (14 2)m — yg]
+ (1= y)gr" [(1 + 2)m — yg] + my" [(1 + z)m — yd]
= —gv“ +a(="p+2p") [(1+ 2)m — yd]
+ (1 =)L+ 2)mgy" —y(1 — y)gr"d + m*(1 + 2)y" — myy"¢
(3.77)

where the terms proportional to [ vanish due to

/ v
@2m)iD

From this point on, we utilize the following relations of gamma matrices when the
spinors act on them from both sides:

Vg =7"a57" = as(=7"" +29"7) = — 7" + 24",

a(p') gy u(p) = a(@)(p' — p)y"ulp) = u(p’) (my" — py*)u(p)
=a(p")(my" +4"p — 2p"Ju(p) (3.78)
=a(p’)(2m" — 2p" )u(p),

a(p)gu(p) = a()(p' — plulp) =a(p’)(m — m)u(p) = 0.
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Therefore,

2

l
Nt = =50 —ma(l+a)y"p + zyy"pg + 2ma(l + 2)p* — 2eyp'd

+m(1—y)(1+ )" —y(1 —y)gd (=" +29"")qq
fgwxﬂq“

+m? (14 2)y" — my(—g" + 2¢")
a7 12 a a
u(p')N*u(p) = —57" = m’z(1 + )" + zyy" (=" + 29*°)qaps
+2ma(1 + x)p" + m(1 — y)(1 + z)(2m~y* — 2p*)
+y(l =)y = 2y(1 = y)g"g +m*(1 + )"
+ mygy* — 2myq”
12
u(p)N"u(p) = —57" = m’z(1 4+ )" — 2y gp + 2xyy'q - p + 2ma(l + z)p!
+2m*(1 —y)(1 + 2)v" — 2m(1 — y)(1 + 2)p" + y(1 — y)g*+*
+m?(1 4 2" + ym(2my" — 2p*) — 2myg"

l2
u(p' )N u(p) = [ -5 m?x(1+ ) + 2zyq - p +2m*(1 — ) (1 + ) + y(1 — y)¢?
+m?*(1+z) + 2m2y} V= may(—¢y" + 2¢")

#2ma(140) = (1= y)(1-+2) = o]~ 2mpg.

(3.79)
The q - p product can be simplified to

pP—p=q=p =p+gq
2 2 2
pPr=p +q¢ +2q-p
m?*=m’>+q¢*+2¢-p=

=q¢>=—2q-p,
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and substituting to the previous equation, we get

u(p ) N*u(p) = [ — 52 —m?z(1+z) — 2yq® +2m*(1 — y)(1 +2) +y(1 — y)¢*

+m?(1+z) + 2m2y] Y+ maxy(2mAt — 2p*) — 2mayq*
+2m [x(l +z)—(1—y)(1+2x)— y}p“ — 2myq"

= {—g+m2(—x(1+x)+2(1—y)(1+x)+(1+x)+2y+2xy)

+q2<y(1—y)—xy>}v“+2m[—xy+m(1+x)—(1—y)(1+$)—y]p"
—nmpu+wkﬂ

- {_§+m2<3—w)<1+x)+q2<y—y2‘xy)]vu

+2m {aﬁ — 1}]9” —2m [y(l + x)} q".

(3.80)
All these modifications in the numerator were made in order to write it in the follow-
ing, most useful form

Nt =A¥+ B +p)t+COH —p)* (3.81)
So, we write the p* and ¢* terms in Eq(3.80) as
2m{(® = 1)p" —y(1+z)(p' —p)'} = Zm{ [ —1+y(1+z)]p"—y(1 —i—x)p'“}. (3.82)

Generalizing the above factors of p, and p/,

(o) + Rafo) o + | Ralo) = Rt (353)

we solve the system of equations

Ri(z,y) + Rao(r,y) = —y(1 + 2),

3.84
Rl(xay)_RZ(x7y):x2_1+y(1+x>7 ( )
to find the R;, Ry functions
1 1
Ralwy) = 52— 1), Raloy) = =5 -1 —y(1+2). (38
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Finally, the numerator takes the following form

12
Nt = | =S +m* @)l +a) + ¢y~ —my)]V“
+m(a® =) + )+ 2Rs(z,y)q"
~——

can be thrown away

(3.86)

where the term proportional to ¢* can be thrown away by Ward identity. At this

point, we utilize the Gordon Identity,

) L2 ) = ) [v - z"””q”] u(p)

2m 2m

to finally get the numerator of the integral in the proper form

12
Nt = =5+ m*(z+1)* + ¢y — v* — xy)} A 4 2m2(1 — 2?)i

2m

We deal with the magnetic form factor only,

1_
§F(q) = 2i\*m? / d:v/ dy/ v A

In the previous section, we proved the following integral

d*l 1 (=17 1 1 i1
/ mA (2 —AP  (4r)?2 (2-3)(1—3) A2 24m)2 A’

which can be substituted into Eq(3.88), to give

0Fu(q=0) = 2i>\2m2/ dx/ B dy(_i)(l _296 : A(qlz 0)

174
aq,

/ J / J 1—a?
M x
47r y —x)m? + azmi — z(1 — z)m?

)\2 / (1 —2?) 1—x)
= UL

m2 1 —x)2+am;

/ 1—x )*(1+x)

47T m m2 1—$ +$mh
o (1—2)*(1+x)

5FM(Q—O) - (47‘(‘)2/0 dx(]_—"]j) +x(mh/m)2
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At this stage, we take into consideration that mj, > m, and we end up with the
following result:

0Fy(q* = 0) ~ (3.90)

This is the one-loop contribution to the anomalous magnetic moment of a lepton when
a virtual Higgs Boson is exchanged. The value for the muon lepton is approximately

SFN (> =0) ~ 21.64 x 10712, (3.91)

3.4 The One-loop Z boson contribution

In this case, the virtual boson that is exchanged is the SM’s Z boson that couples to
the neutral weak current.

The I" vertex function in this interaction is written as follows,

19 \2 d*k —10p0 9 5 ?
A0 =G | G

¢ g
X ’Y“m’Y (4sfy —1—17°)

—ig? [ d'% Ye(dsiy — 1 —=27)(F —m)y* (g + k- m)y7(dsiy — 1 —19°)
- 16¢py / (2m)* (0" + k)2 = m][k* — m?][(q + k)* — m?] ’

(3.92)
where cy = cos Oy, sy = sinf,,, and 6y is the Weinberg angle. Proceeding with the
Feynman parametrization trick,

1 1 1—x1 2
= dx dx , 3.93
A1 AxAs /o 1/0 ? [A; + 21(As — Ay) + 22(A3 — A3 ( )
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the denominator becomes:

D :ch — m2l+33[(Q+ k)2 —m? —k* + m21+y[(p' + k)2 —m% — k* +m?]

. >

~~

Ay :(:(A;:Al) y(A;:Al)

=k* —m® +2[®+ K+ 2k - q— K] +yp? + K+ 2k —my — k* + m?]

=k + (y — )m® + yp” + 2¢” + 2k - (yp' + zq) — ym3.

(3.94)

The next step, just like in the previous contributions, is to change variables, by
shifting the internal momentum to a new one. In fact, we shift to a momentum ideal
enough to remove the k& product with the momenta p’ and ¢. With that said, the new
momentum is [ = k+ xzq + yp’. Now, we need to reform the denominator into a more
manageable for the integral form. We need the square of [,

> =k* + (xq +yp')* + 2k - (xq + yp)

3.95
=k* + 2°¢* + y*p” + 2zyq - p' + 2k - (xq + yp') (3.95)
and then
I — D =k +2°¢" + y*p” + 2zyq - p' + 2k - (xzq + yp')
— [k + (y — Dm? + yp* + 2¢* + 2k - (yp' + vq) — ym%] (3.96)
=(1—y)ym® +ym7 +z(x — 1)¢* + y(y — 1)p* + 2xyq - pf '
—A,
which gives us a simplified form of the denominator
D=1-A. (3.97)

The numerator,

NH =7, (dsiy — 1 =")(F —m)y" (¢ + K —m)y7 (4sfy, — 1 =)
=Y (4sy — L =) (f — m)y" (¢ + k — m)y" (4sjy — 1 —7°) (3.98)
— %Y (k= m)y" (g + F — m)y" (dsy, — 1 —°).

Omitting the terms proportional to 4°, the numerator becomes

N =y [(E+m)y (F+ ¢ +m) + (4siy — L =) 2(F —m)y"(k + ¢ —m)]77. (3.99)

We proceed by reshaping the numerator, while acting from the left and right with
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the spinors u(p’) and u(p) respectively.

