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ABSTRACT

The discovery of a Higgs boson with a mass of 125 GeV at the Large Hadron Collider (LHC)
experiments opened the door to investigating the new physics beyond the standard model.
While the standard model (SM) of particle physics is quite consistent with various experi-
mental data, there remain the problems that the SM does not explain. Supersymmetric grand
unified theories (SUSY GUTs) are one of the promising extensions of the SM. The framework
of SUSY GUTs gives a big-picture of our world below the Planck scale at which quantum
gravitational effects become important. Proton decay is a significant phenomenon to verify
the SUSY GUTs.

The SUSY GUTs also have several problems. The familiar one is a kind of fine-tuning
problem called the Doublet-Triplet Splitting problem. The missing partner model which
solves this problem requires higher-dimensional representation Higgs multiplets. Various
exotic models containing higher-dimensional multiplets have been proposed in order to
solve problems in the SUSY GUTs.

In the context of the SUSY GUTs, supersymmetric standard models (SUSY SMs) are the
low-energy effective theories of them. Lately, the low-energy theories have been constrained
because of no signature of new particles at the LHC. After the Higgs discovery, some modifi-
cations of the minimal SUSY SM have been proposed in order to explain the observed Higgs
mass and no signature of the SUSY particles. In this thesis, we consider the models with
extra vector-like multiplets and ones with heavy scalar SUSY particles (sfermions). These
models have been focused attention on because they predict diverse phenomenology.

The low-energy observables associated with hadron physics are divided into two parts:
the Wilson coefficients and the hadron matrix elements. The former includes the effects of
UV physics, such as SUSY GUTSs, as radiative corrections. Next-Leading order (NLO) cor-
rections to the Wilson coefficients have already been performed partially. The latter requires
non-perturbative calculations due to the strong coupling at the hadronic scale. The lattice
simulation of the hadron matrix elements has also been progressing.

In this thesis, we have derived the threshold corrections for proton lifetime, which are
comparable with the other NLO correction, but have not been estimated up to present. Fur-
thermore, we have estimated the size of threshold corrections at the GUT scale and the SUSY
scale in various models numerically.

For the threshold corrections at the SUSY mass scale, the effect is found to be about a few
percent in decoupled sfermion scenarios. The threshold effect at the GUT scale is strongly
model dependent. The effect is less prominent in the minimal SUSY SU(5) model with
extra vector-like matters in spite of the large unified coupling. We, however, have found
that proton lifetime gets longer by about 60% in the missing partner model.
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Chapter 1

Introduction

1.1 Overview and Organization

The standard model (SM) of particle physics is a phenomenological model concerning fun-
damental interactions of matters and force carriers. This model was proposed in the late
1960s and was developed from the 1960s to the 1970s [1-7]. Many experiments and observa-
tions have verified it so far. The ATLAS and CMS collaborations reported that a scalar boson
was discovered at the LHC experiment in July 2012 and it was totally consistent with the SM
Higgs boson [8,9]. The collaborations have also reported there is no remarkable deviation
from predictions of the SM in spite of their efforts.

However, there is strong evidence that a model beyond the SM (BSM) is needed. Indeed,
several experiments and observations have already shown the evidence of the BSMs. First,
the mass of neutrinos should not be zero for explaining the neutrino oscillation experiments
[10-23] while neutrinos are massless in the SM. The standard cosmology also gives good
explanation for the thermal history of the Universe. The latest observation by the Planck
satellite requires sufficient densities of non-baryonic matters and hypothetical energy, which
are called “dark matter” (DM) and “dark energy”, respectively [24]. In particular, there is no
DM candidate in the SM, and hence a new particle (stable and electrically neutral particle)
and/or a massive object (such as primordial black hole) is required. The SM does not also
explain the baryon-antibaryon asymmetry in the Universe, that is Sakharov’s condition [25]
is not satisfied within the SM.

From theoretical aspects, we have also expected the new physics beyond the SM to ex-
plain some problems. One of them is known as the hierarchy problem in the Higgs boson
mass parameter, which requires the precise cancellation between the bare parameter and
radiative corrections if the SM is valid up to the Planck scale. The charge quantization of
matters is also one of the unexplained problems. In fact, the arbitrary real number is gener-
ically allowed as a U(1) charge while all electric charges for matters are discretized in the
SM.

As we will discuss in Section 1.3, supersymmetry (SUSY) is a promising candidate of
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the extensions of the SM. New particles, which have opposite spin-statistics of the SM par-
ticles, are naturally introduced by extending the space-time to the one with Grassmann co-
ordinates. These new particles are called “sparticles” and play important roles to solve the
problems if the mass scale of sparticles is around a few TeV. The scalar partner of top quark
ensures the cancellation of the Higgs mass parameter by virtue of the non-renormalization
theorem in SUSY field theories. The lightest fermionic partner of the SM bosons become a
candidate of the DM.

The LHC measurements of properties of the SM particles, especially the Higgs boson,
open the door to exploring the BSM. The observed mass of the Higgs boson is 125 GeV,
which is the combined result from the ATLAS and CMS collaborations [26]. In the minimal
setup of the SUSY SM (MSSM), the mass of the Higgs boson should be lighter than the Z
boson at tree-level. This fact gives further information about the SUSY SM: large quantum
corrections to the Higgs boson mass are required in the MSSM. Alternatively, the Higgs mass
is lifted up by extra fields coupling with the Higgs multiplets in the extended MSSM. For
instance, familiar extensions are the following: extra vector-like matter scenarios [27, 28],
specific mass spectrum [29], and high-scale/split SUSY scenarios [30, 31].

The SUSY SM also implies the existence of a kind of underlying theories. Actually, by us-
ing the low-energy values for the SM gauge couplings and the renormalization group (RG)
running, the strength of the couplings converges at very high energy (~ 10'® GeV). This im-
plies that the SM gauge interactions unify into a single gauge interaction. This framework
is called “Grand Unified Theory” (GUT).

In this framework, the SM gauge group SU(3)c ® SU(2), ® U(1)y originates from the
spontaneous breaking of the unified gauge group such as SU(5) [32], SO(10) [33,34], E¢ [35],
and so on. Although this framework gives solutions to some problems in the SM, it also
causes new problems; Doublet-Triplet Splitting Problem that is a kind of fine-tuning prob-
lem, Yukawa Unification, and so on. In order to resolve these problems, several extended
models have been proposed so far, which will be discussed in Chapter 2. For instance, the
missing-partner model is known as the model solving the doublet-triplet splitting problem.
Such extended models often require higher-dimensional representation fields, and they may
lead to the large quantum corrections to the observables.

The GUTs cannot be testable by producing new particles directly since the new parti-
cles obtain their masses through the GUT-breaking vacuum expectation values and their
mass scale lies around 10'° GeV. They, on the other hand, are testable by indirect mea-
surements such as Nucleon Decay. Indeed, many unified models predict the presence of
the baryon-number violating processes owing to the unified description of matters. At the
Kamioka observatory, some unification scenarios have been excluded; for instance, the non-
supersymmetric SU(5) grand unified model with the low unification scale 10'* GeV and the
minimal SUSY SU(5) GUT with TeV-scale SUSY models (for instance, see review [36]).

The important decay modes in the SUSY SU(5) GUTs are the following. One is that
a proton decays into a neutral pion and a positron, another is that a proton decays into a
charged Kaon and an anti-neutrino. The former arises from an extra gauge boson mediation,
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on the other hand, the latter arises from an extra fermion mediation. The latter decay mode
strongly constrains the SUSY GUT models since proton lifetime relates to the masses of
sparticles. In fact, the minimal SUSY SU(5) GUT with TeV-scale sparticles is excluded by the
Super-Kamiokande experiment [37,38]. Several ways to evade from the constraint have been
proposed: imposing global continuum or discrete symmetries, embedding into an extra-
dimension, PeV-scale SUSY, and so on.

The Super-Kamiokande experiment has recently reported the lower limits on the decay
modes [39,40]. The partial lifetime for p — e* + 7¥ should be longer than 1.6 x 103 years
and the current lower limit on the partial lifetime for p — K™ + 7 mode is 6.6 x 10*® years.
The sensitivity of the next generation detector at the Kamioka mine, the Hyper-Kamiokande,
has been studied; in particular, it may achieve the sensitivity to the proton lifetime which is
about ten times as long as the current bounds [36]. The fact implies that there is the potential
to discover proton decay signature in the future experiment.

There have been theoretical developments in evaluating the proton decay rate. One
of them is getting to control uncertainty of the hadron matrix elements by lattice simula-
tions [41]. It is expected that errors in the lattice simulations will be reduced in the future.
There is a large hierarchy between the hadronic energy scale and the unification scale. The
energy hierarchy leads to significant corrections, which are referred to as renormalization
group (RG) evolution, to observables. About three decades ago, leading-order (LO) cor-
rections to the effective Hamiltonian were estimated for certain decay modes at the vari-
ous energy scales: SM corrections [42], supersymmetric SM corrections [43], and quantum
chromo-dynamics (QCD) corrections [44]. The next-leading-order (NLO) calculations have
been partially carried out in several literature: SM corrections [45], QCD corrections [46],
and supersymmetric corrections [47]. In the NLO calculation, not just the RG evolutions
but also the finite corrections, which are also called “Threshold Corrections”, will not be
negligible. There has been no estimation of the threshold corrections to the baryon-number
violating processes yet.

In this thesis, we derive the one-loop threshold correction to the baryon-number violat-
ing operators, analytically. Since, however, the finite corrections strongly depend on the
mass spectrum of integrated degrees of freedom, we focus on specific models: the min-
imal SUSY SU(5) GUT model with and without extra matters and the missing-partner
SUSY SU(5) model. In particular, we focus on the corrections to a specific decay mode,
p — et + ¥ mode, which has less dependence on the GUT models. Further, operators
which give rise to p — K+ + 7 decay are protected from quantum corrections by the non-
renormalization theorem [48] in the supersymmetric field theories.

Quantum corrections to observables are often enhanced in some extended models. In-
deed, in extra vector-like matter scenarios [27, 28], the gauge couplings become larger at
the GUT scale. It is naively expected that radiative corrections via the gauge couplings are
sufficient to affect observables. The other is the GUT models including large-dimensional
representation Higgs fields. For instance, in order to realize the observed Yukawa couplings,
large representation fields are used: a 45-dimensional field in SU(5) models [49], 120, 126
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and 210-dimensional fields in SO(10) models (See Refs. [50-52]). Due to the large degrees
of freedom, the effects of quantum corrections are increased.

In this thesis, we focus on the nucleon decay operators in the specific SUSY SU(5) GUT
models where the radiative corrections are enhanced: the minimal SUSY SU(5) GUT model
with extra vector-like matters and the missing-partner SUSY SU(5) GUT model. In the
former model, as we mentioned, it is expected the large unified coupling at the GUT scale
affects to proton lifetime. In the latter model, an SU(5) gauge group is broken by non-
minimal representation, 75-dimensional Higgs. In this model, it is also supposed many
tields supply the large radiative corrections to the prediction of proton lifetime.

In our study, we adopt a supergraph technique [53-56]. “Supergraph” is an extension of
the Feynman-graph calculation on superspace which is the extended spacetime with Grass-
mann coordinates. Since SUSY requires partner particles, one should calculate more dia-
grams in the SUSY GUTs at even one-loop level. In the supergraph technique, we treat
multiplets related to each other by SUSY as a single field, called “superfield”. Therefore, it is
suitable to use the supergraph technique in order to calculate corrections to the observables
in the SUSY GUTs.

Organization of this thesis

This thesis is organized as follows. In this chapter, we briefly introduce the standard model
of particle physics and its supersymmetric extension. The brief review of supersymmetric
grand unification models is given in Chapter 2. In this chapter, we also discuss proton decay
in the SUSY GUTs. We devote Chapter 3 to our derivation of the threshold corrections to the
baryon-number violating operators at the scales where the SUSY particles and GUT particles
are decoupled. Numerical studies of the threshold effects on proton lifetime are also shown
in the last section of this chapter. Finally, we conclude this thesis in Chapter 4.

1.2 Standard Model

We know that our world consists of elementary particles; quarks, leptons, gauge bosons,
and Higgs particle. The interactions and dynamics among the particles are described by the
quantum field theory on the four-dimensional space-time. The fundamental theory around
the Fermi scale (~ 10?> GeV) is called the standard model (SM). The Lagrangian of the SM
is based on the gauge principle and the renormalizability. The SM, in particular, is a gauge
theory with a product group SU(3)c ® SU(2);, ® U(1)y. The SM Lagrangian is decomposing
into four parts; the matter kinetic terms Latter, the gauge kinetic terms Lgauge, the scalar
kinetic terms and the scalar potential Lyjggs, and Yukawa interactions Lyyxawa-

Lsv = Lmatter + ﬁgauge + £Higgs + Lyukawa / (1.1)
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Table 1.1: Representation of Fields in SM

Symbols SU(?))C SU(Z)L U(l)y
Quarks ¢; = "L 3 2 %
dpi
URi %
dri 3 1 —1
L . VLi 1
eptons [; = 1 2 —5
CLi
E€R; 1 1 —1
Higgs H 1 2 %
with
Lmatter = Z iwi D Yi,
p=q'updp V' ep
1 44 1 1
Lauge = =7 GG = 7 W W — 7 By B, (1.2)

Lriigss = (DyH)TD*H — V(H)
— -/ —
['Yukawa = (Yu)iju%in} — (Yd)ideiHCq;' — (Ye)ije%iHCl]’- +h.c..

Here, D, is a covariant derivative and }) = y#D,, with a y-matrix ;. The field strength is
defined by Fj, = 9, Ay — 9y A}, — gf, CAZAﬁ with a gauge field Af, a gauge coupling constant
g, and a gauge structure constant f . G}fv, Wi, and By, are respectively the field strength
tensors for SU(3)c, SU(2)r, and U(1)y. The field content for the other fields is given by
Table 1.1. The prime for matter fermions represents gauge eigenstates and the subscripts
of matter fields i,j = 1,2,3 denote generations. The conjugated Higgs field in Eq. (1.2) is
defined as H® = ion H*.

Below the Fermi scale, the electroweak (EW) symmetry (SU(2);, x U(1)y) breaks into the
electromagnetic (EM) symmetry U(1)gm and weak gauge bosons get non-zero masses. In
fact, in the SM, the electroweak symmetry breaking (EWSB) is triggered by the tachyonic
Higgs and the Higgs potential is given by

V(H) = —u?H'H + %(H*H)Z. (1.3)

with positive y2. At the minimum of this potential, the Higgs field H obtains the non-zero
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vacuum expectation value (VEV). The Higgs field is expanded around its VEV as follows.

i&t /2]/[2

The observed value for the Higgs VEV v = 246.22 GeV [57]. ¢% is absorbed by the weak
gauge bosons as the Nambu-Goldstone boson. The physical degree of freedom is the neutral
scalar field h with a mass of m;, = V/Av = 125.09 GeV [26].

After the EWSB, the electroweak gauge bosons get their masses (and W+ and Z denote
their mass eigenstates). The masses of the EW gauge bosons are given by

mw = =gv = 80.385 £ 0.015 GeV,

(1.5)

NI — DN =

my g%+ g3v =91.1876 £ 0.0021 GeV,

with gauge couplings g and gy for SU(2); and U(1)y, respectively (the observed values for
these gauge bosons are given in [57]). The EM coupling e relates to g and gy as

88y
V& +Y (o)

The gauge bosons corresponding to the Cartan generators of SU(2);, x U(1)y mix with each
other, and their mass eigenstates are different from the gauge eigenstates. The gauge and
mass eigenstates are mutually associated together via the weak mixing angle 0y defined by

e

7

.20
sin“ Oy = ———.
g% +8y

(1.7)

We use the observed values for the EM coupling and the weak angle as the input values of
numerical calculation. The detail for input values is given in Appendix B.

Fermion masses and flavor violating interactions arise from the Yukawa interactions.
When the Higgs boson obtains the VEV, Yukawa terms become the Dirac mass terms for
quarks and leptons after redefining the flavor basis in order to diagonalize the Yukawa ma-
trices.

Lmass :i(yu)ijﬂ%i”,u + i(Yd)ij%{i IL]' + i(Yt?)z'jégaie,Lj
v2 \/é V2 (1.8)
=) <muiﬁRiuLi + mydgidr; + me,-ERieLi) :

1
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In general, the complex matrix M is diagonalized by bi-unitary transformation Mgjag =
UMV with unitary matrices V and U. The gauge and flavor (mass) bases for fermions
relate with each other as follows.

u’L = VuuL, d/L = VddL, e'L = VeeL,

, , , (1.9)
Ugp = UuuR, ClR = UddR, eRr = UeeR.

We diagonalize the mass matrices for Y, and Y, simultaneously by the redefinition of fields
for up-type quarks and leptons, but cannot take the down-type quarks diagonalized. We
parameterize the unitary transformation of the left-handed down-type quarks as

d, a

S/L = uCKM SL, p (1.10)
/

bL weak bL mass

where Ucx is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix [58,59]. We also show
the numerical entries for the CKM matrix in Appendix B. Since the gauge basis for quarks
is different from the flavor basis, the flavor-changing interactions are given by the CKM
matrix in the SM. Furthermore, three generations are assumed in the SM, and thus there is a
complex phase in the CKM matrix and the phase gives rise to the CP-violation.

Problems in Standard Model

Though the SM explains various particle phenomena well, the SM is expected to be extended
for the following reasons.

e No candidate of dark matter

e Origin of neutrino masses

e Baryon asymmetry of the Universe
e Why hypercharge is quantized

e and so on.

Our universe comprises three components: the baryonic matters (~ 4.9%), the cold dark
matter (DM) (~ 26.5%), and the dark energy (~ 68.3%) [24]. The SM does not explain these
components except the baryonic one. In particular, the DM closely connects with models
beyond the SM if it behaves as a particle. Indeed, the mass scale of the DM is close to the
electroweak scale if the DM is initially in the thermal equilibrium by interacting with the SM
particles and explains the correct density.

While many neutrino oscillation experiments have shown that neutrinos have the non-
zero masses, there is no gauge invariant mass term for neutrinos in the SM. This fact requires
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new particles in order to give neutrino masses. The familiar one is the see-saw mechanism
[60,61], which requires the SM singlet fermions called right-handed neutrinos.

Moreover, we do not explain the baryon-antibaryon asymmetry of the universe in the
SM. The SM does not satisfy the condition, which is known as Sakharov’s condition [25],
since the CP-violation in the SM is small and there is no departure from the thermal equilib-
rium.

Also, there is no reason for the U(1)y charge being quantized though arbitrary real num-
bers are allowed for Abelian charges. If not, the hydrogen which consists of a electron and a
proton (= three quarks) is not electrically neutral. However the experimental upper bound
for the electric charge of a hydrogenis |Q, + Q,| < 1 x 102! ¢ [57].

Not just the experimental (or observational) sides, but there are some mysterious features
in the SM; the hierarchy problems in the Higgs mass [62] and the cosmological constant
[63], the origin of the mass hierarchy of fermions, the origin of the gauge group and matter
contents, and so on.

The gauge hierarchy problem is the naturalness problem in the Higgs mass parameter.
A correction to the squared mass of a scalar field is proportional to the UV cutoff scale since
the bare parameter for the scalar field is not protected by any symmetry. The physical mass
of the scalar field is obtained by the cancellation between the bara mass and the quadratic
divergence. In the case of the SM, the observed Higgs mass is

M}, are -+ MMy = mj = (125.09 GeV)?, (1.11)
with
2
A = _%Az . (1.12)

Here, we consider only a dominant correction. A is the UV cutoff scale in which new physics
appears. Itis certain that new physics appears at A = Mp; = 2.4 x 10'® GeV where quantum
gravity effects are not ignored. If the cutoff scale lies around 1018 GeV, large cancellation
between mi/Bare and Am? is required in order to explain the observed mass of the Higgs
boson.

Several solutions to the gauge hierarchy problem have been proposed. The extended
models proposed as the solution often require new particles whose masses lie around 10? ~
10 GeV. * In particular, the partner particle which has SU(3)¢ charge ensures the cancella-
tion: e.g. top-partner scalar in the supersymmetric models (such as the minimal supersym-
metric standard model: MSSM) and top-partner fermion in the pseudo-Nambu-Goldstone
boson (PNGB) Higgs models (such as the Little Higgs model [69-72]). |

Anyway, we give brief introduction of the MSSM and its extensions based on the discov-
ered Higgs boson in the next section.

*Recently, the models which do not necessarily require new particles with a mass of a few TeV have been
proposed: Cosmological relaxation [64,65], N naturalness [66], and Clockwork models [67, 68].

"The LHC experiments run1-2 have severely constrained the masses of SU(3)¢ charged particles. After
the Higgs discovery, new ideas have been proposed, which do not necessarily require the SU(3)c-charged
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1.3 Minimal Supersymmetric Standard Model

Supersymmetry (SUSY) is one of the promising extensions of the SM. In the supersymmetric
theories, we extend the space-time coordinates x* into the ones with the Grassmann coordi-
nates (6, 0™*), which is called “superspace”. Lagrangian on the superspace is constructed of
the constrained superfields S(x*, 6y, 9”‘): chiral (anti-chiral) superfields ® (®%) and vector
superfields V.

The chiral (anti-chiral) superfield is constrained as

Dy® =0, (D" =0), (1.13)

with the superspace covariant derivative D (D). The chiral (anti-chiral) covariant derivative
defined as:

Dy = 9 i(0"0%)a0,, D*= 9 +i(6%7")%a,,
96° 90, 114
D' = O i(@0) 9, Di= g +i(60 )iy
&

Here, 0 and ¢ are covariant Pauli matrices. The chiral superfield contains a complex scalar
$(x), a two-component Weyl spinor ¢(x), and an auxiliary field F(x) as component fields.
In particular, the chiral superfield is expanded as

®(x,6,07) =p(x) — 070769, p(x) — 31926+28V8y¢(x)
. 2 (1.15)
+ 0y (x) + EG 07"0,p(x) + 6°F(x).

In the supersymmetric extension of the SM, the SM quarks, leptons, and Higgs field are em-
bedded in chiral superfields. In supersymmetric Yang-Mills (SYM) theories, the supergauge
transformation for chiral superfield (®%) with a gauge index a is given as follows;

" - @ = (D), D - olf = (@l N, (1.16)

where A = AAT# is a gauge parameter with a generator T# and is a chiral superfield.

A vector superfield V, which includes a gauge field, satisfies the real condition V = V7.
There remain unphysical components in V only by imposing the above condition. In fact,
since the gauge field A, (x) is a component field of V, we remove the unphysical degrees

particles in order to cancel the quadratic divergence. The ideas are called “Neutral naturalness”. New particles
are charged under a different SU(3) and the cancellation is ensured by discrete Z, symmetry. For instance,
the fermionic top-partner models called “Twin Higgs” [73-76], the bosonic top-partner models called “Folded
SUSY” [77,78].
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of freedom by the supergauge transformation. The supergauge transformation of the vector
superfield V is given by

! . 1— _
eV — eV :ezA eVe zA, (1_17)

under the transformation for (anti-chiral) chiral superfields in Eq. (1.16). The vector super-
tield including only physical fields is expanded as

Vivz(x,0,8) = 07510 A, (x) + 020 (x) + 020TAT (x) + %QZGJ“ZD(x) , (1.18)

Here, we fix the supergauge to be the Wess-Zumino gauge, in which there remains an or-
dinary gauge degrees of freedom. A(x) and D(x) are respectively a two-component Weyl
spinor and an auxiliary field associated with the gauge multiplet. For a non-Abelian vector
superfield, the following chiral superfield is covariant under the supergauge transformation.

1—
W, = _ZDZ(e*VD,XeV), (1.19)
with V = 2¢VATA4, a gauge coupling ¢, and a generator T.
The gauge invariant Lagrangian in terms of superfields is given by

L= / d4GIC(<T>,<I>)+[ / 26 W(CI>)+h.c.]+[ / 26 jifub(@)W“"‘ijth.c. . (1.20)

Here, we define the superfield with tilde as ® = ®*e”. K(®,®) and W (D) are referred to
as Kahler potential and superpotential, respectively. The superpotential W (&) is a holomor-
phic function of chiral superfields. f(®) is also a holomorphic function of chiral superfields
called “gauge kinetic function”. In a renormalizable theory, the forms of these functions are
determined as follows:

IC(&),@) = &)iq)i/
1. 5 L ik
W(P) = M ®;®; + ﬁy” D;0;Py, (1.21)

2

1
fab(cb) = @%b ’

where i, j,... are labels of chiral (anti-chiral) superfields.

MSSM

The supersymmetric extension of the standard model [79-82] is the promising model be-
yond the standard model (BSM). Now, we briefly explain the minimal supersymmetric stan-
dard model (MSSM). Superfields in the MSSM are given in Table 1.2. Superpotential defined

10
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Table 1.2: Supertfields in MSSM

spin-0 | spin-1/2 | spin-1 | SU(3)c | SU(2)r | U(1)y | Zar

Q q q - 3 2 1/6 | -1

L T ! - 1 2 ~1/2 | -1

u u u - 3 1 -2/3 | -1

D| 4 d ; 3 1 1/3 | -1

E e e - 1 1 1 ~1
H, | H, hy - 1 2 1/2 | 1
Hy; | Hy hy - 1 2 -1/2 | 1
G - g Gy 8 1 0 1
W - W W, 1 3 0 1
B - B By, 1 1 0 1

as a holomorphic function of chiral superfields, and thus, two Higgs doublets are required
to be introduced in supersymmetric theories. One of two couples to up-type quark super-
fields, and another couples to down-type and electron-type superfields. The superpotential
corresponding to the Yukawa interaction is

Wyakawa = (Yu)ijHuUiQrj — (Yp)ijHaD;Qrj — (Ye)ijH4EiLy;, (1.22)

where 7,j,... denote generations. In this notation, the indices of SU(3)c and SU(2); are
not written down explicitly. In particular the indices of SU(2), are contracted by the totally
anti-symmetric tensor.

We also assume a Z,-parity called “R-parity” invariance which assigns SM particles and
these superpartners to parity-even and parity-odd, respectively. The definition of the R-
parity is

Pr = (_1)3(B—L)+25, (123)

with the baryon number B, the lepton number L, and spin of component fields s. In order to
be consistent with the above definition, we assign the Z-parity for the MSSM chiral super-
tields as Table 1.2. This parity ensures the stability of the lightest supersymmetric particle
(LSP), and the LSP is a dark mater candidate. Furthermore, the baryon number violating
and the lepton number violating operators as

1 ik T tijk ) i
War=1 = 5)\” LZL]Ek + A LzQ]Dk + ;l/lZLZ'Hu ’ (124)
e — —
Wag—1 = A} U;D;Dy,
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1.3. MINIMAL SUPERSYMMETRIC STANDARD MODEL

are forbidden by this parity. Although such operators generate the most terrible nucleon
decay interactions induced by exchanging sfermions at tree level, they are prohibited by the
R-parity.

From the gauge invariance, only the following supersymmetric mass term for the Higgs
superfields is allowed.

Winass = pHyHy - (1.25)

The full superpotential for the MSSM is constructed as the summation of above two super-
potentials.

Wamssm = Wmass + Wyukawa - (1.26)

This superpotential generates a lot of new interactions in addition to the Yukawa interac-
tions in the SM Lagrangian.

So far any sparticles have not been discovered at the collider experiments, and hence the
SUSY should be broken at least at the EW scale. In order not to spoil advantages in the SUSY
SM, SUSY should be broken softly, which the breaking terms are called “soft supersymmetry
breaking terms”. The soft SUSY breaking Lagrangian is given by

1. 1 ~ ~ 1] ~
—Esoft = §M3gg + EMZWW + EMlBB 4+ c.c.

+ (Aw)ijigiHy — (Ag)idifiHg — (Ae)ijeiliHy + c.c. (1.27)
+ ) (m3)ijf oj + miy, HyHy, + m¥ HiHg + (bH,Hy + c.c.) .
p=qludze

Here, the gaugino masses Mj ; 3, the scalar-trilinear coupling matrices A, 4., the holomor-
phic Higgs soft mass b, the non-holomorphic soft masses for Higgs doublets m%iu and m%{d,

and the non-holomorphic soft masses for sfermions mé (¢ =4,1,1,d,e).
In this minimal extension of the standard model, the scalar potential of the Higgs bosons
arises from supersymmetric interactions and soft breaking terms as the following form:

V =(|ul?> + my )| Hy > + (| + mf, ) [H]?
1 (1.28)
— [bPHyHg +hee] + (8% + 87) ([Hal* — [Hg*)?,

where m%ld, m%{u, and b are the soft supersymmetry breaking parameters. There are two

neutral Higgs components, H) and H. We have two mass eigenstate i° and H° by taking
the linear combination of these scalar fields as

1 1 1
HY= —ov,+ —Ksinp+ —HcosB+...,

1 1 1 (1.29)
HY = —=vs+ —=hcos B+ —=H"sinB +....

V2 V2 V2

12



CHAPTER 1. INTRODUCTION

The lightest Higgs boson ° is identified with the SM Higgs boson. v, and v, are respectively
the VEVs for H_ and HY, and the VEV of the SM Higgs boson is given by v* = v2 + v. The
ratio of the VEVs is given by tan § = v, /v,. At the tree-level, the quartic coupling of the SM
Higgs in scalar potential is connected with the gauge coupling

A= i(gz + ¢%) cos? 2. (1.30)
The mass of the SM Higgs boson is given by
1 .
mey = 5 (mio +m% — \/(mio — m%)? 4 4mZm? sin® Zﬁ) , (1.31)

with the CP-odd Higgs mass mio = 2b/ sin 2. This tells us that the Higgs mass is bounded
from above as

my, < mz|cos2p|. (1.32)

The mass of the observed Higgs boson is measured as 125.09 GeV at the LHC experiments
[26], which is larger than the mass of Z-boson. However, it is possible to raise the upper
bound by including radiative corrections [83,84].

In order to realize the observed mass of the SM Higgs boson, we need to include ad-
ditional contributions. One is to extend the MSSM such as the Next-MSSM [29], in which
there is an additional contribution to the scalar potential from an additional singlet super-
tield. The others are the models with large quantum corrections: high-scale or split SUSY
scenarios [85,86], the additional vector-like matter scenarios [27,28], or specific mass spec-
trum scenarios [29].

Extended Models and Gauge Coupling Unification

We discuss the extended models introducing additional quantum corrections in the last of
this section. The gauge coupling unification works well in the MSSM with TeV-scale SUSY
[87]. Fig. 1.1 compares the gauge coupling running in the SM (Black broken lines) and in
the MSSM (Blue solid lines) with two-loop RGEs and one-loop threshold corrections. Here,
we define & = ¢2/47 with gauge coupling g. For blue lines, the SUSY breaking scale is
set to be 1 TeV, the gaugino masses are set to be M, = 300 GeV and M3 = 1 TeV, and the
ratio of the Higgs VEVs is tan f = 3. We see that the coupling unification is achieved in the
MSSM and the unification scale lies around 10'® GeV. Since it is found that the coupling
unification is not complete even in the MSSM, the mismatch of the couplings is interpreted
as the threshold corrections at the GUT scale. In other words, the GUT scale mass spectrum
contributes to splitting the gauge couplings

Anyway, we give a brief introduction of the extensions and show the unification works
well even in the extended SUSY SM.

13
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Figure 1.1: Gauge coupling unification in SM (Black broken lines), in TeV-scale MSSM (Blue
solid lines), and in Split SUSY (Red solid lines).