N =(—Fv5 + 2ks + yom)V" ( + ¢ +m)y”
+ (452 — 12 (— 7o + 2k — Yom) Y (F + ¢ — m)y°
=(—F +m) ("7 + 2g5) (K + ¢ +m)y” + 29" (F + ¢ +m)f
+ (4siy — 1)2(—=F — m) (=70 + 295) (K + ¢ — m)y” + 29" (K + ¢ — m)k
=(f — m)V" [ — (F+ d)yo +2(k + Q)0 +mY0)7" — 20k — m) (K + ¢ + m)¥*
+ 20" (F A g +m)f 29" (F + ¢ —m)k
+ (4siy = 12K +m)y" [ — (F+ e +2(k + q)o — M6 |77
—2(4s3y — 1)’ (k +m)(k + ¢ — m)y*
=(f —m)y* [ = 4(F + ) + 20k + ¢) + 4m] = 2(F —m)(F + ¢ +m)y"
+ Ay (K 4 g) + (4syy — 12 (K + m)y" [ — 4k + ¢) + 2(k + ¢) — 4m]
— 2(4sy — 1> (F+m)(k + ¢ — m)y*.
(3.100)

At this stage, we shall substitute the new variable [, and in the meantime, we ignore
the terms linear in [, since the integral vanishes on these terms.

Nt =(1 —ag —yp —m)y"[ = 2(] + (1 = x)¢ — yp) + 4m]
—2(] —ag—yp —m)[[ + (1 — 2)¢ — yp +m]+"
+ A4 (L —xg —yp')? + ¢(] — xd — yp')]
+ (4s3, — 1D2(] — rd — yp’ + m)fy“[ — 2([ +(1- x)g — yp’) — 4m]
—204siy — 1)°(/ — g —yp' +m)[] + (1 — 2)d — yp — m]~"
=—2[y"] = (xg +yp +m)y" [ = 2((1 — 2)¢ — yp') + 4m]
— 29" + 2(xd + yp +m)[(1 — x)¢ — yp' +m]y*
+ Ay 1P+ (wq +yp)? — 21 (vq + yp) 2 — ygp]
vanishes
— 2(4sty — 1[I + (4sty — 1 (ag + yp' — m)y* [2((1 — 2)g — yp') + 4m]
= 2(4siy — 1) + 2(4syy — 1)* (2 + yp' —m)[(1 — 2)d — yp' — m]y"
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u(p ) N* =1*4* + 2 [acg +(1+ y)m} o [(1 —x)f — y}/}'] —4m [xg +(1+ y)m} o
— 209" + 2[ag + (L + y)m] [(1 — 2)¢ — yp’ +m]y*
+ 4y [P + 22 + y?p + 2ayq - ' — xq” — ygp]
+ (4sfy — 12" + (4sy, — 1)*[zg — (1= y)m]+*[2((1 — 2)¢ — yp') + 4m)]
—2(4syy, — 12" + 2(4syy, — 1) [ag — (L —y)m] [(1 — z)¢ — yp' — m]+*
a(p')N"u(p) =[31° — (43, — 1)*P]4* + 2[xg + (1 + y)m]y* [(1 — x)¢ — yp']
— Amx(2mA* — 2p*) — Am* (1 + y)y* + 2[xd + (L + y)m] [(1 — 2)¢ — yp' + m]4*
+ 4y [x(x — 1) + y*p” — 2y — ygp)
+ (4sy — 1)?[ag — (1 — y)m]+*[2((1 — z)¢ — yp') + 4m]
+2(4sy — 1) [wd — (1 —y)m] [(1 — x)¢ — yp’ — m]~+*
(3.101)
Now, we start to collect the terms proportional to v*,
NH :{l2[3 — (4s3y — 1)?] —4m*(2x + 1+ 5) + 4[¢° (x(x —1)— xy) + y2p’2]}fy“
+2[zg + (14 y)m]y"[(1 — x)g — yp'] + 8map”
+2[xd + (1+y)m][(1 — 2)d — yp' + m]y" — 4" gy
+2(4siy — 1)*[ad — (1 — y)m]y"[(1 — )¢ — yp' + 2m]
+2(4siy — 1)?[vgd — (1 — y)m][(1 — 2)¢ — yp' — m]y",

(3.102)
which we may ignore, since we focus only in the (p + p')* terms that will appear in
our calculations.

Nt ={ .}y +20(1 — 2)gy"d + 2(1 + y)m(1 — z)y"¢ — 2xygy"p
— 2y(1 +y)mA"p + 8map" + 2x(1 — x) gyt — 2xydp' " + 2emgr”
+2(1 4 y)(1 — z)mgy" — 2(1 + y)ymp'+* + 2(1 + y)m*+* — dyy" gy’

+ 2(4s3, — 1)2{x(1 —x)dy" g — xygfy“p’ + 2magy” — (1 —y)(1 — z)my"¢
+ (1= y)ymy"p —2(1 — y)m*+" + (1 — 2)¢*y" — zydp'y" — emgry”
(1= )1 — 2)mg + (1 — gy + (1 y)m%ﬂ}.

(3.103)
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Now, we take the time to remind the reader the following relations,

V' =— "+ 24",
a(p') gy u(p) =u(p’) [2my* — 2p*]u(p), (3.104)
a(p')gu(p) =0,

and apply them in our calculations:

NH :{ . }'y“ +22(1 — 2)(—¢*y* + 2¢q" ) +2(1 +y)(1 — z)m(=2m~" + 2p" + 2¢")
u(p’)gu(p)=0
— 2ayd(—p' " + 2p™) = 2y(1 + y)m(—p' " + 2p") + 8map” + 2x(1 — z)¢*+"
— Qxy(—p'g +2p" - )" + 2zm(2mAt — 2p") + 2(1 + ) (1 — z)m(2mA* — 2p*)
——
7q2
— 2(1+ y)ym®y" + 2(1 + y)m*y" — dyy"(—p'¢ + 2¢ - P)

_q2

+ 2(4s3, — 1)2{115(1 —2)(—Y" 4+ 24q" ) — ayd(—p " + 2p") + 2ma(2mA — 2p*)
ish
— (1= y)(1 — @)m(=2my" + 2p" + 2¢") + (1 — y)ym(—p'+* + 2p™) — 2(1 — y)m*y"
+2(1 — 2)P*y" — wy(—p'q + 20" - Q)" — xm(2mAy* — 2p*
(1 —2)g " —zy(—p'd + 20" g)v (2mAy* — 2p")
7(]2
— (1= y)(1 = z)m2my" = 2p") + (1 — y)ym*y* + (1 — y)mgv“}
(3.105)
By collecting once more the terms proportional to v#, and acting with the spinors,
we get,
Nt ={ " AL +y) (L = 2)mlp + )" + 2oy(—p'd + 20 - @) —  daygp”
~——
u(p’)gu(p)=0
— 4y (1 + y)mp™ + 8map" + drvymgy" — demp” — 4(1 + y)(1 — 2)mp"
+ Ay (—p "+ 20" ) g + (483, — 1)2{2xy(—p’g +2q - p' )" — daygp™ +8map!
ish

—4(1 = y)(1 —z)m(p + @)" + 4(1 — y)ymp™ + 2xymgr* + 4omp"

(3.106)
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Focusing now only on the p’* and p* terms:

N =p*{4mz — 4(4sy, — 1)*ma} + p"{ — 4y(1 + y)m + 4(4s5, — 1)*(1 — y)ym}
+ ¢ {41+ y)(1 — 2)m — 4(4s5, — 1)*(1 — y)(1 — 2)m}
+ daymp” — Sxymp" — Symp* — Symqh + 4(4sy, — 1) zymp! — 4(4sy, — 1)2zymp”

:p“{4a:[1 —y— (dsiy — 1)*Jm — 8ym}
e — (i - s - 0 - )

+ q“{4(1 —a)[1+y— sy — 1)°(1 = y)Jm - Sym},

(3.107)
and by substituting ¢ = p’ — p, we get:

N# :p'“{ll(l —z—y)[1+y—(4sj, —1)’(1 —y)|m — 8ym}
} (3.108)

—|—p“{4(4s%,v —1)? [(1 —z)(l—y)— x}m —4(1+y)m
By generalizing the above factors of p and p/,
4m [Rl(ﬂf, y) + RQ('Ta y)}plu +4m [Rl('rv y) - Rz(l’, y)]p,u =
- 4mp’“{(1 —z—y)[l+y— (s — 1)*(1—y)] - 2@} (3.109)
+ 4mp“{(4s%,v —1*[(1—2)(1—y)—z] - (1+ y)},

we solve the following system of equations:

Ry(z,y) + Ro(w,y) = (1 — 2 —y) [1 +y — (s — 1)*(1 — )] — 2,

, 5 (3.110)
Ri(z,y) = Ra(z,y) = —(1+y) + (4sy — D?*[(1 —2)(1 —y) — ],
in order to reform the numerator in the following way
Nt = Ri(z,y)(p+ p')* + Ra(z,y)q¢". (3.111)

The R;(z,y) parameter is found to be

i) = 5 (=) (L (st -1 (1-)) 13y ashy—1? | (1-0) 1)~
(3.112)
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and the Ry(z,y)g" term vanishes due to the Ward identity. Substituting R;(z,y) in
the numerator and utilizing the Gordon identity to complete the form of the magnetic
form factor, the integral gives the following result:

~ V2Gpm? (—1+45sin6,,)* — 5

SFL (g =0 11
et =0) =20 : (311
The value for the muon lepton is approximately

§F#(q* = 0) ~ —193.90(1) x 107, (3.114)
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4 See-saw lepton masses and muon g—2 from heavy
vector-like leptons

In this chapter we review the model suggested in [3], where a vector-like lepton can be
used to explain the small muon mass by a see-saw mechanism, based on lepton-specific
two Higgs doublet models with a local U(1)" symmetry. The radiative contributions
that we calculated in the previous chapter can be used and applied here, by switching
the gauge couplings to the ones introduced in this model.