Split SUSY Model

To begin with, we consider the split SUSY models [30, 88]. If there is no singlet superfield in
the SUSY breaking sector, gauginos do not obtain tree-level masses. We consider the SUSY
breaking spurion field X carries hidden charge. The SUSY breaking arises from the F-term
VEV of X given as

(X) = Fx6°. (1.33)

Sfermion masses arise from the following higher-dimensional operator,

XXt
4 t
/d 0= o', (1.34)
where A denotes the SUSY breaking mediation scale. For instance, A ~ Mpy if the SUSY
is broken by the (quantum or super-) gravity effect or A is comparable to the mass scale
of messenger fields if the SUSY is dynamically broken in the hidden sector. Anyway, the
sfermion masses are generated as mé ~ F%/A?. The gaugino masses and the scalar trilinear

14



CHAPTER 1. INTRODUCTION

couplings (A-terms) are not generated because of the hidden charge conservation. In other
words, the following operators are forbidden by hidden symmetry.

/ dZG%W“Wb, / d%%ﬂ"@@j@k. (1.35)

In this case, they are generated by anomaly mediated supersymmetry breaking (AMSB)
[89,90]. The gaugino masses and A-terms are generated with one-loop suppression

2 1 »
Ma(p) = —ﬁz(ji)ms/z, Ajjk(p) = —5(%‘ + 9 + i) ma A () (1.36)

Here, 8 is the beta function for a gauge coupling and +; is the anomalous dimension for
the chiral superfield ®;. mj3,, represents the mass of gravitino. Gauginos with a mass of
a few TeV are compatible with the thermal DM scenario. The heavy sfermion and grav-
itino scenarios solve several problems: SUSY flavor and/or CP problems [91], cosmological
problems (such as the Polonyi problem [92] and gravitino problem [93]).

Even in this scenario, the gauge coupling unification works well. Red lines in Fig. 1.1
show the gauge coupling running in the split SUSY model. We assume the mass spectrum
of sparticles as follows. The sfermions are degenerate in mass (Mg = 102 TeV), the mass of
wino is set to be M = 3 TeV, and the ratio of the masses of wino and gluino M3/ M, = 9.

Vector-like Extensions of MSSM

Next, we introduce extra matters to the MSSM. If the extra matters are introduced in vector-
like representations of the SM group, the model is anomaly-free. The low-scale gauge me-
diated supersymmetry breaking (GMSB) model requires to introduce extra vector-like su-
permultiplets [94]. Moreover, the extra matters in irreducible representations of the unified
gauge group (such as SU(5)) ensure the coupling unification.

For a 5 + 5 extension, we introduce the following superfields.

— —
D'(3,1) 1,3, D'(3,1)13,

, - (1.37)
L (1/2)71/2/ L (1/2)1/2'

Here, (rc, rw)y represents SU(3)c rc-plet, SU(2) . rw-plet with hypercharge Y under the SM
group. In a 10 + 10 extended model, additional superfields,
U/(S, 1)2/3 , U/ (51 1) —2/37

Ql(3/2)71/6r 6/(512)1/61 (138)

/

E'(1,1);, E(1,1)_1,
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Figure 1.2: Gauge coupling running in MSSM with extra vector-like multiplets.

are introduced.

Vector-like scenarios have fruitful phenomenological consequences. For instance, if the
mass scale of extra matters lies around several hundred GeV, they explain the 3¢ discrepancy
of muon anomalous magnetic moment between measured value [95] and the SM prediction
(see Ref. [96]) within the SUSY SM [97,98].

Fig. 1.2 shows the gauge coupling running in the vector-like extensions. N5 in this figure
denotes the number of 5+ 5 pairs. We assume that all sparticles and extra multiplets are
degenerate in mass, and their mass scale is set to be 1 TeV. From this figure, we understand
that the gauge couplings converge at the high-energy in the presence of several extra vector-
like multiplets. Furthermore, the unified coupling becomes larger as we increase the number
of extra matters. As we will see in Chapter 2, it implies that the proton decay rate via an extra
gauge boson mediation will be enhanced [99].

Even if the mass scale of extra multiplet is higher, there are some interesting features.
Considering that the mixture of the split SUSY and extra vector-like multiplet, LSP in this
model is often bino [100]. In order to explain the correct relic density, bino should be nearly
degenerate with other gauginos in mass. In this framework, the additional CP-violation
could be also generated in gaugino mass parameters since gaugino masses arise from both
of AMSB and GMSB contributions. This fact affects the predictions of nucleon and electron
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electric dipole moments (EDMs) [101], and hence the future EDM experiments have the
potential to discriminate the simplest split-SUSY model and its extension.

In the present day, the mass of gluino is severely constrained by the LHC experiments.
The lower bound for gluino mass is 1.9 TeV in a simplified mass spectrum [102]. Heavy
gauginos and RGE considerations naively result in heavy colored scalars, and thus new
particles may not be seen at the LHC experiments. However, if the soft parameters for
the extra matters are much larger than those for the MSSM sparticles, the light stop with
the mass below 1 TeV, the heavy gluino, and the observed Higgs boson are simultaneously
explained in the context of gaugino mediation scenario [103].
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Chapter 2

Grand Unification and Proton Decay

Grand unified theories (GUTs) explain several problems in the SM. For instance, there is no
reason that the gauge anomalies for the SM gauge group are completely cancelled. More-
over, the U(1)y charges for matter fermions are quantized in the SM, otherwise the hydrogen
atom which is a bound state of electron and proton can be charged. These facts imply that
the SM gauge group is a subgroup of the larger gauge (simple) group. Indeed, three gauge
couplings at the weak scale unify at around 10'® GeV if the low scale supersymmetry is
assumed [87]."

The framework of the grand unification gives explanations for neutrino masses and the
baryon asymmetry of the Universe. The familiar scenario is the (type-I) see-saw mechanism
and the standard Leptogenesis scenario. Furthermore, in the case that the unified gauge
group is simple, quantization of hypercharges is explained since the hypercharge U(1) is a
subgroup of the unified group.

SU(5), SO(10), and Eg are the candidates of the unified gauge group. The original non-
SUSY SU(5) GUT was investigated by H. Georgi and S. L. Glashow [32]. An SU(5) is the
rank-four group, which the SM gauge group is also the same rank group, and contains the
complex representations. Supersymmetrization of this minimal SU(5) GUT was proposed
after that [105,106].

New colored fields such as new gauge bosons and color-triplet Higgs multiplets are in-
cluded at the unification scale. These fields might give rise to the baryon-number violating
processes (such as nucleon decay). In general, nucleon decay is one of the prediction of the
SUSY GUTs, and hence the SUSY GUT models can be tested by the nucleon decay searches.

*The coupling unification can be ameliorated even in the split SUSY scenarios [104]. The multi-TeV gaugi-
nos play an important role of the gauge coupling unification.
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CHAPTER 2. GRAND UNIFICATION AND PROTON DECAY

2.1 Supersymmetric Grand Unification Models

In this section, we review the SUSY SU(5) GUT models, especially the minimal SUSY SU(5)
GUT and the missing partner SU(5) model.

Minimal SU(5)

Now, let us consider the minimal embedding of the MSSM into the SU(5) GUT model. All
the MSSM chiral superfields listed in Table 1.2 are embedded into the chiral superfields in
the SU(5) representation. In particular, 5+ 10 which are respectively denoted by ® and ¥
contain all MSSM matter superfields:

= _ ( Dua AB 1 (e, Qv
(I)A(S) - ( €L ) ’ Y (10) - \/5 ( _Qﬁr e¢"SE ’ (2.1)
where A,B,---=1,2,---5denote SU(5) indices, and «,,--- =1,2,3and r,s,--- = 1,2 are

SU(3)c and SU(2) indices, respectively.
The MSSM Higgs doublets H,[J H; are embedded in the 5 + 5 representation,

H(5) = ( gc > . H) = ( zg‘; ) , 22)

with two color-triplet Higgs superfields Hc, He. Furthermore, we need to introduce the
Higgs superfield breaking SU(5) to the SM gauge group. The Higgs field with the GUT
breaking VEV should be the singlet under the SM gauge group. Among the non-trivial
SU(5) representations, it is known that 24, 75,200, - - - contain the SM singlet fields. Thus,
we use the adjoint (24) representation chiral superfield ¥.(24) as the GUT-breaking one in
the minimal SU(5). The SM decomposition of ¥(24) is given by

Agpgy— (2 Fep L 1 (20
)y B<24)_(2(3*,2) o )t s o o3 S04 (2.3)

The GUT-breaking VEV is parametrize as

2
<Z> = U4 2 . (24)
-3
-3
The generator corresponding to the U(1) sub-algebra is normalized as tr(Ty 1) Ty1)) =

1/2 while the U(1)y charges have already been given in Table 1.2 and the corresponding
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generator Ty differs from the unified U(1). The relation between the U(1) generators is

given by
3

Since the normalization of the gauge boson is determined the kinetic term, the coupling and
generator in each normalization satisfy g1 Ty;(1) = gy Ty. Thus, the unified U (1) coupling g1
relates to the hypercharge coupling as follows.

81 = \/ggy- (2.6)

The SU(5) vector superfield contains the MSSM vector superfields and additional vector
superfields. The MSSM decomposition of the SU(5) vector superfield Vs is given as

2 1
G"g — —B(S“ﬁ — mr
Vs = £V V2, , (2.7)
_XS‘B Wsr + —Bésr

V2 2V/15

where G*g, W%, and B are the MSSM vector superfields for SU(3)c, SU(2)r, and U(1)y,
respectively. X and X' are extra vector superfields which obtain the non-zero mass after the
GUT breaking.

In the minimal SUSY SU(5) GUT, the Kéhler potential and the superpotential in the
flavor basis of matter superfields are written as

K = of4(e7285Y5)P i + ¥] 45 (e%8575) 4 (78575) P p 9P
+ 22+AB(6_2g5V5)CA (82g5V5)BDZDC + HgA (e_2g5V5)BAH§B (2.8)
+ Hi, (e85Y5) A HY .

X and X' acquire a heavy mass through the interactions to ¥ in the Kahler potential, and
their masses are denoted by My = 5\/§g5024.

Next, we consider the superpotential in the minimal SU(5). We assume the renormal-
izability and the R-parity for superfields, and then we have the following gauge invariant
superpotential.

W = gtr23 + %trzz + /\HA (ZAB + 30245AB)HB
Wi .. —
+ ZGABCDE‘YZAB‘Y]CDHE —+ \/Efl]‘I’ZABq)]'AHB ,

(2.9)

20
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where i,j = 1,2,3 represent flavor indices. hil and fif is complex 3 x 3 matrices: hi is a
symmetric matrix while f" is an unconstrained matrix. Using flavor rotation for ® and ¥,
U(3) x U(3) rotation, we make h" diagonalize as follows.

Wi = (yie'?) 6,

f7= (Uin)ij vy -
Here, y, and y; are diagonalized Yukawa matrices, and Ucky is the CKM matrix. Since
there remain two additional phase parameters, the phases ¢; (i = 1,2, 3) are constrained as

@1+ @2+ @3 = 0. By the degrees of freedom of field re-parametrization, the mass eigenstates
for components of ¥; are given by

(2.10)

(U Ui U -9, E .
Qi = ( D, ) — ( (Uckaa)iiD; ) , U;— e 9il;, E; — (Uckm)ijE;. (2.11)
For component superfields of ®;, the mass eigenstates are identified as the gauge eigen-
states.

We impose the supersymmetric condition after the GUT-breaking as follows.

oW

= = 30(—fv3y + mogvpy) =0, (2.12)

T=(%)

and then, we have vyy = mp4/ f. o
After the adjoint Higgs superfield obtains the VEV, the interaction term among H, H, and
the adjoint Higgs X is

Wiy =AH 4 (Z4p 4 30046 5)HP
57)24
_ 5024 . (2.13)
—>/\HA 5094 H”.
0
0

Since vy is on the order of the GUT scale (~ 10'® GeV), we tune the gauge invariant mass
term for H and H. In fact, the supersymmetric mass for the color-triplet Higgs is given by
Mp,. = 5Avy4, on the other hand that for the MSSM Higgs doublets is zero. This fine-tuning
problem for the GUT parameters is known as the doublet-triplet splitting problem.

The masses of the adjoint Higgs multiplet are also split after the SU(5) breaking. The
weak triplet 23 and the color octet X3 have a common mass denoted by My, = % fovo4, and
the SM singlet Xp4 has My,, = My /5. The off-diagonal chiral superfields %3 ) and X 3: )

are absorbed by the massive vector superfields X and X.
In the minimal SU(5) GUT, there are the following two problems.
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e Doublet-triplet splitting problem
e GUT relation for fermion masses

The first one, the doublet-triplet splitting problem, is the above-mentioned fine tuning prob-
lem among the superpotential mass parameters. In the minimal GUT model, the MSSM
Yukawa matrices at the GUT scale is imposed the relation Yp = (Yg)T since the doublet
leptons and the down-type quarks are included in the same superfield, ®(5). It is, however,
known that the Yukawa couplings at the GUT scale which are evolved by the renormaliza-
tion group equations (RGEs) do not satisfy the GUT relation for Yp and Yg . In order for
solving the GUT relations for fermion masses, the following ways are considered.

e Higher-dimensional (Planck scale suppressed) operators
e Higher-dimensional representation fields
e Additional vector-like matters and their mixing with the MSSM fields

In particular, since a tensor product 10 x 5 is decomposed into a sum 45 + 5, the product
yAB ®;c can couple to the 45-Higgs HSj as follows

y Y@, cHS . (2.14)

This new interaction can solve the bottom-tau unification problem. However, in order to
avoid many remnants at the low scale, 45 should be introduced with vector-like pair super-
tield since it contains huge component fields.

Missing Partner SU(5)

Next, we briefly review the model which solves the doublet-triplet splitting problem and is
called “Missing-partner Model”. This model is proposed by Grinstein [107] and Masiero-
Nanopoulos-Tamvakis-Yanagida [108]. Here, we show the missing partner model with
Peccei-Quinn (PQ) symmetry [109], which is proposed by Ref. [110].

The particle contents of this model is given in Table 2.1. ¥; and ®; are the matter su-
perfields in the minimal SUSY SU(5) with the generation index i = 1,2,3. N; denotes the
superfields including the right-handed neutrino. H (H) is the (anti-)fundamental Higgs su-
perfield in the minimal SUSY SU(5). The additional fields are ®@(50), ®(50), and E(75). In
fact, the next minimal representation including a field with the same quantum number as
the color-triplets in 5 4 5 is 50 + 50. 50 + 50 has no weak doublet, and thus the MSSM Higgs
doublets are still massless after the GUT breaking. Since a product of 50 and 5 is decom-
posed as 50 ® 5 = 75 ¢ 175/, the additional field Z(75) is needed for the gauge invariant
superpotential. In this model, the breaking of the SU(5) GUT is induced by the VEV of
E(75). We also introduce singlet fields P and Q in order to break the U(1) PQ symmetry.
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Table 2.1: Peccei-Quinn Charges in Missing Partner Model

Y, @ N; H H H' H
dim. | 10 5 1 5 5 5 5
« B 20 — B x+p| a+p
1 et [t —a | =
Ura | 5 | 5 2 “ 2 2 :
®| © @ | @ B p Q
dim. | 50| 50 50 50 75 1 1
x+B | a+p 3u+ B | 3(3a+p)
1 — —_ _
U(l)pg || « 5 5 x 0 5 5

The U(1)pg charge assignment is also given in Table 2.1. Here, we assume that the PQ
symmetry remains after the GUT breaking, that is, Z(75) is U(1)pg neutral. Moreover,
we also assume 3o +  # 0. This assumption prohibits the dangerous operators such as
DY, ¥ Y after the GUT breaking. Otherwise, the operators give rise to the dimension-five
proton decay, which is discussed in the next section.

The gauge invariant and PQ-invariant superpotential is given by

1 AB
W = ZhijeABCDETZ[ ]‘P HE + \/_fl]‘f CI) AHB

+ gHGABCDEHAEEa@[DE] FCl 4 geBPEH, ‘—‘%BS}@[DE] [EG]
+ gheapcoeH B c|@/IPPIFCl 4 ot cAPCDER 818 B 1 v (2.15)
+ M1@[AB} [CD]G)/[AB] D]+ MZ@/[AB} [CD]CH)[AB] (D]
=[CD] o [AB] 1, _[AB][CD][EF]
+m758 4512 (cp) ~ 3755 (er) F(aB Z(cD)
ABCDE

Here, [AB] represents an anti-symmetric pair of indices. € 4pcpg and € are totally anti-
symmetric tensor. We introduce two copies of 5+ 5 and 50 + 50 for the invariant mass terms
of 50s.

If there remain the additional fields, the gauge coupling will diverge between the GUT
and the Planck scale, and then the model do not have any perturbative picture. Therefore,
M; = M, = Mp; = 2.4 x 10'® GeV is assumed in double missing partner models. The VEV
of the 75-dimensional Higgs superfield is given as follows.

3 ® " «
> = §1)75((5?52 —5560), < E7ﬁ§> = 5075(5 5ﬁ 555ﬁ) 216)
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Table 2.2: Mass splitting of 75 components

irreps. Mass
2
1,1 ‘M=
(L,1)o Mz
_ 4
(3,1)_%, (3,1)% Mz
(3,2)%, (3,2)_% 0 (NG modes)
_ 2
(62)5, (62) “Ms
1
8,1 - Mg
(8,1)o zMz=
(8,3)0 Mz = 5mys

Using the gauge invariant Kdhler Potential normalized as

K = () (8GR )i e )R (2.17)

the mass of X-boson is given by Mx = 21/6¢vys. From the saddle point condition for super-

potential, we obtain the following relation among the VEV v75 and Lagrangian parameters.

oWz
dvzs

0, = U75 = ——. (2.18)

There is mass splitting among the components of 75 after the symmetry breaking. The
masses are listed in Table 2.2. (3,2)2 and (3,2)72 are absorbed as longitudinal modes of
the X-boson.

The mass terms for color triplets arise from integrating out 50s as

Weolor = M HcHe + My _HGHc, (2.19)
with
488 HE V%5 488118 V75
Ho= — Mg, = s, (2.20)

In this model ,the typical mass scale of the color-triplets is around 10 GeV. This is because
that we assume Mj; and M, are of the order of the Planck scale. On the other hand, there
remain four massless SU(2); Higgs doublets, H f,Hf, Hj’f, and H}.
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At last of this subsection, we consider the breaking of the PQ symmetry. We use the
radiatively breaking of the the PQ symmetry [111]. P and Q play a role of U(1)pq breaking
Higgs fields. The invariant superpotential for P and Q under the U(1)pg symmetry is given

by

W = ]Cfl P*Q + gpH  ,H'AP. (2.21)
Pl

The scalar potential generated from W” is

V(P,Q) = bz} (yP|6+ 13P%Q|? ) (2.22)

Since this potential is considerably flat, the PQ symmetry is easily broken via the soft SUSY
breaking term for P. Concretely speaking, if we add the negative soft mass term (~ —m?)
for the P field, the potential minimum is shifted and then P and Q obtain the non-zero VEV
as

Mplm
for

If we take f ~ 1and m ~ 1 TeV, then (P) ~ (Q) ~ 10'! GeV. In addition, the PQ symmetry
breaking gives non-zero masses to the additional Higgs doublets

(P) ~(Q) ~ (2.23)

My, = gp (P) ~ 101 GeV. (2.24)

The right-handed neutrinos N;(1) play a role of removing an extra global U(1) symmetry.
In fact, the PQ charges are characterized a and B. The superpotential with the right-handed
neutrinos must be the following form

W = kijNiCI)]'AHA + )\NijNiNjPI (2.25)

in order that the see-saw mechanism works well. From the first term, we determine the PQ
charge for the right-handed neutrinos, and hence the second term is invariant under U(1)pg
if and only if &« = 3p.

2.2 Nucleon Decay in SUSY GUTs

As we mentioned at the beginning of this section, the nucleon decay is the promising signal
of the SUSY GUTSs. In this thesis, since we impose the R-parity conservation, baryon-number
violating dimension-four operators are forbidden. The dominant decay modes in the SUSY
GUTs with the simple unified group are induced via the color-triplet mediation and the extra
gauge boson mediation.
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Dimension-five Operators

After we integrate out the color-triplet Higgs multiplets, we obtain the dimension-five op-
erators in the superpotential as follows.
1 o
Mp (Uckm)iyayue ® UiEiQeLy
¢ (2.26)

i pi®i o
- %ZC ((UCKM);lyileabCuiaEiukalc + %(UCKM)ZlyéZEabc(Q?QD(Qle)> -
Here, we use the gauge basis for matter superfields in Eq. (2.26). The last two terms give rise
to the baryon-number violating processes. In the minimal SUSY SU (5) GUT, the rapid decay
mode (p — KT +7) is generated by these operators. This is because the flavor conserved
part is vanished due to the anti-symmetric tensor for color indices. If the SUSY spectra lie
around a several TeV, the partial lifetime is T(p — K+ +7) ~ 10%! years [37,38]. On the other
hand, the current lower bound for this decay mode is T(p — Kt +7) 2> 6.6 x 10 years
given by the Super-Kamiokande experiment [39]. Thus, the minimal SUSY SU(5) GUT with
the low-scale SUSY is excluded by the Super-Kamiokande experiment.

In order to evade from the experimental bound, some ideas have been proposed, which
suppress or prohibit the dimension-five operators. The following list shows the examples
which relax the proton decay constraints.

W=-—

1. Global Symmetries

If the supersymmetric mass term for color-triplets is prohibited by global symmetries,
the dimension-five operators are not generated. Indeed, the p — K™ + ¥ decay mode
is suppressed in the SUSY SU(5) GUTs by imposing the Peccei-Quinn symmetry [110],
the anomalous U(1) symmetry [112], and so on.

2. Extradimensions

In five-dimensional N/ = 1 SUSY theories, the chiral superfields H and H are re-
spectively embedded in hypermultiplets (H, H) and (H,H') in terms of the four-
dimensional N/ = 2 SUSY. The mass terms only for HH® and HH' are allowed by
orbifolding [113]. Furthermore, this rapid decay operators are prohibit by the con-
tinuum global symmetry (such as the remaining U(1) R-symmetry [114]) or discrete
symmetries [115,116].

3. High-scale or Split SUSY

In the split SUSY scenarios, since amplitudes for this decay mode are proportional to
Mp.Ms with the mass of sfermions Mg, this mode dominates proton lifetime and it is
detectable at the future experiment (Hyper-Kamiokande) [117-119].

As we have listed, the dimension-five decay mode strongly depends on the GUT models.
Moreover, the Planck scale physics may also affect to the prediction for this decay mode if
the SUSY breaking scale is lying around TeV (see Refs. [120,121]).
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CHAPTER 2. GRAND UNIFICATION AND PROTON DECAY

Dimension-six Operators

The dimension-six proton decay operators are generated via the extra gauge-boson exchange.
In the minimal setup of SUSY SU(5) GUTs, the X-boson interactions with the matter super-
tields are given by the following terms.

£X_/¢ W) k)Y (2.27)
with
—V2g5€” LD, X" + hee.,
K§) = —v/2gseap, U, QP X" + hic., (2.28)
ICV3 = —V/2g5e" (Uckm)ijQLE; Xy +he.,

and the baryon-number violating operators are effectively induced by integrating out the X
boson at the low energy. The effective dimension-six operators are written as follows at the
tree level; *

cmw_/f )+K”) (2.29)
with
2
KO = 935 ¢ 56U DIP QLS + hc.,
MX
(2.30)

) 2
ngO):—elq’l(UcKM) &5 szﬁyersE U Q Qf'y—i—h.c..

The dominant decay mode by these operators is that proton decays into neutral pion and
positron. The Super-Kamiokande experiment has reported the current lower lifetime limit
on this mode is 1.6 x 10%* years [40].

The effective Lagrangian for the dominant decay mode is

2 .
c,= z\%el%‘f“m ((uRdﬁ)(uLeL) (1+ |uud|2)(ugd§)(ugeR)) , (2.31)

where U, is the (1,1) component of the CKM matrix. The decay rate for this mode is given
by

my (1 0\ B 0w
T(p = +el) = (1-—5 | 2100 (mWo(p)l*. (2.32)
p I=1

*Notice that the propagators of the vector superfields differ from those of canonically normalized gauge
bosons by a factor 1/2 under our convention for the kinetic terms of the vector superfields.
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2.2. NUCLEON DECAY IN SUSY GUTS

(0)

Here, m, and m o are respectively the masses of a proton and a neutral pion. C;” are the
Wilson coefficients while W{ represents the hadron matrix elements.

€apy (O] (udR)u] |p) = W¢ Pruy,

P ) (2.33)
€xpry (Of (ufd} )ug |p) = Wy Pruy .

u represents the renormalization scale and the scale dependence is vanished up to the ap-
propriate order in perturbation theory, that is, the y-dependences of C}O) and W{ cancel with
each other.

We estimate for C%O)(y) perturbatively, while we can not do for W/. Since the QCD
coupling becomes strong at the low-energy scale, the hadron matrix elements should be
estimated by the non-perturbative way such as the lattice calculation. There are two ways of
calculating the hadron matrix elements; one is the indirect method and another is the direct
method. The direct method is a direct calculation of the three-point functions of the meson-
operator-baryon, while the indirect method is based on the low-energy chiral perturbation
theory and is an indirect calculation through the two-point functions. In our numerical
analysis, we use the results from the lattice simulation with direct method and Ny = 2 +1
dynamical domain-wall fermion [41].

W3 (1 =2 GeV) = —0.103(23)(34) GeV?,

2 ’ (2.34)

Wi (n =2GeV) = 0.133(29)(28) GeV~.
The first and second errors in W{ show the statistical and systematic errors, respectively.
Ref. [41] has shown that the total error for WO1 (Wg) is 40% (30%).

While the hadron matrix elements are estimated at the hadronic scale (4 = 2 GeV), the
initial condition for the Wilson coefficients is given at the GUT scale (~ 2 x 106 GeV). It is
important to include the RGE effects in order to evaluate the low-energy observables. In-
deed, the large hierarchy between the GUT and EW scales leads to a significant logarithmic
corrections to the Wilson coefficients, while the strong coupling around the hadronic scale
also generates large corrections to them. The former is called the short-range effects, on the
other hand the latter is called the long-range effects.

Perturbative calculations for the Wilson coefficients have been already performed at par-
tially two-loop level. For long-range effects, the two-loop RGEs by the strong coupling were
derived in Ref. [46]. The short-range renormalization factors for effective operators are also
estimated in several literature; in the SM [45] and in the SUSY SM [47]. The above authors
have taken into account only the gauge interactions for the short-range factors. Indeed, the
effective operators for the dominant decay mode include only the first generation quarks
and leptons, and thus the Yukawa corrections would be negligible.

Anyway, the comparable corrections have not been included in the short-range renor-
malization effect, that is, the finite threshold corrections.
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CHAPTER 2. GRAND UNIFICATION AND PROTON DECAY

2.3 GUT Mass Spectrum Constraints

In the next leading order (NLO) calculations, couplings in the effective field theory (EFT)
include effects of massive degrees of freedom via threshold corrections. In particular, a mass
spectrum of GUT particles is constrained using low-energy coupling constants and their
threshold corrections. In this section, we review the constraint on the GUT mass spectrum
via the threshold corrections.

The gauge couplings in the EFT relate with the unified coupling at one-loop level as
follows

1 1
2w gw o @3

Here, j1 is the matching scale, which we set to be y = 2 x 10'® GeV, and §; is the threshold
correction for g;. This threshold correction in the DR scheme [122] is obtained as [123,124]

Ei(p)o1 = 4817T2 [—21&( lnM7>—i—8tr(I lnMT)—l—tr(I{gBln%)}, (2.36)

where My, Mr, and Mg are the mass matrices of a massive gauge boson, a massive Dirac
fermion, and a massive real scalar boson. The first term includes contributions from not
only the massive vector boson but also ghost and Nambu-Goldstone (NG) bosons. We use a
shorthand notation I ;;‘(B = TA T ~x (X =V,F,and S). T;x is the generators for the unbroken
symmetry. The subscript X = V, F, and S represent the vector boson, the Dirac fermion, and
the scalar bosons, respectively.

In supersymmetric field theories, we can write the threshold correction in terms of su-
perfields. A vector superfield consists of a gauge field and two Weyl fermions, while a chiral
superfield does of a complex scalar and two Weyl fermions. All components composing a
superfield have the same mass, so that mass matrices are proportional to the unit matrices.
For vector superfields, the threshold correction is given by

1 M
4ngi() = 3, (-2C) In =% (2:37)

where C648 = tr IZ-‘?,B. Here, of course, this threshold correction includes the contribution

from the absorbed NG supermultiplets. For chiral superfields, the threshold correction is

AnEi(p) = ZiTl Aﬁs (2.38)

with T648 = tr [4B.
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2.3. GUT MASS SPECTRUM CONSTRAINTS

Since the gauge couplings unify into a single one in the SUSY GUTs, we obtain two
independent equations without g5 from Eq. (2.35). We take two independent equations as

20 AW g - e +a. -
5 3 2 :
20 B @ 360 260

The right-hand side of these equations depends only on the GUT mass spectrum. In the next
chapter, we will show explicit forms in the minimal SU(5) model and the missing partner
SU(5) model. The left-hand side is just the gauge couplings at the GUT scale, which are
evolved using two-loop RGEs. We get them using low-energy observables and assumptions
of a model at intermediate scale. In other words, since we know the values of the left-hand
side under some assumptions, the GUT mass spectrum in the right-hand side is constrained.
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Chapter 3

Threshold Corrections to Dimension-six
Operators

As we mentioned in Chapter 2, the NLO calculations for dimension-six baryon-number vi-
olating processes have been already performed partially. Indeed, the finite threshold correc-
tions have not been taken into account in the NLO calculations [45-47]. In this section, we
discuss the finite corrections to the baryon-number violating dimension-six operators at the
SUSY and GUT scales.

This chapter is based on Refs. [125,126].

3.1 Threshold Correction at SUSY Scale

In this section, we derive threshold corrections of dimension-six operators at the SUSY scale.
We concentrate only on gauge interactions, again.

Two-Point Function

Now, we estimate threshold corrections to the two-point function of fermions. After picking
the UV divergence, we obtain the two-point function of SM fermions ¥ including the one-
loop finite corrections as follows:

T 1
T = 1= 162

Y 2Ca(®) f(M?,m3) + (SM contributions) | il . (3.1)
a

Here, l"z)p = p — my denotes the tree-level two-point function of i with four-momentum
p# and tree-level mass my. M, and my are the masses of gaugino and the superpartners of
P, respectively. The second term arises from the gaugino-sfermion loop and the third term
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3.1. THRESHOLD CORRECTION AT SUSY SCALE

describes the contribution from the SM loops. g, and C,(®) are the SM gauge coupling and
the quadratic Casimir invariant, respectively. The loop function f is defined as

f(x,y) 52/01515 (1—s)In[sx+ (1—s)y], (3.2)

where all mass parameters are normalized by renormalization scale y. It is easily found that
flx,x) = % In x, which corresponds to the case of degenerate masses.
In the SM, the one-loop corrected two-point function has the form

FZM [1— Ay + (SM contributions)] ZTBP , (3.3)

where Ay denotes the one-loop threshold correction to the two-point function of ¢. Then,
we get Ay after matching the two-point functions in the two theories:

1
My = Tgrz LSICal®)f (Mg my). (3.4)

Four-Fermi Vertices

The baryon-number violating dimension-six operators are induced by the non-renormalizable
Kéhler potential. The supersymmetric interaction term including four-Fermi operators is
given by the following Kdhler potential.

. ijkl
ciH / d'0 ol ol d; = ———

Cz]kl

T |0(01 97 )9 — 20,(97 92" () + 97 67 D pesh)

(471 T + T ¢] ’)’V§> (Pklfl + Tkgbl) (3.5)

Cz]kl_ o
> Ti’)”lPLTITj’)/FPLTk .