A singlet SU(2), vector-like lepton, F, is introduced, with charge —2 under the U(1)’
gauge symmetry. From now on we use the notation particle(U (1) charge), where as
mentioned above F(—2). There is also a dark Higgs field ¢(—2) and a leptophilic Higgs
doublet H'(42). It is assumed that the SM Higgs doublet H and the SM fermions are
neutral under the U(1)". In order to be consistent with suppressed Flavor Changing
Neutral Currents (FCNCs) and obtain lepton masses from the VEV of the leptophilic
Higgs doublet, a Z, parity is also imposed on the SM, and new fields as in Type-X
(or lepton-specific) two Higgs doublet models (2HDM). The assignments for U(1)’
charges and Z, parities are given in the table below.

U(1) charges , Z, parities
qr |ur |dr |lp |lp |H |H | EL | Er| ¢
uiay|o |o [0 [0 |0 |0 |4+2]-2 |-2 |-2
Zy |+ |- |- |+ - [+ ]

Table 1: U(1)’ charges and Z, parities of the particles.

The Lagrangian for the SM Yukawa couplings including Z’, dark Higgs ¢ and the
vector-like lepton is

1 1
L=~ F F™ — S sin€F,, B + |Dyof + |DH'P = V(6. H H') + Lyrsar (4.1)

with
Lvisy = —YadrdpH — y,GrurH — MpEE — A\g¢Elp — ypl  EgH' + h.c.  (4.2)

Here, H = ioH*, F, =0.7Z,—- 0,7, By, is the field strength tensor for the SM
hypercharge and the covariant derivatives

Dy¢ = (8, + 2igz Z,,) ¢,

. 1. |
D,H = <8H — 2igy 7, — §ZgyBu - 5T Wu) H'.

(4.3)
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The scalar potential V(gb, H,H ) for the singlet scalar ¢, the leptophilic Higgs H’,
and the SM Higgs H, is given by

V(¢, H, H') =piH'H + s H'"H' + (us¢H'H' + h.c.)
+ M\ (HTH)? + M (H'TH') + 0 (H H) (H'TH') (4.4)
15070+ A (0°0)” + Ao HUHO' 6 + Ay HTH 976
It is noted here that the quartic couplings for the Higgs doublets in 2HDMs are
constrained, due to the fact that the second Higgs doublet H'(+2) is charged under
the U(1)" symmetry, and the mixing mass term between the two Higgs doublets is
generated after the U(1)" symmetry is broken. In this model, the physical lepton
masses and the lepton Yukawa couplings to the SM Higgs can be generated correctly
due to the mixing with the vector-like lepton, via the see-saw mechanism for leptons.
In general, one can introduce one vector-like lepton per generation for lepton masses
without inducing the mixings between leptons.

Now, working out the symmetry breaking of the U(1)" and the Electroweak symmetry,

we find for (H) = \%Ul, (H") = \/Lﬁvg, (¢) = vy, the masses of the gauge bosons:

my, = g2 (8v3 + 4v3), (Appendix A — 4v7)

1
mz = 51/9% + gy, (4.5)

mwy = QQU,

with v = y/v} + v3. I note here that my calculations (see Appendix A) show that
m%, = g2 (403 + 4v3). An important thing to mention is that the VEV of the SM
Higgs doublet H leads to quark masses and mixings, while the VEV of the extra Higgs
doublet H' leads to the mixing between the SM leptons and the vector-like lepton.
Due to the gauge kinetic mixing and the nonzero U(1)" charge of the leptophilic Higgs,
there is a mass mixing between Z and Z’ gauge bosons, which must be suppressed to
satisfy the electroweak precision data and the collider bounds.

A see-saw mechanism is used for generating small masses for charged leptons
through the vector-like lepton. It is also used to identify the gauge and Yukawa
interactions for the vector-like lepton. The muon is the lepton that mixes with the
vector-like lepton in this model, and the mass terms for the lepton sector are the
following:

— DN

cL,mass = —MEEE — (mRFLlR + mLZLER + hC) (46)

where mp = Agvy and my = \/Liygvg are the mixing masses. After diagonalizing the
mass matrix for leptons, the mass eigenvalues for leptons are,

1
mih =3 (Mé +m3 +my F \/(M% +m? —m%)? + 4m%M%> : (4.7)
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The rotation matrices that were used for the right-handed and the left-handed leptons

are given by,
lL . COS@L sin@L llL
EL o —Sin0L COSHL lQL ’
lR . COS@R sin@R llR
ER - —SinﬁR COS@R l2R ’

with the mixing angles given by

(4.8)

2M
sin(20g) = TR

(4.9)
sin(26) =

The authors by approximating mg, m;, < Mg, they identify
m2 mymy
1 Mé

whereas the mass squared for the vector-like lepton becomes

(4.10)

m;, ~ My 4+ mj +mj, (4.11)

Therefore, a see-saw mechanism is at work for generating small masses for charged
leptons due to heavy vector-like leptons, and for this purpose we need both the
electroweak symmetry breaking with the leptophillic Higgs doublet for m; # 0 and
the U(1)" symmetry breaking for mgr # 0 at the same time. In terms of the Yukawa
couplings, m,, can be written as follows,

- AEYEUL2
ST
E
Choosing m;, = m,, for the muon mass and setting the following perturbativity

conditions on the Yukawa couplings, A\p < 1, yg < 1, the upper limit on the vector-
like mass is

(4.12)

A\
My, o DEYEUSD <6700Ge\/< Vg2 ) (4.13)

V2m, 103GeV?

Notice that the vector-like lepton can be decoupled from the weak scale, while gen-

erating the muon mass and satisfying the perturbativity conditions. Moreover, for

mg, mp, < Mg, the lepton mixing angles become
2m

sin(260p) ~ =1,
mr,
2m

sin(20,) ~ —=%,
m12

(4.14)
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and in general we can parametrize the small mixing mass parameters by m; =
(HL/GR)UZ\/W and mp ~ (GR/GL)UQ\/W. The authors proceed with the
construction of the gauge and Yukawa interactions of the model. I present here the
effective interactions of lepton to Z’ and weak bosons that the authors of [3] have
constructed,

Lperf=— ZQZ/Z; [C%EW”PRE + sHly" Prl — sper(EY" Prl + Iy* PrE)
+ C%EV”PLE + S%Z’Y‘UPLZ - SLCL(E’yuPLl + Z’Y”PLE)}

+ %Zu(vl +a)[(2 = 1)y Pyl + sper(Ey"Pul + Iy PLE) + 52" PLE]
w

+ %ZH(UZ — o) [EA"PRE + ¢, EY*PLE + s71y" Pl — spcp(Ex* Pl + [y PLE)]
cw

+ %WM_ [CLZ'y“PLV + sLEfy“PLy] +he +Lpg,
(4.15)

with sy /p = sinfp g, cL/r = cosOr/p, v = %(—1 +4s%,) and oy = —%. L ¢ contains
the extra couplings due to gauge kinetic mixing, given by

_ e _
Lre =7 |eccewlyl + (s¢ — tecesw) (1" (v — ay”)l + ﬁv“PLu)]
2w sw (4.16)
e _
Y (cc — tesesw)Zy |1y (v — Yy + D’y“Pszl,
wWSw

where ¢, = cos(, s¢ = sin(, t¢ = tan¢, and the mixing angle  between Z and Z’
gauge bosons is given by

2miy(mz, —m3)
tan(2¢) = (%, — mg)Z ey (4.17)
2

with my being the Z-boson mass in the SM, my, being the mass eigenvalue for the
Z'-like gauge boson, and m?, being the mixing mass,