Here, ®; (<I>+) is a chiral (anti-chiral) superfield. Scalar and four-component spinor compo-
nents of ®; are denoted as ¢; and ¥;, respectively. The symbols L] and ? are respectively

defined as [1 = 9#d, and A?B = AdyB — 9, AB. The roman indices i,j,k, [ describe the
gauge and flavor mdlces C”kl denotes the W1lson coefficient of the operators.

Fig. 3.1 shows the one-loop diagrams giving the four-Fermi interactions after integrating
out superpartners. In these figures, the blobs denote the operator given by the second line of
Eq. (3.5). Only four diagrams in Fig. 3.1 contribute as finite corrections to a decay rate at the
SUSY scale. This is because one of two scalar fields must originate from chiral superfields
and another from the anti-chiral ones. The one-loop contributions shown in Fig. 3.1 are
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CHAPTER 3. THRESHOLD CORRECTIONS TO DIMENSION-SIX OPERATORS

Figure 3.1: Four-Fermi interactions induced by one-loop diagrams. Blobs denote effective
vertices including two fermions and two scalars, which are induced by the same Kéhler
potential. Solid and dashed lines describe fermion and scalar lines, respectively, while wavy-
solid lines indicate gauginos.

given by;
iMy = 1Z6gazcmmk2 T E(mg,, mg, M2) (Ojix)
iMy = 116&’20”1’"2 m T ) E(mg,  my , MZ) (Ojiix)
(3.6)
iMs = 116ga2anlmZ i T E (i, mg, MZ) (Ojar)
Ma = 116gazcmmk2 in Tt F (11, 10, M) (O -

Here, the subscript i for M; corresponds to the label (i) of Fig. 3.1. M, and m,, represent the
masses of gaugino and the superpartner of ¥, respectively. We use a shorthand notation
for operators O defined by Oy = YyHPLY ‘Pk"nyL‘I"l (...) denotes the matrix element.
We also define the loop function F(x,y,z) as

X*(y—z)Inx +y*(z—x)Iny +z%(x —y) Inz
2(x—y)(y —z)(z—x) '

Here, all masses are normalized by the renormalization scale y, again.

F(x,y,z) = g-l— (3.7)
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3.1. THRESHOLD CORRECTION AT SUSY SCALE

Next, we concentrate on proton decay operators. However, this result is applicable to
other operators consisting of two chiral and two anti-chiral superfields, for instance flavor-
changing neutral currents.

Baryon-Number Violating Operators in SUSY SM

Let us now consider baryon-number violating operators in the SUSY SM. The Kahler po-
tential for these operators is given by Eq. (2.29). The baryon-number violating four-Fermi
operators are given by

2 N
Lag=Y . Clo%W, (3.8)
i=1
with operators
O = eaprers(@y"PLg’") @ 1 PLI")

@) T (39)
OuF = €upyers(W " PLg™) (€vuPrq"™ ),

and Wilson coefficients C i? = ﬁ) = ¢2/2M%. The Wilson coefficients in the low-energy
effective field theory (EFT) include threshold corrections: we simply redefine
Cap = (1= Agsy)Cif (310

where /\gl)JSY denotes the threshold correction to C gp)

After matching amplitudes in the SM and those in the SUSY SM, we find the threshold
corrections )Lg[)jSY at the SUSY scale as follows;

2
1 1 g 1 1
Moy = =5 (- Ag o Ag-t ) = 155 (G, ME) + SF(n, i, 03 )

2
2 /2 1 2 1
- (—F( 2 2, M2) — SE(ni2, m2, M2) — ZE(m, w2, M2) + LE(mi2, 2, M2) ),

9 9 d’ 3 3
2
2 _ 1 85 2 2 .2 g2
2
g 4 2
-5 <§P(m§,m§,M%) — gF(mé,m%l,M%)) :

(3.11)

Here, my (¢ =q,1u, CT,IN, ¢) denotes the sfermions mass while M; and M3 denote the masses
of bino and gluino, respectively. The loop function F is defined in Eq. (3.7), again. Ay (¢ =
q,1,u,d,e) is defined in Eq. (3.4), and represents the one-loop threshold corrections to the
two-point functions of the SM chiral fermions.
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3.2 Threshold Corrections at GUT scale

In supersymmetric theories, an effective Kédhler potential is useful to derive radiative correc-
tions. In order to evaluate the radiative corrections, we discuss the effective Kihler potential
at the one-loop level, and evaluate the threshold corrections to the baryon-number violating
operators.

First of all, let us discuss a general effective supersymmetric action I'|®, ®*]. which is the
function of chiral superfield ®, anti-chiral supertfield &', and their derivatives. The general
form of the effective supersymmetric action would be as follows,

r[q)l CI)+] = / d4xd49 Leff(q)/ DA(I)/ DADB(D/ e /(I)+/ DA(I)+/ DADBCI)+/ e )
(3.12)
+ { / d*xd?0 L) (D, Dp®, DADp®, - - ) + h.c.} ,

where D is the superspace covariant derivative which consists of d,,, D,, and D,. Here, we
do not include vector superfields for simplicity. The perturbative corrections appear only
in the D term due to the non-renormalization theorem [48]. The effective supersymmetric
Lagrangian L, is divided into two parts under d,® = 0,

Lot = K (D, 1) + F(Dy®, D*®, D@, D°0F; @, @), (3.13)

where K(®, ®) is the effective Kahler potential and F(D,®, D*®, 5a<1>+,52®+;61>, ®F) is
called the effective auxiliary potential. While some diagrams may generate the terms in-
cluding superfields on which more than three covariant derivatives act, we may always
obtain the above form using algebra of super-covariant derivatives (D-algebra). * The ef-
fective auxiliary potential vanishes in the limit that D,® = 0 and D,;dt = 0, so that the
effective Kédhler potential is equivalent to the effective Lagrangian in this limit.

Below, we study the threshold corrections to the baryon-number violating dimension-six
operators at the GUT scale with the effective Kdhler potential. First, we calculate the effec-
tive actions for constant fields in both full and effective theories at the one-loop level with the
supergraph technique [56]. We adopt the modified dimensional reduction (DR) scheme [122]
as the renormalization scheme of the gauge coupling constants while we impose the on-shell
condition for the mass on the massive vector superfield. We also introduce the IR cut off in
order to control fictitious IR singularities. Then, we identify the effective Kédhler potential
for the baryon-number violating operators by taking D,® = 0 and D;®" = 0 together with
the D-algebra. By matching the effective Kdhler potentials in full and effective theories,
we derive the one-loop threshold corrections to the Wilson corrections of the dimension-six
operators.

*We give formulae for the D-algebra in Appendix C.1.
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Radiative Corrections in the UV Theory

To begin with, we show the radiative corrections to the baryon-number violating dimension-
six operators in the full theory, where the massive vector superfield is activated. The ra-
diative corrections consist of the wave function renormalization of matter superfields, the
vacuum polarization of the massive vector superfield, the vertex correction, and the box-
like corrections. In this subsection, we show only the results of the supergraph calculation.
Details of the calculations are given in Appendix E.

Two-Point Functions for Matter Superfields

First we study two-point functions for matter superfields at the one-loop level. The functions
generally include UV divergences which are renormalized by the wave function renormal-
ization factors. We estimate the factors in the DR scheme, ignoring the contributions from
the Yukawa interactions. The radiative corrections to the two-point functions via the gauge
interactions are determined by the gauge groups, in the both of the full theory and the EFT.
In general, the renormalized two-point function for a chiral superfield ® is defined as

ot =12 15, (3.14)

with the un-renormalized two-point function fgpt and a counter term 6z, = Zg — 1. The
wave function renormalization constant for the matter superfield Zg absorbs the UV diver-
gent terms proportional to 1/€’ in the DR scheme: *

83 1 EFT & g 1
Z¢:1+C5(¢)R><§, Z$ :1+an(<1>)4n2 X - (3.15)

a=1

Here, Zg and ZEDFT denote the wave function renormalization factors in the full and the
effective theories, respectively. g¢3,¢», and g7 are the gauge couplings of SU(3)c, SU(2)L,
and unified U(1)y gauge symmetries, again. Cs5(®) and C,(®) (a = 3, 2, 1) are the quadratic
Casimir of ® in SU(5), SU(3)¢, SU(2)1, and GUT normalized U(1)y gauge symmetries. |

We obtain the one-loop renormalized two-point function for a chiral superfield @ in the
full theory as follow.

1_,ép’c;l—loop _ <1 + aq>f(M%{) + b@f(ﬂ%R)) I‘fl;%t . (3.16)

Here, Fi%t is the tree-level two-point function, and a¢ and bg are the constants obtained
from the one-loop calculations,

3 g : g5
ap = — <C5(<I>) - ;Ca(q))) 82’ b = —azzlca(q))@- (3.17)

*2/€’ = 2/e — v + In4r is defined and € satisfies € = 4 — d in the d-dimension momentum space. y =
0.57721... is the Euler’s constant.
TCy(®) is given by C1(®) = (QF)? x (3/5), where QY is hypercharge of ®.
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~O~ Q_ ~O
(a) (b) (c)

Figure 3.2: Diagrams of chiral multiplets for radiative correction to two-point function of
superfield for massive vector superfield.

(a) (b) (c) (d)

Figure 3.3: Diagrams of gauge and ghost superfields for radiative correction to two-point
function of superfield for massive vector superfield.

We set the mass of the MSSM vector superfields to be a non-zero value which is denoted by
iR in order to regularize the IR divergence, as mentioned above. My represents the mass
of the massive vector superfield. The function f in Eq. (3.16) is defined as

MZ

fIM?) =1- In—7 (3.18)

where p denotes the renormalization scale in the DR scheme. The two-point functions in the
effective theory are derived by removing the massive vector contribution in Eq. (3.16) when

85 = 83 = &2 = &1-

Vacuum Polarization of Massive Vector Superfield

Next, we estimate radiative corrections to the propagator for the massive vector super field,
which are known as vacuum polarization. Not only the MSSM superfields but the GUT-scale
superfields such as the SU(5)-adjoint chiral superfield contribute to the vacuum polarization
of the massive vector superfield.

The chiral superfields have three kinds of the contributions to the vacuum polarization,
which is described in Fig. 3.2. The diagrams (a) and (b) are induced by the supergauge
interaction ®'V® and V2P, respectively. Arrows in Fig. 3.2 (a) and (b) indicate chirality
flow from an anti-chiral superfield into a chiral superfield. The diagram (c) is generated
by the SU (5)-breaking Higgs superfield, which has interactions (") V2X and 27 V2(Z) after
acquiring the VEV.
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3.2. THRESHOLD CORRECTIONS AT GUT SCALE

For the gauge sector, we have four-type diagrams to contribute to the two-point function
of the massive vector superfield. Fig. 3.3 shows the diagrams. The diagrams (a) and (b)
in Fig. 3.3 arise from the self interactions of the vector superfields. If the internal vector
superfields in the diagram (b) are massless, the diagrams have no contribution to the two-
point function in the DR scheme. The diagrams (c) and (d) show ghost contributions.

Finally, the two-point function of the massive vector supertfield is in the form as below:

TP (K2) = 2 — M% — £x(K), (3.19)

where Ty (k?) is the renormalized vacuum polarization for massive vector superfield. The
UV divergence in the one-loop corrections is absorbed by the wave function factor (Zx)
and mass (Myx) of the massive vector superfield. In this thesis, the on-shell condition
for the mass of the massive vector superfield is imposed, so that this leads the equation
Tx(M%) = 0. This is because heavy particles are decoupled from £x(0) under the on-shell
condition, if they have SU(5) symmetric masses much larger than the mass of the massive
vector superfield. © Lx(0) will appear in the threshold correction to the baryon-number
violating operators.

The counter term JZ is determined to absorb the UV divergence which arises from the
gauge contributions and the matter contributions such as Figs. 3.2 and 3.3. We obtain

2
_ _ 85 1
0Zx =Zx —1= g5 <3c2(c) - ;IG(R)> X (3.20)

where Ig(R) and C;(G) respectively represent a Dynkin index for an R-representation field
and a quadratic Casimir invariant for the gauge group G. As expected, 6Zx is proportional
to the one-loop beta function for the SU(5) gauge coupling constant.

Let us now discuss the finite contributions to the vacuum polarization from various rep-
resentations in SU(5). First, fields in the irreducible representation of SU(5) are decom-
posed into irreducible representations of the SM gauge groups. We give the SM decom-
position of some SU(5) representations in Appendix D.4. The vacuum polarization of the
massive vector superfield is given by

-y zRep 85 C(G) 5_7”214(;92,]\/12 ,0) + B(p?, M}, 0)
Reps. 1671—2 2 ’ (3.21)
+ (p*-independent terms) ,

with the vacuum polarization from a certain representation
g2

R

ZbUB p?, M?, M2)+g5 X ZaA p?, M%, M?), (3.22)

*The GUT-scale mass spectrum may be constrained using the gauge couphng unification [127,128]. In these
Refs. , authors use the threshold correction to the gauge coupling constants at the GUT scale at the one-loop
level so that the renormalization condition for the mass of the massive vector superfield does not appear there.
We need the threshold correction at the two-loop level in order to get the constraint on the on-shell mass.
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where the superscript “Rep.” indicates the SU(5) representation, such as 5 + 5, 10 + 10, 24,
andsoon.i,j=1,--- ,N(i,j = 1,---,N) denote the labels of irreducible representations of
the SM gauge groups (and its complex conjugated representation). The first term in Eq. (3.21)
indicates the sum of the contributions from chiral superfields. The second term in Eq. (3.21)
comes from the gauge sector illustrated by Fig. 3.3. In particular, the first and second terms
in the square bracket arise from the gauge and ghost loops, respectively. The p?-independent
terms come from the diagrams Fig. 3.2 (b), Fig. 3.3 (b), and Fig. 3.3 (d). However, they do
not give any corrections since we take the on-mass shell condition

“x(p?) = Zx(p?) — Ex(M%), (3.23)

for the vacuum polarization of the massive vector superfield. Coefficients 4; and b;; in
Eq. (3.22), which we call the vacuum polarization coefficients, are determined by the in-
teractions between the massive vector superfield and the corresponding chiral superfields.
The loop functions A and B in Eq. (3.22) are defined by

1
A(pz,Mz,M%)E/O dxln%,

) A (3.24)
B(p?, M2, M3) = /0 dx {A — (2A + x(x — 1)p?) ln; ,

where A = x(x — 1)p* + xM3 + (1 — x) M3,

The first term in Eq. (3.22) comes from the gauge interaction between the massive vec-
tor and (anti-)chiral superfields. The second term in Eq. (3.22) arises from the interactions
with the GUT-breaking VEV shown in Fig. 3.2 (c). The variables of the functions M; denote
the mass eigenvalues of chiral superfields in the loop. We show the vacuum polarization
coefficients a; and b;; in Table 3.1 for some S U(5) representations. The a; and bjj not listed
in Table 3.1 are zero. Here, we list a; and b,-]- from 5+ 5, 10 + 10, 24, and 75 representations.
Although the missing-partner model includes 50 + 50 pairs to induce the masses of color-
triplet Higgs multiplets, their mass scales are set to be at the Planck scale in order to keep
the theory in the perturbative regime. Hence, they do not contribute to the vacuum polar-
ization of the massive vector superfield. In Appendix D.4, we display a; and b;; only from
SU(5) representations, whose Dynkin indices are smaller than the Dynkin index of the 75
representation.

As a concrete model, we show the vacuum polarization in the minimal SUSY SU(5) GUT
in the presence of the extra vector-like matters. The unified gauge coupling is enhanced in
these models as we discussed in Section 1.3, so that it is important to estimate the size of
the threshold corrections. For simplicity, we treat extra matters and the MSSM matters as
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Table 3.1: Vacuum polarization coefficients b;; and a;. Coefficients which are not listed here
are zero. day is coefficient from NG and MSSM vector supermultiplets loops, while a; (i =
1,2, - ) is coefficient from massive vector and chiral supermultiplets loops. b;; and a; which
are not listed here are zero.