2 Aa 2
m2, = 1Z5W <35 _ 29z 1;2) (4.18)
Cg gyv

Eqs(4.15)-(4.18) are based on the papers [5], [6]. The paper continues with the Yukawa
interactions of the model. Expanding the scalar fields around their VEVs we get,

H = ¢T H = ¢§r (4 19)
B \/L§<U1+pl+i771> T \/L§(U2+P2+i772) '
and )
¢ =vy+ —=(p +ia). (4.20)
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The two would-be neutral Goldstone bosons, G, G', and the CP-odd scalar A can be

identified as
G = cos 1y + sin fne,

G = (\/§v¢a — vsin ﬂng),

1
\/ 203+ v3 (4.21)

A=N,4 ( sin 81, — cos fng — \/;U sin 3 cos Ba)
é

with
1

- \/1 +v2sin® B cos? 3/ (203) |

Here, v; = vcos B, vo = vsin 5. Ignoring the mixing between the dark Higgs ¢ and
P12, we also obtain the mass eigenstates for CP-odd scalars, h and H, as

Ny

(4.22)

h =cos ap; + sin aps, (4.23)
H = — sinap; + cos aps |

where « is the mixing angle between CP-even scalars. The would-be charged Gold-
stone boson G and the charged Higgs H™ are

GT =cos B¢} + sin Sy,

H" =sin B¢] — cos Boy . (424)

Then, the authors proceed with the construction of the Yukawa interactions, where the
Yukawa couplings depend on the values of the mixing angles a and (3, and the model
is complete in order to perform one-loop calculations on the anomalous magnetic
moment. In this model, the vector-like lepton, Z’ gauge boson as well as extra scalars
contribute to the muon g — 2 at one loop, as follows

A, = Aaf/’E + Aozf’E + Aaf/’“ + AaZ’E + AaZ’“ + Aozf_. (4.25)

Assuming the approximations m;, ~ m, and m;, ~ Mg, we get the following contri-
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butions:

gZ/MEmM 2 2
Z'\E 16m2m?2 (CV - CA)7 Mg > my,
Aa? " ~ L
H gZ/ EMy 2 2
47r2m2Z/ (CV - CA)7 m,u < ME < my,

Z'u 9z 2 ”2
Aoy M = —=——(vly —bay), mg > my,

i 1272m3, ~ * I
m, 3M
Aot~ — 2 _T1pF2 E2 E(, E2 _ | E2 Y |
Oé'u 487T2ML2? “UZ | + |Oéz | + my (‘Uz | |az | )}7 E > mp,,
m, 3M m2 3
Aot ~ —F B2 Ei2 | 2ME B2 | E|2 1l——
s 24m2mg. [0 + e[ + m, (lo"]" = |’ [){ In iz 2)|
2
- m
AT~ ———E oy |2
K 24m2m3,_

Choosing specific values for the parameters, we plot the contributions:

Mg=200GeV, g,=0.02, Mg=200GeV, g,=0.02,
8-=0.23=1006, Br=06,=0.023

10°° 1079
Aa,, Aa,

1072 10-10
\
\

10711 ] 101\

5 10 15 20 5 10 15 20
my=mgy [GeV] my=my [GeV]

ME < Mp;,

(4.26)

Figure 1: The one-loop contribution from Z’ and vector-like lepton, the one-loop
contribution from the dark Higgs ¢ and the vector-like lepton, and the combined
one-loop results, are shown in blue dotted, blue dashed, red solid line, respectively.
The yellow (green) bands indicate the deviations of the muon g —2 from the SM value
within 10(20). 0 = 0.23 = 1000, were taken on left and 6z = 6, = 0.023 on right.
For both plots, Mp = 200GeV, gz = 0.02, mz = m, and v, = —Z— were chosen.

2\/§gzl

In Figure 1, the Z’ contributes positively to Aa, because the vectorial coupling
is larger than the axial coupling in this model. On the other hand, the dark Higgs
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my=my=200GeV, g,=0.5,
Or=6,=(m,/Mg)"? Me=1000GeV, 8r=6,=(m,/Mg)"2

10 ‘ g

A

\ 10>1 E E

10-10% 102 1

107"¢

. . . . 10-3h P f s oa sl
200 400 600 800 1000 1 10 102

Mg[GeV] mz=mg[GeV]

Figure 2: (Left) Aa, as a function of Mg in red line, in comparison to 1o(20) bands for
the deviation of the muon g —2 in yellow(green) for fixed values myz = my = 200GeV
and gz = 0.5, and the vector-like mixing angles to 0p = 0, = y/m,/Mg. (Right)
The new contribution to the muon g — 2 in the parameter space for mz = m versus
gz within 1o(20), shown between black(blue) lines, taking Mg = 1000GeV and

HR = eL = \/mH/ME.

contributes negatively to Aa,,, because the pseudo-scalar coupling is larger than the
scalar coupling. For mz = my and gz = 0.02, namely, A\, ~ 2¢%, = 0.0008 for
Uy < Uy, and vy = myz /(2v/29z/) = 18my, the Z' and dark Higgs masses around
5 — 8GeV are favored to explain the experimental value of the muon g — 2. For
either Oz > 61 or Or = 01, the one-loop corrections with Z’ and vector-like lepton
contribute dominantly to the muon g — 2. In Figure 2, for both plots, Z’ loops with
vector-like lepton give rise to a dominant contribution to the muon g —2 and become
independent of vector-like lepton masses for Mg > my = my.

The one-loop diagrams with Z’ and the vector-like lepton contribute to the branch-
ing ratios of p — ey, 7 — py and 7 — ey as well, considering simultaneous mixings of
the vector-like lepton with muon and other leptons. Furthermore, indirect constraints
on the vector-like lepton come from electroweak precision data and Higgs data. The
20 deviation of the experimental value of the p parameter from the theoretical value
of SM strongly constrains the gauge couplings of the vector-like lepton and the Z’
interactions. The modifications on the p parameter that come from the vector-like
lepton and the Z’ gauge boson, depend on the Mg and my masses respectively,
while also from the values of the mixing angles. For a heavy vector-like lepton with
Mg 2 mz, in order to satisfy the current bound on Ap, it is suffcient to choose either
|siné] <1072 and sin B < 0.14/gy/gz for mz < mz unless there is a cancellation.
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The bounds are less severe for mz > my, due to the overall suppression by m?%/m?%,.

Regarding the particle production at the colliders, the vector-like lepton can be
produced by the Drell-Yann processes with off-shell v* and Z* in the s-channels at
LEP and LHC. Since the vector-like lepton is an SU(2)., singlet in this model, the
Drell-Yann production cross section with Z* is suppressed by sin?6,,. The decay
channels for each particle depend on the values of their masses. For instance, for
Mg > my, My the VL lepton can decay by E — W, ZI, Z'l, ol while Z' decays
dominantly into a pair of muon and anti-muon, and since ¢ has comparable mass as
the Z’ mass, it decays into a pair of muon and anti-muon as well. If Mg < my < 2Mpg,
the Z' gauge boson can decay by Z’ — El, El, becoming dominant decay channels.
In this case, for F — ZI, there can be at least two leptons in the final state from the
Z' decay. For my > 2ME, the Z' gauge boson can decay dominantly by 2/ — EE,
leading to at least four leptons in the final state.
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5 R, and the origin of Yukawa couplings

The beyond Standard Model scenarios that include extra Z’ bosons after the sponta-
neous symmetry breaking of U(1)" symmetries, can also be studied and developed in
ways that explain the origin of the Yukawa couplings. In this chapter, I review one of
the many models that exist in the literature. The author of the paper [9] considers the
case of an additional vector-like fourth family and also induce flavourful Z’ couplings.
The couplings of the SM generations mix with the fourth vector-like family, and this
leads to the production of the Yukawa couplings.

5.1 Introduction

The violation of p — e universality in semi-leptonic B decays has motivated the theo-
retical physics community to consider non-universal Z’ models. Regarding the mea-
surement of Ry ), a number of phenomenological analyses of these data, favour a
new physics operator of the form Z_)L’y“sLﬁL'yu,uL, or of the form, BL’}/“SLﬁ’)/”/L, each
with a coefficient A=2 where A ~ 31.5TeV, or some linear combination of these two
operators. For example, in a flavourful Z’ model, the new physics operator will arise
from tree-level Z’ exchange, where the Z’ must dominantly couple to puu over ee, and
must also have the quark flavour changing coupling b;s; which must dominate over
b RSR-

The author investigates the possible connection between the experimental signal for
new physics in Ry and the origin of fermion Yukawa couplings. The Standard
Model is considered an effective theory at the electroweak scale, resulting from some
theory at some higher scale(s) which may be as low as the TeV scale. All fermion
Yukawa couplings must result from higher dimension operators so that the effective
Yukawa couplings of the SM can be expressed in terms of the left-handed fermion elec-
troweak doublets v; = L;, Q);, where ¢+ = 1,2, 3, and the CP-conjugated right-handed
electroweak singlets ¢ = uf, d5, €5, V5

Ly = (%)) (Xi”) Hyp)f + h.c. (5.1)
,n 7,m

Eq(5.1) involves new SM singlet fields ¢; which develop VEVs, leading to effective
Yukawa couplings suppressed by powers of (¢;)/A. This scenario also involves a
massive Z' under which the three SM families ¢); have zero charge, and which only
couple to it via the same singlet fields ¢; which have non-zero charge under the
associated U(1) gauge group,

- (80 () vt oo oy

93



where ¢’ is the U(1) gauge coupling. The various A and A’ may be simply related.
The key feature of this scenario is that the same numerator factors of (¢;) control
both the Yukawa couplings in Eq(5.1) and the Z’ couplings in Eq(5.2). Another key
feature of the above scenario is that the Z’ is also generated by the VEVs of (¢;), so
that MZ’ =~ g/<¢z>

In the scenario of Eqs(5.1, 5.2), in the limit that (¢;) = 0, there are no Yukawa
couplings and also no couplings of SM fermions to the Z’ since it is assumed they
are not charged under the associated U(1) gauge group. When (¢;) /A are switched
on then Yukawa couplings and small non-universal and flavour dependent couplings
of SM fermions to the Z’ are generated simultaneously, as well as the Z’ mass itself.
The above framework provides a link between flavour changing observables and the
origin of Yukawa couplings.

5.2 The Model

The model involves three chiral families v;(0), ¥{(0), plus a forth vector-like family
consisting of 14(1), ¥$(1) plus the conjugate representations v (—1), ¥5(—1), where
the U(1)’ charges are shown in parentheses. The gauged U(1)’ is broken by the singlet
scalars ¢(1), with VEVs around the TeV scale, yielding a massive Z’ at this scale.
Since the Higgs doublets H(-1) are charged under the U(1)’, this forbids all Yukawa
couplings, except those which couple the first three families to the fourth family.

U(1)" charges
Vi |7 | Vs |5 | Yy | %] Hual ¢
Uay [0 [0 |1 [1 |1 |-1 [-1 |1

Table 2: U(1)’ charges of the particle spectrum.

The model here involves a gauged U (1)’ resulting in effective Yukawa and flavourful
Z' couplings as in Eqgs (5.1) and (5.2) which are related. A welcome consequence of this
is that, it is not required an additional Zy symmetry to forbid renormalisable Yukawa
couplings. Two Higgs doublets are required H,,, Hy, both with negative U(1)’ charge.
The allowed renormalisable Yukawa couplings and explicit masses allowed by U(1)’
are,

L =y Hb§ + yh Haf + o) gy + 2" ¢uips + My bahs + MY 505 (5.3)

plus h.c., where x, y are dimensionless coupling constants ideally of order unity, while
M are explicit mass terms of order a few TeV.

o4



5.3 Mass insertion approximation

Although the usual Yukawa couplings yf’jH Yip§ are forbidden for 4,7 = 1,2, 3 (since
H are charged under U(1)") effective 3 x 3 Yukawa couplings may be generated by the
two mass insertion diagrams (up to an irrelevant sign),

e ¥
[»z}fk = ;wfc y:ﬂlewj + M}J y}fijzw] + h.c. (54)

The model also involves a massive Z’ under which the three SM families 1;, 1§ have
zero U(1)" charge. Although the usual Z’ couplings ¢ Z;lﬂbj y#1p; are forbidden for
i,7 =1,2,3, the fourth vector-like family has non-zero U(1)" charge, and effective Z’
couplings may be generated by the two mass insertion diagrams,

¥ Y §e Pe
Z; <¢> xj <¢> 171 T Z; <¢> xj <¢> 171 ct c
Mip Mip g Zu@biV%/’j + Mfc Mfc 9 Zuwi 7u¢j' (5.5)

Z/
Loy =

In this effective theory, Yukawa and Z’ couplings are both controlled by the same
physics, in this case the VEVs (¢) and the fourth family vector-like masses M} and
MY". The mass of the Z’ is given by M, = ¢ (@), which is the same scale at which
the Yukawa couplings are generated. While the Yukawa couplings are generated
at first order, the Z’ couplings are generated at second order in the mass insertion
approximation.

There is a such a Yukawa matrix as in Eq (5.4) for each of the four charged sectors
Y = u,d,e,v. In the case of neutrinos, this refers to the Dirac Yukawa matrix,
and there will be a further Majorana mass matrix for the singlet neutrinos M} vfvs.
Since nothing prevents the Majorana masses M;} being arbitrarily large, well above
the U(1)" breaking scale, this will lead to a conventional seesaw mechanism for small
neutrino masses. On the other hand it is assumed that the vector-like masses M, f
and M} to be close to the U(1)’ breaking scale of order the TeV scale.

5.4 The 5 x 5 Matrix and the Ry, anomaly

Since the large top quark Yukawa coupling y; is not present at renormalisable level,
it must also arise from mixing with the fourth vector-like family. In the case y; ~
yss ~ 1, the mass insertion approximation breaks down, and that motivates us to go
beyond this approximation. The masses and couplings in Eq(5.3) are arranged into
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5 x 5 matrices, one for each sector ¢ = u,d, e, v,

0 0 0 yhLH 2(¢
0 0 0 yhLH 2¥¢

MY=| 0 0 0 yuH 2i¢ (5.6)
?JZﬁH yfng y;,pz;H 0 MZ}

(&

e e afe MY 0

in the (w1,¢2,¢3,¢4,¢_j) basis (rows) and (wf,@bg,@bg,zbj,%) (columns). There are
three distinct mass scales in these matrices: the Higgs VEVs (H), the ¢ VEVs (¢)
and the vector-like fourth family masses M}, M}". If all these mass scales are of
the same order then the correct procedure is to diagonalise the full 5 x 5 matrices
in each of the charge sectors (apart from neutrinos which must be treated differently
due to the Majorana masses and the seesaw mechanism). Then unitary violation will
play a role. In the approximation (H) < (¢) (physically My < M), it will not be
necessary to diagonalise the full matrix in one step.

The author then proceeds with the transformation of the 5 x5 matrix into a convenient
basis for quarks, while considering some restrictions on the x and y parameters. After
some manipulations, the effective 3 x 3 Yukawa matrices for the quarks are obtained
from the 5 x 5 matrices, and then considers a basis where one can decouple the heavy
fourth family. We present here some of the steps that were followed and studied.
Choosing these particular values for the quark couplings :1:(1%2 =0, yj140 = 0 and
Y442 = 0 and then rotating the first and second families to set z}* = 0, z{" = 0,
and yjy = 0, the effective 3 x 3 Yukawa matrices for the quarks y;i H,(Q;u, yfdeQidg
obtained from the 5 x 5 matrices are given by

e}

0 0 0

0 0
: v g | $9) (9)
Yij = 0 92451326 y24x3c G +10 0 QO W’
0 ysuoy Y5y 4 0 0 z5yss 4 -
p 0 ygﬂz: yg4$3z () 0 0 0 (%)
Yij = 0 y24372C y24l'3c W +]10 0 QO W
0 yird wyhad | M 0 0 afydy) M

In order to go beyond the mass insertion approximation (¢) < M. f we return to the
full 5 x 5 mass matrices, by assuming (H) < (¢) to switch off the Higgs VEVs all
together in the first instance, and obtain an effective SM after integrating out the
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heavy fourth family. Starting from a basis in the following form:

we— | gnE , (58)

the g;% are the 4 x 4 upper block Yukawa matrices in this basis. The zeros in the
fiftth row and column achieved by rotating the first four families by the following 4 x 4
unitary transformations

. Q Q Q o (& C C o dc dC dc
VQ - ‘/},4‘/24‘/147 Ve = 3151 231 131 ) Vae = ‘/34 V24 V14 (5-9)

which are parametrized by a single angle 6,4 that describes the mixing between the ith
chiral family and the 4th vector-like family. The SM Yukawa matrices correspond to
the remaining 3 x 3 upper blocks of the 4 x 4 Yukawa matrices. The Yukawa matrices
of the SM, ﬂg’ correspond to the remaining 3 x 3 upper blocks of the 4 x 4 Yukawa

matrices, g]ﬁ’ﬂ The three undecoupled families in this basis contain admixtures of the
original fourth vector-like family due to the mixing. The 4 x 4 Yukawa couplings are

Tus = VaiasVie, T = VaiasVik (5.10)

and gy, s 5 are identified with the 4 X 4 upper blocks of the transformed matrix in
Eq(5.6), with the specific values that were chosen for the couplings in this basis. The
effective SM Yukawa couplings for the quarks then correspond to the 3 x 3 upper
blocks of g5 and g5

The effective SM Yukawa couplings have non-zero elements due to the mixing, even
though originally they were all zero. This is the origin of flavour in the low energy
effective SM theory. The analysis now may proceed depending on the phenomenology
that one is interested in, followed by the respective approximation on the values of
the mixing angles and the masses. We remark here that after the mixing with the
fourth family, the three light families have induced non-universal and flavor violating
couplings to the Z’, which depend on the mixing angles of the 4 x 4 unitary matrices
in Eq(5.9).