Reps. bij a;
5+5 bip =bp; =1
10 + 10 bi3 = by = 1
bngbﬁzz
biy = b5 =3/2 ap =5/2
24 b24:b25:8/3 LZ1:3
b34 = b35 :5/6 ar = 16/3
as =5/3
big = b3 =1/3 ap =5/2
byg = bys = 2 a1 =ay =6
b3y = byy =4/3 a; =8/3
75 bag = byg = 2/3 ag = 4/3
b39 = b49 :26/3 g = 12
bss = beg = bsg = bgg = 6

massless fields.

&5 'Tx(p*) =[(Ns + N5) +3(N1o + Ngg)] B(p*,0,0)
25 5
+ ?B(pz, M, M%) + gB(PZr M%M’M%{)
+2B(p2/ M%/IHC’O)

5 (3.25)
+ Mk [SA(pz, M2,0) + 10A(p?, M%, M3) +2A(p?, MZ,MZM)]

2
—~5C2(G)E-A(p?, M3, 0) — Co(G)B(p?, M, 0)

+ (p*independent terms),

where N, (r = 5, 5,10, ﬁ) denotes the number of massless superfields in r representation,
and a5 = g%/ 167t2. As we have seen, the first-three lines in Eq. (3.25) show the chiral su-
perfield contributions illustrated in Fig. 3.2 (a). They consist of contributions from massless
chiral superfields (the first line), the adjoint Higgs superfields (the second line), and the
color-triplet Higgs superfield (the third line). In the second line, the first term is the sum of
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Figure 3.4: Diagrams for vertex correction

the color-octet and weak triplet contributions, and the second term is the singlet contribu-
tion. The fourth line is the contribution from the adjoint supermultiplets with GUT-breaking
VEYV, as in the second term of Eq. (3.22). We have already explained the last two lines in
Eq. (3.21). In the case of the minimal SUSY SU(5) GUT, N5 = N9 = 3 and N5 = Ny = 0.
The re-summed propagator Dxx(p?) of massive vector superfield in terms of the su-

perfield notation is given by Dxx(p?) = —i/ (21’%2) (p?)). After the spontaneous symmetry
breaking of the GUT gauge symmetry, the baryon-number violating dimension-six opera-
tors are induced by the massive vector superfield, and the coefficients are proportional to
1/M5. In order to match the full and the effective theories at the one-loop level, we need
to take into account the one-loop corrections to the propagator of the massive vector super-
field. Since the momenta of external fields in the baryon-number violating dimension-six
operators are negligible compared with the mass of the vector superfield, we may set the
momentum of internal massive vector superfield zero.

Vertex Corrections

Next, we show one-loop vertex corrections to the interactions of massive vector superfields
with quark and lepton superfields. The tree-level interactions are given in Eq. (2.27).

Fig. 3.4 shows one-loop diagrams contributing to the vertex corrections. Since the super-
symmetric gauge interactions in terms of the superfield formalism have the form ®'e2V®,
there exist diagrams which do not appear in calculation using component fields. Indeed,
multi-vector interactions as ®'V"® (n > 3) also induce one-loop diagrams, which are il-
lustrated in Fig. 3.4 (f). The diagram (a) has only the vertex 2¢®'V®, and the diagrams
(b) and (c) include the vertex 2¢>®TV2®. The diagrams (d) and (e) include the three-point
self interactions of vector superfields. Since the external vector superfield is for the broken
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gauge symmetry, two internal vector superfields must be massive and massless ones. The
contribution from the diagram (f) is vanishing due to the superspace integral.

We now calculate the contributions from the diagrams (a)-(e) in Fig. 3.4. The momenta
of all the external superfields are set to be p?> = 0, for simplicity. In some diagrams, since
they contain IR divergent contributions in this momentum assignment, the non-zero masses
of the MSSM vector superfields (yr) are introduced as IR regulators. Under this momen-
tum assignment, we carry out loop momentum integrals and Grassmann integrals, and we
discard the auxiliary terms. We expand the one-loop Kahler terms around p? = 0, and then
we extract the dominant contributions around p? = 0. The vertex corrections to the gauge
interactions between the MSSM matter superfields and the massive vector superfield are as
follows:

[ 2 v 21 (v %

IC%) = _—§C§ () + gcé () +5C5 )(MX)] IC(VOJ ,
(12 (v v 49 (v v

Ky, = | 3¢ (w) — 201" (Mx) + 63" () +9C; ><Mx>] £, (@2
2 v 29 (v v

’C%) = gcg J(jr) — €1 (Mx) + FCE /() +13C5 )(Mx)} ’Cg?

The contributions from the diagrams (d) and (e) in Fig. 3.4 are canceled each other. The co-

efficients C§V) and Cév) correspond to the correction from the diagram (a), and the ones from
the diagrams (b) and (c) in Fig. 3.4, respectively. After the loop momentum and superspace

integrals, we find that Cgv) and Cév) are given by the functions of the mass of the internal
vector superfield M,

2 2
£5 F, +1-1In ﬂz] . (327)
e z

These loop functions are the coefficients of the effective Kadhler potential IC%V) and ngV) de-
fined in Appendix E in the limit that p? vanishes.

Now, we determine the renormalization constants for the vertices. One-loop renormal-
ized vertex functions are given by

(0)

Kv, = Ky + Ky + (2122222, 1) kYY),
Kv, = K + Ky + (24222 2)* 2, 1) kYY), (3.28)
Kvy = K + KY) + (252227, 1) K.

When Ky, (n = 1, 2, 3) are described as Ky, = Cy, Oy, with the operators Oy, and the
Wilson coefficients Cy, , Zc, are defined to renormalize the UV divergences in Cy,. Then,
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Figure 3.5: Box-like diagrams

we find the renormalization factors for Cy, (n = 1, 2, 3) as follows.

g3

1
ZC = ZCVZ = ch3 =1- 167‘(2 <3C2(G) — ;Ic(R)) X g, (329)

%1

which are consistent with the one-loop beta function for the gauge coupling.

Box-like Corrections

The box-like diagrams contribute to the radiative corrections of the dimension-six operators.
Fig. 3.5 shows all type of the box-like diagrams; we refer to the diagram (a) as the box
diagram, the diagram (b) as the crossing box diagram, and the diagram (c) as the triangle
diagram. The diagram (d) vanishes due to the superspace integral. Thus, it is sufficient
that we evaluate the diagrams (a)-(c) in Fig. 3.5. In these figures, one of two internal gauge
superfield lines must be massive since we focus on the baryon-number violating operators.
As is the case in the vertex corrections, we set all momenta of the external superfields to be
p? = 0 and the fictitious masses of the MSSM vector superfields to be ug, and we remove the
auxiliary terms. For this momentum assignment, we find that the box diagram (a) vanishes
while the crossing box diagram (b) and the triangle diagram (c) are given by the following
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functions:

Ccross (MX) Ctrlangle (MX) = 5 (3-30)

These loop functions correspond to the coefficients in the effective Kédhler potential Keross
and Kyjangle defined in Appendix E in the limit that p? vanishes.

In SUSY SU(5) GUTs, the baryon-number violating dimension-six operators are gen-
erated at the tree level in Eq. (2.29). The one-loop radiative corrections from the box-like
diagrams are written by Ceross and Ciangle:

18 14
KgBOX) = [—gccross(Mx) + 5

22
5

Ctrlangle (MX)} IC (0)
(3.31)

14
K:EBOX) = {— 5 Ceross(Mx) + Ctriangle (Mx )} Icé()) :

Radiative Corrections in EFT

Now we consider the radiative correction to the higher-dimensional Kdhler terms in the
EFT. There are three kinds of contributions to the radiative correction. The first one is the
diagram (a) in Fig. 3.6, where a vector superfield is attached to two chiral superfields or two
anti-chiral superfields. The second one is the diagram (b), in which a vector superfield
is attached to both a chiral and an anti-chiral superfield. The third one is the radiative
corrections induced by the gauge interaction of the composite operators.

We adopt the same momentum assignment which we used in the full theory. After the
loop momentum and the superspace integrals, we derive the one-loop corrections as

o 16 , 4 2, 8
e = K 38+ 581 ) Cr (u) + ( g+ 1281 ) EFT(#IR)} Ky,

(3.32)
16 3
e = K 28+ 15g1) Cr' (u) + (ggé + Eﬁ) CEFT(MR)} Ky
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Here, the diagram (a) vanishes while the diagrams (b) and (c) are given by CET(uR) and
CHFT(uiR), respectively:

1 1(2
Cr'l(pr) = =G5 (ur) = 16”22( +1-In P;IR> (3.33)

These functions correspond to the coefficients defined in Eq. (E.17) in the limit: p? vanishes.
The effective Kéhler potentials up to the one-loop level are described as

Q
£f 1):eff EFT1/2 EFT1/2 0
K5t = KO 10 + (2,28 P2 28T 1) K

The logarithmic divergences are absorbed by the counter terms of C4, and then we have
2 11 3
T =]~ 2 2
G 1672’ (30g1 a8t 3g3) ’
2 23 3
Zey=1-—— T+og+-83) -
= 1672’ (30551 ot 3g3)

These are consistent with the results of Ref. [43]. In the next section, we determine the
threshold corrections for the wave functions and the Wilson coefficients of the dimension-
six baryon-number violating operators by matching the full and effective theories.

st = ,C(l):eff n IC(O) + (chZEFTUzZEFTl/ZZEDFTl/ZZEFTl/z _ 1) K\
(3.34)

(3.35)

Matching Conditions for Dimension-Six Operators

In the previous subsections, we have shown the radiative corrections to two-, three-, and
four-point vertex functions in the SUSY SU(5) GUTs and we have shown also the radiative
corrections to the Wilson coefficients of the dimension-six operators in the EFT. Now, we
determine the threshold corrections by matching the amplitudes in the EFT and those in the
full theory.

First, let us discuss the threshold corrections to the two-point functions for matter su-
perfields. As we have seen in Eq. (3.16), the one-loop two-point functions are divided into
two parts: one is linear to f (M%) and the other is linear to f(u%;). The latter is the contribu-
tion from the MSSM gauge interactions, and the former is the contribution from the broken
gauge interaction in SU(5). On the other hand, the two-point functions in the EFT at the
GUT scale have the form;

r2Poeff — (1 Ag) (1 +bof (V%R» 2Pt (3.36)

Here, the chiral superfield in the EFT is given by (1 — Ag/2)® (® is in the full theory). Ag
is determined so as to match the two-point function in the EFT and that in the full theory:

(M§(> , (3.37)

8% 4
Ao() = 163
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where (;\Q,}Lu, /A\D,)AxL,ﬁE) = (3,4,2,3,6) is defined.

Next, we determine the threshold corrections for the baryon-number violating dimension-
six operators. The two-point functions of the matter superfields in the full theory and the
EFT are matched above, and we have determined the threshold corrections to the renormal-
izable kinetic terms. For a matter superfield ®, the renormalizable kinetic term has the form
(1 — Ag)®'® in the EFT. The finite corrections to the two-point functions in the EFT appear
in the correction to the Wilson coefficients of higher-dimensional operators. The Wilson
coefficients of higher-dimensional operators themselves also include the finite corrections.
Thus, we redefine the effective Kdhler potentials lC?ff (I =1, 2) as the ones with threshold
corrections up to the one-loop level as follows:

]Ceff IC(I) eff <1 — A= %()\u +Ag+Ap+ AL)) IC(O)

1/2 1/2 1/2 1/2
T (ch ZEFT / ZgFT / ZEFT / ZEFT /2 1) ic(0) .

o 1
Kstt = ,C(l) f <1 — Ay — E(/\E + Ay + ZAQ)> ICéO)

1/2 1/2 0
+ (2o, 2B 2T 2T 1) K

A1 and A are the threshold corrections to the Wilson coefficients for the baryon-number
violating operators.

In the full theory (the SUSY SU(5) GUTs), we have computed the effective Kéhler poten-
tial for the dimension-six operators at the one-loop level,

1 1
full _ _ = (1) (Box)
T oo (3.39)
ICfull - Cu.C 0(2) K Box .
2Mg +x(0) 2R TR

The first terms include the vacuum polarization of the massive vector superfield %(0) and
the one-loop effective couplings Cy,, Cy,, and Cy, which are defined in Eq. (3.28). The second
terms are the box corrections defined in Eq. (3.31).

There are IR divergences in K and K¢ (I = 1, 2), which are represented by g. The

divergences are absorbed by the operators OD). * Then, we divide the effective Kahler

potentials into the coefficients C; and the renormalized operator 051):

K:full Cfull@( ) Iceff Ceffoigl) ) (340)

*Since the IR divergent terms from the box-like diagrams are proportional to In M% /2, we divide this
into In M% /2 + In u?/ uZ; where p denotes the renormalization scale, and then the IR divergent terms are
absorbed by the operators.
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The one-loop coefficients in the full theory are given by

C(l):full 2 2 T M2 2
L My 8 e (1omMx) 16, M)

0 - M%+%(0) 1672 5 u?
. (3.41)
Cz(l).full B M%( - g% 2 o1 M_Z - 1_8 nM_%(
Cé()) a M3 +%(0) 1672 |5 5 uz |’
where C{O) and Céo) are the tree-level ones: Cl(o) = Céo) = —g2/M%. The first-two terms

in square brackets arise from the vertex corrections, while the third term is the box correc-
tion. The vertex corrections are divided into two parts: the first term is the massless vector
contribution and the second term is the massive vector contribution.

In the EFT, we find the one-loop corrected coefficients

(1):eff 2 2 2
Cl :1_/\1_6g5 <1_1 M_)_% 85

C1(0) 16712 12 5 1672’

C(l):eff 802 MZ (3.42)
2 :1—)L2— 85 1—1n 14 g5
CZ(O) 1672 yz 5 1672

Here, Mx-dependent terms come from the threshold corrections to the wave function for
matter superfields.

We assume that the matching scale is 4 = Mgur(~ My), where the unification g; =
g2 = g3 = g5 is achieved. By comparing the amplitudes obtained in the full and effective
theories, we determine the threshold corrections to the Wilson coefficients of dimension-six
operators A1 and A; at the one-loop level:

M2 +x(0) 16725 y ’

hoo 2O & 18 M—Z
M3 +%(0) 16725 ur |-

(3.43)

We find that the corrections to the wave function for the matter superfield and the vertices of
the massive vector superfield are canceled with each other as expected from the Ward iden-
tity and that the threshold corrections come from the corrections to the vacuum polarization
and the box-like contributions.

3.3 Numerical Results

In this section, we estimate the size of threshold corrections at the SUSY scale and the GUT
scale.
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SUSY Scale Threshold Corrections

To begin with, we evaluate the threshold effects at the SUSY scale in the split SUSY sce-
nario. As mentioned in Section 1.3, the heavy sfermion scenarios make the constraint on a
dimension-five proton decay mild. We assume that all sparticles except gauginos are de-
generate in mass Mg. Gaugino masses are set to be as follows: bino and wino are degen-
erate in mass M; = M; = 3 TeV, and we treat the ratio of the gluino and bino masses
as a free parameter. In the numerical estimation, we set M3/M; = 1,3, and 9. We also
choose tan B = 3 since a small tan  is preferred to get the observed Higgs mass in the heavy
sfermion scenario [30,86,129]. The matching scale for the proton decay amplitudes is set to
be the sfermion mass scale Mg.

We define the ratio of decay rates with and without SUSY threshold corrections in order
to estimate their effects. The ratio is approximately written as

. AP+ (14 Ua22A87 641
= Agl)z N (1 X |uud|2)2AgZ)2‘ ’ .

w/o
with the short-distance renormalization factors

A0 — Ci(mz) ’
S C1(Mgur)

where Cr(p) (I = 1,2) are the Wilson coefficients of the dimension-six operators at renor-
malization scale y. The denominator of Eq. (3.44) includes only the threshold corrections at
the GUT scale, on the other hand the numerator of Eq. (3.44) includes threshold corrections
at both GUT and SUSY scales.

We see these threshold effects at the SUSY scale in Fig. 3.7, where the minimal SU(5)
model with all mass parameters and the GUT scale fixed at 2 x 101® GeV is considered. Let
us add a few comments.