For closing remarks, the anomalies in Ry ) can be explained by the b and s
quark couplings to Z’. The CKM matrix for the quarks may be constructed in the
usual way, by diagonalising the Yukawa matrices, to yield the 3 x 3 CKM matrix
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Verm = VuLV;lTL. Assuming that Mf < M¥ < M implies that the CKM mixing
originates predominantly from the down sector, thus Vogar = VJL. This means that
the off-diagonal quark coupling is generated with g, ~ ¢’ (33Q4)2Vts. Combining this
result with the effective 4-fermion operator with left-handed muon, b-quark and s-
quark that was mentioned in the introduction of this chapter, the Z’ coupling to bs
leads to an additional tree-level contribution to B; — B, mixing due to the effective
operator arising from Z’ exchange at tree level:

2

Jbs (= 2
A,Ceff D) _2M%, (SL/yubL) + h.c. (512)

If we take the milder By — B, mixing bound then this constrains

|gbs| < 1
Mgz ™ 150T eV

(5.13)

and since gy, is known in this model (gps ~ —1/50 for s$, ~ 1/v/2, ¢ ~ 1 and
Vis ~ —0.04), this leads to a lower bound on the Z’ mass in this model

My > 3TeV. (5.14)

Since the Higgs doublets are charged under U(1)’, they will induce Z — Z’ mixing
which will affect the SM prediction of My /My, leading to corrections to the well
determined parameter p.
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6 A different approach to the origins of the Yukawa
couplings

In this chapter, I present a thought of mine, that was born during the time period I
was studying about the Yukawa couplings. As we can see from the theory of the SM,
that was developed and has been confirmed over and over for the last fifty years, there
is no mechanism that can produce terms which fermions can interact with the Higgs
scalar boson, and one can simply add these terms into the Lagrangian. Physicists
are familiar with the gauge symmetries, they study and apply them on a daily basis
on their models. For instance, if we are dealing with a local U(1) symmetry, the
covariant derivative acting on a singlet scalar field ¢, has the form:

D¢ = (0, —igA,) o (6.1)

where A, is the massless gauge field that the theory needs in order to be gauge
invariant under the U(1) symmetry, and ¢ the coupling constant. This seems to be
a really effective and important way to introduce vector-fields in one theory, since
after the spontaneous symmetry breaking of the symmetry, the vector field now has
not only kinetic terms, but even interaction terms with the scalar boson (including
potential mass term, however, in a symmetry like SU(2), x U(1)y the photon acquires
no mass after SSB). That bears the question: "How do fermions enter the theory?
Is there a way to produce/introduce fermions in the Lagrangian not by hand, but
with a similar kind of mechanism?” Maybe the Yukawa couplings are generated from
a different kind of symmetry breaking. Let’s consider a scenario which the covariant
derivative is given by,

Dy =9, - i(g : P(x))eﬂ (6.2)
where (g - p)e, needs to transform as a vector field and ¢, is an arbitrary four-vector.
Notice that the second term in the above equation is similar to the second term in
Eq(6.1). The only difference is that instead of introducing a pure vector-field in the
covariant derivative, we introduce (g - p)e, which plays the role of one. Now, we
have to check the dimension of each quantity through dimensional analysis. Since
[D,] = M, this means that:

!
(D,)=M = [g-pe) =M. (6.3)
Since €, is a four-vector, its dimension is [e,] = M. At this point, we may assume
that p? has dimension M, so if we denote p?> = p, then the p field is a scalar field.
1
This means that p has dimensions of a spinor, [p] = M2, and in order for the Eq(6.3)
to hold true, the constant g must have dimension of a spinor as well, [¢] = M 3

W

e =M, [pl = M3, [g] = M>. (6.4)
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Since g and p are spinors, we introduce them to the covariant derivative as a spinor
product of Weyl spinor components [13]:

9 P=9"pa=g"arp’ = =P arg” = p€ag” = p- g, (6.5)
where €4, is the antisymmetric symbol which lowers/raises the spinor indices:

12 21 11 22
€ = —€ = €91 = —€19 = ]_, € =€ =€1] = €9 = 0. (66)

The complex conjugate of Eq(6.5) on the other hand is
(g-p)=p"-g"=g"-p". (6.7)

In case this product does not make sense, since [g] = M3/? and [p] = M'/?, we can
easily introduce another parameter in order to acquire a dimension M2, meaning
that [g] = M3/2 = M??t1/2_ After introducing all these quantities, we return back to
our Lagrangian. In order to determine the interactions of this theory under the U(1)
symmetry, one needs to calculate |D,¢|?. The scalar field ¢ undergoes an SSB, and
after acquiring a VEV | it takes the following form

1
o= E(UﬂL@) (6.8)

and the interactions as mentioned are produced from

Dol = 5[0 +ilg- Vo] + [0 —ilg- D] t). (69

Notice that the mixed terms in this case will not cancel each other because g and
p contain Grassmann numbers as components, and also there won’t be any term
proportional to p?> = p-p = p. So we need to make new assumptions about the
elements of g and p. We may use Grassmann numbers for the elements such that
p' = (p")* and ¢' = (¢')*. These particular Grassmann numbers are called super-real.
Now, starting from the spinor product

9 p=9"pa=g€ap” = 90" — g'p’ (6.10)
and since (g - p)* = g - p, the square of the spinor product becomes:

(g-p)* = (9" — d°p")(g"'p* — ¢°p")

:glp2g1p2_glp2g2pl_g2plglp2+g2p192pl
— gt 20 g g2 %0+ 2 — 2P Pt
S S (6.11)
=g'9°(p°r" = p'p?)
=9'¢*(p- p).
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This result can be rewritten in the following form
(9 p)* = 50(x) (6.12)

where 32 = ¢g'¢?, [§] = M2 and [p] = M. Let’s substitute this result into |D,¢|2 and
calculate it correctly.

1 1
Dul2 = 5(0u6) + 5

1 1

= 5000 + 5 (@) (v + 9)° (6.13)

1 5 1
= @) + 5
Since p has dimension of a scalar field, we may assume that, at a higher energy than
the SSB of the U(1), the U(1), which p is charged under, undergoes an SSB as well.

In the unitary gauge, p becomes:

(9-p)¢(v+ )

7*e*)p(v* + 200 + 7).

_ 1 . —
p= 50+ A0), (6.14)

where 9 is a Dirac (SM) fermion, © is the VEV of p, and A is a constant of dimension
[A] = M~2. Finally, we have:

(D)l = ~(0,0)° +%(éQeQ)(ﬁJrAW)W+2w+s@2)

2 2
1 1 _ _ _
- 5((%0)2 + 59’2[ V2 2000 4+ 09 + AP + 20001 + Aprhp?]

constant

= SOV + v + S — Y — e + g AT,

(6.15)
where we have omitted the constant term from the Lagrangian. This theory seems
to work, with the right dimensions of the quantities. As we can see, this mechanism

provides us with a term that reminds us of the Yukawa coupling term in the SM:

—yp e, Yy =—g*M (Yukawa coupling). (6.16)
We also have the mass term of the fermion :
— 1
—myth,  my = —§g’2)\v (mass of ). (6.17)

Notice the minus sign that we need in order for these terms to be consistent with the
SM Lagrangian. This means that A needs to have negative values only, meaning that
A < 0. A source term appears as well, g”?0vyp, while also the term

1 —
S9 AP (6.18)
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which could be interpreted as a new interaction, not included in the SM, a Higgs-

fermion scattering term! Notice also that the Higgs gains an extra mass contribution
due to p’s VEV:

1
57712@2, m = ¢”*0 (extra mass contribution for ). (6.19)
The full Lagrangian would include the terms that provides the interactions of the

scalar ¢ with the gauge boson of U(1) as well:
1
L=|Duof + |Du¢|,2; —Vig) - ZFWFW (6.20)

where D,¢ = (0, —i9a4,)¢, (Dup), = (0, — ig - pey)d, and V(o) the scalar poten-
tial. Thus far we have achieved on generating the Yukawa couplings in the Abelian
symmetry breaking, by imposing the existence of another exotic gauge field g - pe,.
The product p - p provides us the scalar p field, which its VEV breaks the U(1), at a
higher energy scale than the symmetry breaking of U(1) by the VEV of ¢. This new
complex kind of SSB provides the theory with a fermion and its Yukawa interactions
with ¢ as well. Since we have established this theoretical background, we are left
with the kinetic and potential terms of the p field. By definition, p = p - p, and the
square of this term is

(- p)* = (p°p' = p'p*)* = (20°p")* = O, (6.21)

due to the property of the Grassmann numbers, their square is equal to zero. This
automatically forbids the p field to have kinetic terms! Furthermore, the Higgs po-
tential contains quadratic and quartic terms, while on the other hand V() must have
at most terms proportional to |p|. A probable exotic potential would be of the form
of a continuous piecewise function:

v ={e =0 (6.22)
blp—7o| |p| >0

which is U(1), symmetric. At some energy scale, a mechanism must deviate the field,
boosting it for a rapid moment to acquire a VEV, and thus break the U(1), symmetry.

Leaving this discussion for a later time, we try to apply what we have learned so far
to the SM Lagrangian. The Higgs field is an SU(2), doublet

1 0
o(z) = 7 (U N H@:)) . (6.23)
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So we have to construct the covariant derivative, but now the exotic SSB mechanism
needs to generate 9 fermions, 3 leptons and 6 quarks (we ignore the mass of neutrinos
for the time being). The most general form for the exotic covariant derivative would
be:

(Dl = |0, ~ 1 et o (6.24)
K
where [, ¢ denote the covariant derivatives for leptons and quarks respectively, and
k = 1,2,... is a summation index. However, we face a problem here. The square
of this term will include a huge amount of terms and parameters by increasing the
maximum value of k. Let’s consider a simpler choice where leptons and quarks are
generated by the same covariant derivative

(Dud)p = [0 — ZZ(Q AL (6.25)

K

and the p fields have the same coupling constant g, with only one ¢, four-vector. If
we consider three p fields, then the square of the covariant derivative includes a term
proportional to

S g pg- o) =Y (9'0F — PP (g'or — 9°0))

Ko\
= (=g'pig’p — 9°rrg'P3) (6.26)
Ko\

=Y 9" (o2h — prr3)
Ky

and generates nine p scalar fields, which after obtaining a VEV, they give rise to nine
fermion masses and their corresponding Yukawa interactions with the Higgs field H.
However, each unique combination of p?p} — plp3 corresponds to a unique fermion.
We remind the reader that the mass of the fermion is proportional to the A parameter
Eq(6.17). This means that for the same g coupling constant for all p fields, the A

parameters from

1 _
o = —=(Va + Aoy Va 6.27
p \/5( Vatha) (6.27)
where a@ = 1,2,...,9, are the ones that give each fermion a different mass value!

This mechanism might explain the reason why, i.e. the electron is approximately 200
lighter than the muon. It is because their p fields have different \ parameters, that
results from the mixing of the p Grassmann fields. We may connect the VEV of each
field p with the cosmological epoch that each fermion appeared from, or maybe the
A parameters also determine in some way the order that fermions decouple from the
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relativistic gas at the early times of the universe. But this result comes from the
simplest choice that only the p field has a s index. Depending on the values of x and
which quantity has index, we may construct much more complex combinations, for
instance some e*’s might be orthogonal to each other or considering different covariant
derivatives for the leptons and the quarks, we might get different descriptions for the
same physics, or even add new fermionic fields to the theory!

This mechanism, despite producing the desirable terms of the fermion masses and
Yukawa couplings, it has also its own flaws. This mechanism alone does not determine
which fermion obtains a leptonic or baryonic number, unless the sum of the U(1),
quantum numbers add to a value that determines somehow the species of the fermion.
Additionally, this mechanism needs a modification to include, for instance, the up-
type quarks, since the Higgs doublet obtains each VEV in the lower component. Most
importantly, it does not include SUSY, which is the most important candidate for
Beyond Standard Model scenarios and New Physics!

This mechanism is currently at an early stage of its development, and surely some
significant modifications are needed in order to respect the observable measurements
and the phenomenology of the SM.
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7 Conclusions

In this thesis, we have studied the Z' models in order to explain phenomenologically
the discrepancy in the muon anomalous magnetic moment between the theory and
the experiment, and also apply this theoretical framework to discover the origin of
the Yukawa couplings.

Regarding the first model, by calculating some of the one-loop contributions to
the anomalous magnetic moment, we try to utilize our knowledge in a BSM scenario.
By extending the particle spectrum with an extra vector-like lepton, it is presented
the role of a seesaw mechanism in lepton-specific 2HDMs with a local U(1)" symmetry
that generates the muon mass. The non-decoupling effects of the vector-like lepton
can be used to explain the muon g — 2 anomaly at one-loop due to the light gauge
boson Z' and the light dark Higgs boson . The electroweak precision and Higgs
data constrain the vector-like lepton relatively weakly, but the collider bounds on the
vector-like lepton can be significant due to multi-lepton signatures. In order to probe
the parameter space with the light Z’ and dark Higgs for explaining the muon g — 2
anomaly, it is important to look for the light resonances with muon channels together
with the vector-like lepton at LHC and future collider experiments.

In the second model, we studied an explicit renormalizable model with a vector-
like family as an ultraviolet completion of the theory. Only the vector-like family is
charged under the additional U(1)’ group. After the spontaneous symmetry breaking
at the TeV scale, the mixing between the fourth family and the three chiral families
then provides the effective Yukawa couplings, as well as the non-universal effective
couplings involving the three light families.

Finally, in the last chapter I suggest a mechanism that generates the Yukawa
couplings in the theory of the SM. An exotic gauge boson for each fermion production
needs to be included, and by utilizing the Grassmann algebra, the desired terms to
the Lagrangian are introduced, with the inclusion of a scalar field source term and an
effective Higgs-fermion scattering term. Being at an early stage of its development,
this mechanism needs to be modified in order to respect the observable measurements
and the phenomenology of the SM.
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A Masses of the Gauge Bosons
The scalar potential contains the following terms of ¢, H and H':
V(¢ H, H') =piH'H + 3 H'"H' + (us¢H'H' + h.c.)
+ M\ (HTH)? + M (H'TH') + 0 (HUH) (H'TH') (A.1)
+ 150" 6+ Ao (070)" + Mg H HG" 6+ iy H'TH 676,

and the VEVs of each field are (H) = \%Ul, (H"Y = \%Ug, (¢) = vg. In order to

obtain the masses of the gauge bosons, we need to calculate the square of the kinetic
terms, which contain the covariant derivative D,, for each scalar field. Starting with

D, ¢ we get,

r 2
1D,o> = | (9, + 22'92,2,;)4

— » / 1 2
= | @+ 2i002) 505+ 9)

)+ %%ngz;(ud, + 90)} (4.2)

e
tQ)
)

Oue)” +205(2,) (v + ¢)’

0ug0)2 + 29%,1)35 (Zl;)2 + 49%,% (Z;)ng + 292, (Zl:)2g02,

|
N — DN

—_~

and we acquire the mass term 29%&)@(2&)% Following the same procedure on | D, H'|?

as well, we have,
1 1. . 2
‘DMH/P = |i(8u — QZQZ/ZL — §ZgyB'u — §ZQ7JW;)HI:| s (A3)

where in the unitary gauge

o % <U2 3 h,> , (A4)
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Expanding (A.3):
D = | (0 — 20957 — Ligy, - Ligewy 2 [ 0 T
DA = (0, = 292, = 5igv B = 517 Wa) 5 oy

1

2

1. w3 Wi —iw?
T3 (W; w2 ”) (0,02 +h’)} x

0\ _,, 0 1 0
ot | TSI 2oy + 1) | T2\ Br(vs + 1Y)
1 W W 0
2\ W W e va +

1
(u')” 4203 (Z,)" (v + 1) + v (BL) (v + 1)

1
! {(0, ) + gz (0. Zyfun + W) + Ligy (0. Bu(va + )

—|—§g ((WN—FZWM)(UQ—Fh), Wu(Ug—i‘h) —W3”(U2+h,)