First, if all sparticles are degenerate in mass, there is no contribution from the threshold
corrections. This is because the loop functions f and F behave as follows (4 = Mg)

(3.45)

1, M3 1, M3
f(M32, M%) ~ E1n—5 —0, F(M2% M2 M3%)~ —Elny—;

7 —0, (3.46)

Second, the ratio R approaches a constant in the limit of decoupled sfermions since these
loop functions behave as

M2 MZ
f(M3, M3) ~ —i (1 —2In M_;) ,  F(M3} M;, M%) ~ i (1 —2In M—25> ) (3.47)

in the limit of Mg > M,. In Fig. 3.7, the ratio R is enhanced when M3/M; = 9 and Mg ~
O(10) TeV. In this case, the sfermion mass is smaller than the gluino mass is 27 TeV. In this
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Figure 3.7: Ratio of proton decay rates with and without threshold correction at SUSY
scale. At GUT scale, we assume the minimal SUSY SU(5) GUT model, and each decay rates
includes threshold correction at GUT scale. Bino mass M;j is set to be 3 TeV. Solid, broken,
and dotted lines respectively indicate M3/ M; =1, 3, and 9.

case we should take the matching scale somewhere between the sfermion and gaugino mass
in order to minimize the 2-loop corrections.

As a result, we conclude that there is only a few % correction to proton lifetime in the
split SUSY scenario.

Minimal SU(5) with Extra Matters

Now, we give numerical results of the short-distance renormalization factor including thresh-
old corrections in the minimal SUSY SU(5) GUT and its vector-like extension. In the min-
imal SUSY SU(5) GUT, the X supermultiplets, the color-triplet Higgs supermultiplets, and
the adjoint Higgs multiplets acquire heavy mass through the VEV of the adjoint Higgs mul-
tiplet. First, we set the masses of the GUT particles to be degenerate in mass 2.0 x 10! GeV
since they are model-dependent parameters. © The dependence of the threshold correction

*The GUT mass spectrum may be constrained by the gauge coupling unification. In this subsection, we do
not use this constraint. However, we consider the constrained mass spectrum in the next subsection.
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on the GUT scale mass spectrum is shown later. The threshold corrections in the minimal
SUSY SU(5) GUT are divided into two parts: the one comes from the vacuum polarization
of the massive vector superfield as

2(0)

==/ - _368x1072, 3.48

another one comes from the box-type diagram:

2 2
8 16 My )
Mhet = T2 5 |1 -In 7 | =108x107%,

2 2
85 18 My 9
)L2|Vert. = @g 1-— ln? =1.15x 10 .

(3.49)

Then, by combining these contribution we obtain the numerical values of threshold correc-
tions as

M(Mcur) = =266 x 1072, Ay(Mgur) = —2.53 x 1072, (3.50)

where we assume that all sparticle masses are set to be Mgysy = 1 TeV. We set the renormal-
ization scale at which we match the amplitudes in the full theory and the EFT to Mgyt =
2.0 x 10'® GeV.

As in the previous subsection, the short-distance renormalization factors of Wilson coef-

ticients AgI)ZSUSY which include two-loop RGEs in the SUSY SM and threshold corrections
are defined by
: Cr(Msusy)
Alsusy _ CriMsusy) 3.51)
S Cr(Mgur) (

These numerical factors are obtained by the RGEs at the two-loop level *

ALSSY — 2005, APSUSY — o118, (3.52)

We have also evaluated the short-distance renormalization factor to the partial decay rate

(p — et + V). We define the ratio of the short-distance renormalization factor with and

without the threshold correction to the Wilson coefficients of the dimension-six operators as

Eq. (3.44). The denominator and numerator correspond to the short-distance enhancement

factor of the nucleon decay rate without and with threshold corrections, respectively. We

obtain R = 1.052 in the minimal SUSY SU(5) GUT, that is, there is about 5% enhancement
compared with the short-distance renormalization factor without threshold corrections.

*The RGEs for the gauge and Yukawa coupling constants and the Wilson coefficients for the baryon-number
violating dimension-six operators are summarized in Appendix G.
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Figure 3.8: GUT-scale particle mass dependence on renormalization factor of proton decay.
Left panel shows Mp. dependence for My = Mx = 2 X 1016 GeV. Right panel shows My,
dependence for M. = Mx = 2 x 10'® GeV. Dotted line shows the degenerate mass case in
each panels.

We note that the mass relation between My, and My,, is My = 5My,, in the minimal
SUSY SU(5) GUT. When we adopt this mass relation and we assume the masses of the GUT
particles are set to be Mx = My, = 2.0 x 10 GeV, we have

Ag):susy — 2014, Aéz):SUSY —2.107, (3.53)

and then, we obtain R = 1.041.

In Fig. 3.8, we describe the heavy mass dependence on the ratio of the short-distance
renormalization factor in the minimal SUSY SU(5) GUT. Here, we set the mass of the compo-
nent fields of the adjoint Higgs multiplet to be degenerate in My, that is, we set My,, = My,
for simplicity. The left panel of Fig. 3.8 shows the color-triplet Higgs mass (Mp_.) depen-
dence of the ratio with the fixed adjoint Higgs mass My = 2.0 x 10'® GeV. The right panel
of Fig. 3.8 shows the adjoint Higgs mass (My) dependence of the ratio with the fixed color-
triplet Higgs mass Mpy. = 2.0 x 10'® GeV. Since, in a large My, region, the vacuum polar-
ization behaves as £ ~ 1M%(3 —In M%ic /%), the decay rate of proton is slightly enhanced
in this region.

In the SUSY SU(5) GUT with light vector-like matter scenario, the threshold corrections
to the Wilson coefficients of the dimension-six operators are enhanced since the unified
gauge coupling becomes large. This large unified coupling leads to the large renormal-
ization effect to the Wilson coefficients of the dimension-six operators.
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Figure 3.9: Ratio of short-distance renormalization effects with and without threshold effect
in the minimal SUSY SU(5) GUT with light vector-like matters. We take ns = 1,--- ,4 in
solid lines from top to bottom. The case of the minimal SUSY SU (5) with no light vector-like
matter is shown in dotted line.

Fig. 3.9 shows the ratio of the short-distance renormalization factors in the extra vector-
like matter scenario. The horizontal line and the vertical line indicate the mass scale of the
vector-like matters and the ratio of the short-distance renormalization effect, respectively.
The solid lines correspond to the case that the number of 5+ 5 vector-like matters is set to be
ns =1, ,4 from top to bottom without 10 + 10 vector-like matter. In this estimation, we
assume the masses of the heavy multiplets and the GUT scale are set to be 2.0 x 10'® GeV. If
the mass (number) of the vector-like supertfields is sufficiently light (large), the unified gauge
coupling at the GUT scale becomes larger. However, the additional contribution from the
vector-like matters cancels with the gauge contributions. In fact, the vacuum polarization
Yx(0) from the vector-like matters is proportional to

2(Ns + Nz M
ZX(O)‘Vector—like X gf)(lzTS)Mg( (1 —In TX) . (354)

Here, we neglect the vector-like mass dependence since we are interested in the case of the
sufficiently small vector-like masses. Therefore, the additional positive contribution from
the vector-like matters cancels with the negative contribution A;| .. (i = 1,2) in Eq. (3.48)
when we set My = u = 2.0 x 1016 GeV.

vec.
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Figure 3.10: Partial proton lifetime (p — 7° + e™) in vector-like extension scenario. In
solid (dotted) lines, we take ns = 0,1, --- ,4 with (without) threshold corrections at GUT
scale. Deep gray (gray) region corresponds to experimental excluded region by Super-
Kamiokande (future sensitivity by Hyper-Kamiokande).

In Fig. 3.10, we show the partial proton lifetime (p — 7° + ™) in the minimal SUSY
SU(5) and its vector-like extension. In this evaluation, we assume the masses of the GUT
spectrum except the massive vector superfield are set to be the same mass (2.0 x 10'° GeV).
The mass of massive vector superfield is set to be My = 2.0 x 10'® GeV in black lines and
Myx = 1.0 x 10! GeV in red lines. The deep gray region is excluded by the present lower
bound on this decay mode at the Super-Kamiokande (t(p — 7% +e¥) > 1.6 x 103 years).
The gray region corresponds to the future sensitivity on this decay mode by the Hyper-
Kamiokande (t(p — 7° +e*) > 1.0 x 10%® years). The unified coupling becomes large at
the GUT scale due to the extra matters, and hence the proton lifetime is suppressed in the
extra matter extensions [99].

Minimal vs. Missing Partner SU(5)

Let us consider now the effect of the additional fields at the GUT scale. The precise calcu-
lation for proton lifetime depends on the unified coupling g5 and the mass spectrum at the
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GUT scale. In particular, as we have shown in Section 2.3, the GUT mass spectrum and the
value of the unified gauge coupling are connected through the threshold corrections to the
gauge couplings at the GUT scale [127,128]. Thus by requiring gauge coupling unification
we get a constraint on the mass spectrum of the GUT particles through threshold correc-
tions. At the GUT scale, the one-loop matching conditions for gauge couplings are given as
in Eq. (2.35). The threshold corrections ¢; for the gauge couplings depend on the details of
the GUT particles spectrum. For the minimal renormalizable SUSY SU(5) GUT, the mass of
color-triplet Higgs multiplets My and the combination of the mass parameters M3 My, are
determined by [127,128]

3 2 1 1 12. Mgy

_ . — o (3.55)
() &) &) 815 pu
2

S 3 2 Ly MMy (3.56)
gi(n)  &(n) g5(u) 8 p

The right-hand sides of Egs. (3.55) and (3.56) are thus determined by the low-energy gauge
couplings and the SUSY mass spectrum. Notice that My, which enters in the expression
for the D = 6 proton lifetime, cannot be determined since Eq. (3.56) constrains only the
combination M5 My. We treat the mass of the massive vector superfield as a free parameter
in the following numerical calculation, and we estimate the gauge couplings at the matching
scale (i.e. GUT scale), which we take # = 2 x 10'® GeV, by using the two-loop RGEs for gauge
couplings. After we fix M, we determine the mass of the color triplet My, from Eq. (3.55)
and that of the adjoint Higgs My from Eq. (3.56). One of Egs. (2.35) (for example g) is then
used to get g5 at the GUT scale.

In the missing-partner SU (5) model, the combinations of the GUT masses are constrained
as [110];

3 2 1 1 (12, Mp-Mg 26
_ _ — “lh—C "¢ 16lnZ |, (3.57)
B &) giw 81 ( 5 Myp 5
5 3 2 1 M?2 Mz 5
_ _ — 12In —X"= 15410 = | . (3.58)
S S G 8 ( w 4)

Here, Mp. and Mp_ correspond to the mass of the color-triplet Higgs multiplets, while M H,

denotes the mass of the extra Higgs doublet induced by the breaking of the PQ symmetry.
Mgz is defined as the mass of the component fields (8,3)¢ in Table 2.2. The constant terms
arise from the mass splitting of the component fields of the 75-dimensional Higgs multiplet
as we have shown in Table 2.2.

In the following analysis for the missing-partner model, we determine the combinations
Mu Mg /M H, and M3 Mz from Egs. (3.57)-(3.58). As in the case of the minimal SU(5), for

a given sparticle mass spectrum, Mx cannot be determined: Eq. (3.58) gives only a relation
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Table 3.2: Threshold effects on the partial proton decay rate. For simplicity, we assume that
all superparticles are degenerate in mass Mg = 1 TeV.

Minimal SU(5) Missing-Partner
My 1.0 x 10 GeV | 2.0 x 101° GeV | 1.0 x 101 GeV | 2.0 x 101 GeV
Al 2.070 1.968 1.301 1.269
Ag2> 2.162 2.059 1.352 1.295
R 1.10 0.994 0.429 0.394
g5 0.697 0.713 0.938 1.198
T(p — et %) [years] | 138 x 10% 2.23 x 1036 1.08 x 10% 7.09 x 10%

between Mx and Mz. We also define the unified coupling g5 as in the minimal SU(5). For
simplicity, we take the typical mass scale for the color-triplets, My, = Mp_ = 10'° GeV, as
shown in Chapter 2, so that M H, is given by Eq. (3.57) at the matching scale y = Mgyr =

2 x 10 GeV.

We list numerical results in the minimal SUSY SU(5) and the missing-partner model in
Table 3.2. Here, we assume that all SUSY particles are degenerate in mass, Mg = 1 TeV, for
simplicity. Since proton lifetime strongly depends on the mass of the X boson, we display
the results for two choices of My = 1.0 x 10'® GeV and My = 2.0 x 10'® GeV. By using
the central values for gauge couplings at the EW scale, the mass parameters determined by
Egs. (3.55)-(3.58) are obtained as follows:

My, =635 x 101 GeV,  (M%Msy,,)'/3 = 1.48 x 10'° GeV, (3.59)
for the minimal SUSY SU(5),
My Mg
He™He _ 106 % 102 GeV,  (MiMz)"/? =543 x 101° GeV, (3.60)

Mo
Hy

for the missing-partner model. In the missing partner model, we get M H) ™ 10'° GeV using

the above constraint and the assumption My, ) = 10'® GeV. This result is consistent with
the intermediate PQ breaking [111].

The quantities A(Sl) (i = 1,2) in Table 3.2 show the short-range renormalization factors
with the threshold corrections defined by Eq. (3.45). For each My, we get the threshold

corrections in the minimal SU(5) model as

A = 4941072, A = —1.65x 1072,
A0 =198x1073, A =326x1073,

(for My = 1.0 x 10'° GeV),

(3.61)
(for My = 2.0 x 10'° GeV),
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and in the missing-partner model as
AD =0340, A? =0346, (for Mx = 1.0 x 10'° GeV),
AD =0369, A?) =0373, (for Mx = 2.0 x 10'° GeV).

When we estimate the partial proton lifetime in each model, we use the proton decay
matrix elements calculated by the lattice simulation at 2 GeV [41]. Note that the unified
coupling gs in the missing-partner model is larger than the one in the minimal SU(5). This
is due to the following two reasons:

(3.62)

1. The combination M% Mz in the missing-partner model is slightly smaller than in the
minimal SU(5) due to the constant term present in the right-hand side of Eq. (3.58)
but not of Eq. (3.57).

2. There are many components of 75 contributing to the threshold correction for the
gauge couplings.

In Table 3.2 we see that threshold effects are negligible in the minimal SU(5) model
(R ~ 1), but suppress the proton decay rate by an approximate factor 0.4 in the missing-
partner model. A much bigger effect comes from the variation of the mass of massive vector
superfield My, and is unfortunately not under control. This change of the lifetime T with
My in Table 3.2 can be understood by the approximate tree level relation T o (M /g5)%.

The threshold corrections from vertex and box contributions depend only on Mx and g5
in the context of the SUSY SU(5) GUTs, and these values are of order 10~2 as we have shown
in the previous subsection. Let us consider the model dependence of the threshold effect,
which appears in the vacuum polarization of the massive vector superfield. When the heavy
spectrum is degenerate, the dominant (first term) contribution to the vacuum polarization
in Eq. (3.21) is proportional to the one-loop beta function for the unified gauge coupling. In
the minimal SUSY SU(5), the contribution from the gauge supermultiplets dominates the
vacuum polarization, that is the theory is asymptotically-free. Since there exist many mas-
sive fields in the missing-partner model, the contribution from the chiral supermultiplets
is enhanced, and thus the vacuum polarization is dominated by the chiral supermultiplets
in the model. Therefore, the resulting threshold effects vary among GUT models due to
the relative sign between the contributions from the gauge and the chiral supermultiplets.
Notice that we, of course, include other contributions, such as vertex contributions, box con-
tributions, and vacuum polarizations which arise from interactions including GUT breaking
VEYV, though they are subdominant in the missing partner model.