+ interactions

1 1
= L@ 205 (2) (0 + 1)+ Lo (B) (v 4 )

b [T V2 4 (922 (e 4 1

+ 2gZ/gyZl:BM(’U2 + h/)2 + QQZ/gZLW?’M(UQ + h,)Q + 2gygB,uW3M(U2 + h,)Q
+ interactions.
(A.5)
The B,, and W; terms can be transformed to the SM Z, W* and photon. However,
we notice that the last three terms in (A.5) are mixing terms, which the first two are
between the Z’ and the B, W3 respectively.
In conclusion, starting from the |D,¢|* and |D,H’'|> we obtain the masses for each
boson of the theory, m%, = g2 (4v} + 4v3), mz = 31/9*> + giv, mw = 3gv. The
Z;L mixes with B, and W/f, and it is either analogous to the VEV of H’, vy, or
to the A/ itself (interaction). The physical photon, W=, Z, are obtained from the
spontaneous symmetry breaking of the SM H, with an extra contribution from the
VEV of H', vy, meaning that the VEV v factor of the masses mentioned above is

actually v = y/v? + v2.

| 2
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B See-saw mechanism and calculations

Here is an attempt to extract the results in the see-saw mechanism of [3], precisely
the Eq (4.7). From Eq(4.6) we can write down the mass matrix as,

M= (WSR ZZZ) , (B.1)
and Eq(4.6) becomes
Comass = — (10, Fr) M ( S ) | (B.2)
Starting with the M?
2

and then, by calculating the following

det(M* = XI) =0 =
(m% — N (m7 + Mz — \) — mpMz =0 = (B.4)

N — XNm% +m3 + My) +mim3 =0

we reach to the following eigenvalues:

1
= g (4 + Ml i 4 DR i) (B)

Then, we manipulate the terms under the square root

(i ME)? — A, =

=my + (m3 + Mz)? + 2mpm3 + 2miMp — 4mam7

=mp +m] + Mg+ 2m3 Mz + 2m3m? + 2mix My — 4m%m?

B.6
iy md + M+ 2m3 M2 — 2+ 2mB M2 (B.6)
= M} + (m] — m3)* + 2mj My + 2m5 M}, + (2m3, M7, — 2m3, M)
= (Mg +mj, — mp)* + dmpMp,
and by substituting Eq(B.6) into Eq(B.5) we get
1
Al = 5 (m% +mi + My F \/(M% +m2 —m%)? + 4m§2M§,) (B.7)

where I changed the signs in order to match the eigenvalues of Eq(4.7).
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C Proof of Gordon Identity

The X tensor is expressed as,

%[v“m”] (C.1)

from left and right side with @(p’), u(p) respectively, we get,

o =

Then, acting on ’E T

12, vt L
u(p) = %;L(p’) [7“7 — "] (p,, — pv)u(p)

2m.

= ——u

_ (AHEAY AV
2m2 (V" = 7"+ )py ] u(p)

= ——u

_9 Db’ — 2,
2m2 VAP, — (299" = 29" )p, | u(p)

= ——u

16"

- %5“ V(Y +7"" = 29" 4)p, — (297" ="y =¥ )p]ulp)  (C-2)
(29

2m 3 [

) 12(p —2(y"p — p")]ulp).

We now use the Dirac equation,
—u(p) [(p" — mA*) — (y*m — p*)] ul(p) =
—1 / /
= 5 a@) [(P" +p") = 2my"u(p) (C.3)

=u(p) {7“ . /Mz_;p “} u(p).

Inserting this into the Gordon identity:

[P i,
u(p'){ 2m * 2m

} = u(p')y"u(p) (C.4)

D Proof of Feynman-Schwinger parametrization

In the case of two denominators:

1 x B ! z(a; — az)
/0 [za; + (Cli — x)a2]2 o i a2 /0 [x(ccbll —ag) + a2]2

1 “ dp 1 .1 1 1
SREUY LS U U T
az

a; — ag Y a1 —az -azx ai aiag
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In the case of three denominators:

1 1—=x 1
/ d;v/ dy 3 =
0 0 [wal +yas+ (1 —x — y)ag]
_ 1 /1 A /11 dy(as — as) .
az — as z(ay — as) + y(az — as) + as]

za1+( 1 —z)as d
P
= d:v/
a/2 —as / zai1+(1 (D2)

M/o dx{[a:al +(1— x)az}2 i [zar + (1 — m)a3]2

B 1 { 1 1 }
2((12 - CL3> a1Qa9 ajas
1

2&1(12&3 '

More generally,

1 1 1—x1 l—x1——xp_2o 1
= (n—l)' / dl'l / dl’g s / dxnfl -
ay - 0p 0 0 0

ay + -+ anfl(&n — &1)

(D.3)

E Lande g factor and Form Factors

Considering that the 4-vector potential is related to a static magnetic field, we have,

cl _ A2
Al (x) = (O,A(x)). (E.1)
Therefore, the Feynman amplitude becomes:

iM = —ieu(p')Tu(p) A% (q)

= —ieu(p ){VZFE( )+i02nz

“Funle)|[u) 20
Considering the explicit form of the spinors:

prm o \/mf()

u(p) = 2m(E +m) (0) = \/%5(0)

(E.2)
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where £(0) = <(1)> for spin 3 and £(0) = (?) for spin —3, and also

7= (é _0[> = (—?ﬂ %) ‘ (E3)

The first term in the amplitude can be written as:

a(p )y ulp) = u' (p )" v'ulp) = u' (p) (Oz- %) u(p)

o
(oo emzze) (4 3) (Y,
2m(Btm)
_ (gt(o)\/—i’ o, €10 )\/maz> \/T:f( ())
%{ 5,125’*( )G - p'a'€(0) + gigﬁ’T(O)aiﬁ-ﬁg(O)}

In the non-relativistic limit, &' ~ m = E’, this term is equal to:

T u(p) = 5o (1007 Fo'e(0) + 1000’7 - 00
= 5610 |’ + 0’0’ |<(0)

and using the identity o'c’ = 67 + ic¥* oy, we get,
W) ulp) = =€ (O)] (67 + i) + (57 +ie )| (0

1 [ . . .
= %g’T(O) P — ie”kakpj +p'+ ie”kakpj] £(0)

Uil oo ik
= £ — 1€ —p).1£(0).
56 )_(p +p)" =i’ o (p' —p),;|€(0)
The term that interests us is the one linear in ¢ (nonrelativistic limit):

e ega0) 1)

a(p' )y u(p) = 5
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Taking now the non-relativistic limit of the second term in the amplitude, and as-
suming the photon energy to be negligibly small, we have:

i ;
—u(p" o g u(p) = —

Q

Qmﬂ(p’)a” gju(p),

where 0 = L[y, 7] = €k (%k 00>, and we get:
k
KN ~ boren (L 0 o, 0 ijk
2mu(p )U QVu(p) ~ 2mu (p) (0 _I) (0 o u(p)e q;
~ Lty (0 kg,
~ 5l (p) (0 oy | € 0up)

P — or 0\ 4 V5 (0)
—m(éT( Iy s §10 >m) (k —ak>€ G| e )

2m(E+m)
. E+m 0)
b Eremert () eish _ et ik vV _2m 3
2m ( T (0 ggon, —H0) 2m(E’+ ¢ qygk) 2 0(.2’-5- )5(0)
VE +mVE+m N
~ | R 0 gy 0
> TN =
_ ¢t (@-p)(@p) ik o O}
0 e o0
i VE+mVE+m |, )
~ —£'1(0) [ e qion — il e qion | £(0).
2m 2m 2my/(E' + m)(E + m)
Ignoring terms not linear in ¢, we end up with:
%E(P/)UWQVU(P) ~ —%f/T(O)ka(O)GUk%, (E.5)
and the amplitude becomes:
. o . i 2 .O-iuqv 2 Acl/=
M = —ient) |y ) + 1% )|l A7)
(E.6)

~ —ie€' (0) [ - ﬁak(Fl(O) + FQ(O))}g(O) (z’e””’“qﬂ?(i))-
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We can now plug in magnetic field described in momentum space,
B(X) =V x A(X) = B"(§) = ie7"¢;A%(q).

The amplitude becomes:

iM = ie€'T(0) —iak F1(0) + F3(0) ) |£(0)B*(q)
a0 R0)

2m
~ %2 [Fl(o) + FQ(O)} 5’*(0)%5 (0)B*(d)
Identifying o
£1(0)5€(0) = (Shs,
we get

iM ~ %2 {Fl(()) + FQ(O)} (9)eB*(q).

(E.8)

(E.9)

Comparing it with the result of the classical limit, the Hamiltonian density is written

as:

—

DB =2 q(S).
H=—() B=-5-g(S) B.

Then, in first order we make the following comparison:

iMip = (i) - B(d) = 5 -9(S) - B(@).
iMNR = %2 |:F1(O) + F2(0):| <§> ’ ﬁ(ﬁ)

and the quantum corrected magnetic moment is

(i) = —g(S) = —

- 08 = 2P0+ B0 ©)

meaning that the Lande g factor in first order correction becomes

g=2 {Fl(O) + FQ(O):| .

4

(E.10)

(E.11)

(E.12)

(E.13)

(E.14)
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