If we estimate the masses of the Higgs multiplets by using Egs. (3.57)-(3.58) with Mx
lying around 10'® GeV, all components can be lighter than the massive vector superfield in
the missing-partner model. The 75-dimensional Higgs multiplet has a number of component
tields with mass different from the matching (GUT) scale, and thus there can be a large
contribution of the threshold correction to the proton lifetime. As a result, the proton decay
rate in the missing-partner model is suppressed about 60% with My = 2.0 x 10'® GeV as we
show in Table 3.2.
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Chapter 4

Conclusion and Discussions

In this thesis we have discussed next-leading order (NLO) corrections to the baryon-number
violating operators in the context of the supersymmetric grand unified theories. In particu-
lar, at the sparticle mass scale and the GUT scale, we have derived the one-loop threshold
corrections to the Wilson coefficients causing p — e 7° mode. The derivation has been fo-
cused only on the gauge interactions where two-loop RGEs for proton decay operators have
already been studied.

We have considered the specific supersymmetric models which explain the observed
Higgs mass. The split SUSY models have the hierarchical mass spectrum among gauginos
and sfermions. Since the threshold corrections depend on the mass spectrum, it has been
expected that the corrections at the SUSY scale can be significant in the NLO calculations.
In the SUSY SM with extra vector-like matters, the unified coupling is larger, and then the
corrections at the GUT scale has been also expected to become larger.

For the split SUSY models, in the limit of the degenerate sfermions, there is not so much
correction to the baryon-number violating operators at the SUSY scale against our expecta-
tion. In fact, the correction to proton decay rate is a few percents with degenerate sfermions.
However, it might be possible to enhance the correction if the hierarchical sfermion masses
are realized. While we have focused on the split SUSY model in the numerical simulation,
the analytic formula Eq. (3.11) is applicable to the generic SUSY spectrum. Furthermore, it
is straightforward to extend our formula to the other operators which generate four-Fermi
interactions, such as flavor-changing neutral currents.

We have also investigated the threshold effects on the proton lifetime in the minimal
SUSY SU(5) GUT with extra vector-like matters. We have found that the threshold correc-
tions give tiny effects in spite of the large unified coupling. This is because there is a cancel-
lation between vacuum polarizations of the massive vector superfield from extra vector-like
superfields and gauge supermultiplets.

We have also studied the effects from the higher-dimensional representations at the GUT
scale. In this thesis, we have focused on the specific GUT model called the missing-partner
model. In this model, the Higgs sector effectively contains the 75-dimensional Higgs mul-
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tiplet and two pairs of 5+ 5. We have determined the mass spectrum at the GUT scale
using the low-energy gauge coupling constants with fixed some mass parameters such as
the mass of the massive vector superfield and the color-triplet chiral superfields. We have
also determined the unified gauge coupling including threshold correction, so that the mass
differences among the components of 75-dimensional Higgs make the coupling large. As a
result, due to the small masses and the large coupling, the contributions of all these multi-
plets sum up to a correction of about 60% to the proton lifetime.

In this study, we have not included the corrections from Yukawa coupling. The reasons
are the following: no two-loop RGE analysis with Yukawa couplings for the baryon-number
violating processes is available, and the effect is not expected to be sizable due to the small-
ness of Yukawa couplings except the top Yukawa coupling.

Moreover, we have not considered the effect of higher-dimensional operators with the
Planck-scale suppression. In the missing-partner model, we assume 50 + 50 pairs have the
mass around the Planck scale. There might be the Planck-suppressed operators in general,
so that they would affect the gauge couplings and the mass spectrum about a few percent at
the GUT scale. The corrections strongly depend on the couplings of the higher-dimensional
operators. However, since the UV description of the supersymmetric grand unified theories
is not available, we cannot include the correct effects from the Planck-scale physics so far.

We have focused attention only on the SUSY SU(5) GUT models in this study. We ex-
pect the extension to the other unification group such as SO(10) and Ej is straightforward.
In particular, we give the explicit formulae of the supergraph calculations in Appendix E.
Hence, what to do is decomposing the GUT interactions and calculating the numerical factor
for each supergraphs.

Last but not least, we notice remaining uncertainties in the precise determination of the
proton lifetime. One of them is the hadron matrix elements. The matrix elements of p —
7% is evaluated with lattice QCD, and they have at present around 30% uncertainty [41],
and below 20% uncertainty with improved statistics [130]. We hope that this uncertainty
will be reduced in future studies.

Another is the next-to-next-to leading order (NNLO) calculations. There exists the ad-
ditional loop suppression in the NNLO calculations such as three-loop RGEs and two-loop
threshold corrections. The loop factor at the GUT scale, that is g%(MGUT) /1672, becomes
3.3 x 1073 to 1.5 x 1072 corresponding to the number of vector-like matters being N5 = 0
to N5 = 4. The loop factor in the missing partner model is 9.1 x 102 using the unified
coupling g5 = 1.198 as shown in Table 3.2. Thus, the NNLO calculations should be much
smaller than the uncertainty of the matrix elements with lattice QCD.
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Appendix A

Convention and Notations

Convention

We use the metric on the four-dimensional Minkowski spacetime which is given by
" = diag(+, —, —, —). (A1)

Here, Greek indices v, v run (0, 1,2,3) with 4 = 0 being the time coordinate. We also use the
definition of the totally anti-symmetric tensor as €?1% = 1.
Angular momentum operators J; and boost operators K; are given by

_ k
Ji = eip M,

(A2)
Ki = Miy = =M,

where M, is the generator of the Lorentz group. Commutation relations of them are given
by
Ui il = i€ijxdx,
i, Kj] = ieijKy, (A.3)
[Ki, Kj] = —ie€ijJ -

Now we define the following spins

A= Uik, Bi= (i iK). (A4)

N =

These spins, of course, satisfy A* = B and the following commutation relations.
[Ai, Aj] = i€ A,
[Bi, B]'] = ieijkBk ’ (A5)
[Ai, Bj] = 0.
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Thus, A and B spins satisfy the SU(2) Lie algebra. The arbitrary finite-dimensional repre-
sentation of the Lorentz group is characterized by the size of spins A and B. The dimension
of the representation space is (24 + 1)(2B + 1). The fields corresponding to the simplest
representation are SL(2, C)-spinors (A, B) = (1/2,0),(0,1/2).

SL(2,C)-spinors are denoted by

Xer  XE (A.6)

We refer to x4 (1/2,0) as the left-handed spinor, whereas we do to x!(0,1/2) as the right-
handed spinor. Since A and B are complex conjugates of each other, we write

(xe)" = Ak (A7)

Hereafter, we use the short-hand notation for spinor contractions

X1 =x"1, xX'nt=xin"™. (A.8)

We use the totally anti-symmetric tensor €*P to raise lower indices of S L(2,C)-spinors, and
vice versa. Since €*f is an invariant tensor of SL(2, C), we define the components as follows
without distinction between dotted and un-dotted indices.

6122621:1, 6122621:—1, 611:6’22:0. (A9)

The Grassmann derivative and the Grassmann integral measure are defined as:

d d
S0 = 5, T —50h =05, (A.10)
d?0 = —}Id()"‘d()ﬁeaﬁ, d?ot = —id@id()ge‘j‘ﬁ. (A11)

Then, the integral of the products of the Grassmannian coordinate 80 = 0%6,, 070 are
obtained as the following form;

/ 26(060) = 1, / 261 (0761) = 1. (A.12)

Spinor Relations

Gamma matrices in chiral representation are given by

0 0'H~ _5/3 O
B = wp 0,1,2,3 _ « g
7—<5Wﬁ 0>,7 =ity ( 0o &) (A.13)
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Chiral projection operators are defined as

1 B
P=g0-m = 0 )
K 0 0\ - (A.14)

Now, we divide Dirac spinor ¥ (x) into two mass-degenerate, opposite charged Weyl spinors
Xa (%), 17a(x) as:

Xe (%) )
Y(x) = ; . A.15
( ) ( U'I'a(x) ( )

The Hermitian conjugate of Weyl-spinor is defined as:
)" = @a=wr, (™) =" (A.16)

These relation means that the Hermite conjugate of the left-handed Weyl spinor is the right-
handed Weyl spinor, and vice versa. Then, we have

) =¥ WA=, x), Y- wm=( ). @
Then, we also have
fu0 =¥ = ()t =rexe =y ) @

We are able to divide all of the Dirac bilinear forms into the bilinear forms in terms of the
Weyl spinors:

YiPY; =n'x;, YPRY; = X",
‘?PL‘I’]C = 17i17]~, @PR‘Y]C = Xﬂ)(;r, (A.19)
YCPLY; = x'x;, YCPrY; = '],

‘?’W‘PL‘I’]- = Xﬁ(?”)(j, @W‘PR‘I’]- = 171'(7”17;. (A.20)

Thus, we have the transformation between the bilinear forms of the Dirac spinor and the
Weyl spinors:

Yih¥; = "ot + ottt it = —xTat xg+ oty
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We obtain the following relations by using formulae for the Pauli matrices.

(70 5) (i) = X80 @i (o) s ()P

=208 ) (xjart™) s
Yzt ) (KT — 9 (¥Byit Ry (2B . (A.22)
(T x) (T Tux) = 2(e%xa xg ) (€% xjaxip)
(' el (' ounl) = 2(exs (1)) (1)P) (eaprt™nkp) -

In terms of Dirac spinor relation, we have
(TZ’)’VPLIY]')(‘P ’)/]/tPLIYI) = 2(‘f PR‘PZC>(‘PC]'PLT[) ,
2(F PRY* ) (¥C,PLY)) (A.23)
—i —k —i =k
(Y'9"PrY;) (¥ 7uPLY)) = 2(¥' PrY)) (T PLY))

Group Theoretical Constants

In this section, we summarize group theoretical constants. We consider both a simple group
and a product group. A generator acting on a field ® is denoted by T4 with A running over
the number of generators. The Dynkin index I(®) and the quadratic Casimir invariant C(®)
are defined by

YT = Ca(@)1,
A (A.24)
tr(TATE) = I,(®)64B.

Here, subscript a denotes the label of the group G: a = G if G is simple and a runs over all
simple groups G; if G is not simple and G = G; X Gy x - -+ X Gy. Through this thesis, by
convention, the Dynkin index of fundamental representations is normalized as I = 1/2 for
an SU(N) group. In the text, we often use the following notation for the quadratic Casimir
invariant of the adjoint representation,

famnfemn = C(a)dap - (A.25)

For the SM gauge group and the unified group, we also use the following shorthand nota-
tions in the text. The subscripts i = 1,2, and 3 of [;(®) and C;(®) respectively represent the
GUT-normalized U(1)y, SU(2)r, and SU(3)c. I5(P) and C5(P) respectively represent the
Dynkin index and the quadratic Casimir invariant for a field ® in an irreducible representa-
tion of SU(5).
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Appendix B

Input Parameters

In this appendix, we present input values for numerical simulations.

B.1 Electroweak Scale

First, the SM gauge couplings at the EW scale are shown in Table B.1. These couplings are
estimated in the MS scheme. The SU(2); and U(1)y couplings, ¢ and gy, are given as

§*(mz) __apm(mz) gy(mz) _ agm(mz)
4r sin? Oy (mz) 4r 1 —sin? Oy (mz)

(B.1)

The relations between MS and DR couplings will be shown later.
We evaluate the Yukawa coupling matrices at the EW scale by using the quark and lepton
mass matrices as follows,

(Y 0 0
Y, =M,, — =
V2 i ot Ve V2

Here, the diagonal elements of the quark and lepton mass matrices M;, M;, and M, are listed
in Table B.2. In Table B.2, the light quark masses, m,, m;, and ms, are MS masses at 2 GeV.
The charm quark mass m, and bottom quark mass m,, are estimated at each mass scale as
MS masses. We treat the top quark mass n1; as a pole mass. We also show the transformation
from the MS and the pole masses to DR masses, and show the short-range renormalization
factor for quark masses later. Ucky is the CKM matrix parameterized as

YaUckm = My, Ye = M,. (B.2)

—i

C12€13 512€13 513€
_ 5 s
Uckm = | —S12023 — €12523513€"°  €12023 — $12523513€°  Sp3€13 | (B.3)
s %
512523 — €12€23513€°  —C12503 — 512023513€"°  €23€13
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Table B.1: Electroweak Parameters

Symbol Value
Fine structure constant th_I\l,[(m z) 127.940 [57]
Weak angle sin? Oy (my) 0.23126 4 0.0008 [57]
Strong coupling constant  ag(my) 0.118 £ 0.007 [57]
Z boson mass my 91.1876 + 0.0021 GeV [57]
W boson mass mw 80.385 4+ 0.015 GeV [57]
Higgs boson mass my, 125.09 £ 0.21 (stat.) &= 0.11 (syst.) GeV [26]

where ¢;; = cosb;j,s;; = sinf;;, and the CKM phase 6. In our calculation, we used the
Wolfenstein parameterization [131].

s AX(p+i)V1— AZA4

s = A, sp3 = AN?, sppe’ = : B.4
12 23 13 VI = AZ[1— AZA%(p + i7)] (B.4)

These values have been measured by various experiments.
A = 0.22535 £ 0.00065, A = 0.811700%3, (E5)

p= 01108, 1 = 03454308

Scheme Transformations

The gauge couplings in MS and DR schemes relate to each other. This relation is easily de-
rived from the finite correction to gauge couplings with the unification requirement. Indeed,
the finite corrections in MS and DR differ in only mass-independent term. The formula is
given as follows [132]:

11 G 56
() B 127 '
where y denotes the renormalization scale and
(Cll CZ/ C3) = (01 2/3) . (B7)

For quark masses, we convert MS masses into DR ones since we use the DR renormalization
scheme in the supersymmetric models. By comparing the pole masses and the running
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Table B.2: Masses of Quarks and Leptons

Symbols Values
m, (2 GeV)M> 23107 MeV
mg(2 GeV)MS 4.8+07 MeV
e 0.510998928(11) MeV
me(me)MS 1.275 + 0.025 GeV
mg (2 GeV)Ms 95.0 & 5 MeV
m, 105.6583715(35) MeV
my 173.07 + 0.6 = 0.8 GeV
my (my)MS 418 4 0.03 GeV
e 1.77682(16) GeV

masses (in the MS and DR renormalization schemes), and then we get the DR mass for
quarks at one-loop level in terms of MS couplings and masses [133],

PR () = ¥ ) (1 - "‘MS“’)) . (B.5)

3

The one-loop scheme transformation between the pole mass and the DR mass for top quark
is given by [134]

e _ pR, DRy (1_ 5 DR DR
P = PR (1= aBR PR ) (B3

Short-range Renormalization Factor
Below the EW scale, the quark mass 1, develops at the one-loop level as follows

N —4/bs
ma) = (asy) ) (510

where u and y are the renormalization scales, and bg is the coefficient of the B-function
defined as

2
bg = — (11 - qu) . (B.11)

Here, Ny is the number of quarks.

68



Appendix C

Supergraph and Feynman Rule on
Superspace

In this appendix, external superfields have the external momenta and fermionic coordinates
0 = (04,0)). If external superfields have the momenta (the size of the momenta is denoted
as p) which are the same (opposite) direction as the chirality arrow, we denote the external
chiral and anti-chiral superfields as ®(p,0) and ®'(p,0) (®(—p,0) and ®*(—p,0)), respec-
tively.

C.1 D-Algebra

We will give the formulae for the super-covariant derivatives, which are called “D-algebra”.
By using these formulae, we obtain not the full effective action but “the effective Kéhler
potential” in this thesis. In momentum space, the anti-commutation relations are given as
follows:

{Da(p). Ds(p)} =0, {Dulp) Dy(p)} =0,
{Dup) Dytr)} = —20tp { D), D)} = 2,

where we substitute —ip, for the usual derivative 9, in momentum space. Now, we do not
write down the momentum-dependence of the super-covariant derivative D(p) explicitly
below. We use pug = (0")aapy and p** = (0#)*p, as shorthand notation. § denotes the
delta function for the superspace coordinates.

6 =46(0) = 6%0™. (C.2)

(C.1)

Now we find easily the formulae for simple D-algebra:

SF6 =0, (C.3)
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with F = 1, D%, D?, D"‘D“, D*D", and these Hermite conjugates. This is because the fermionic
delta function has two s and two 6's. Projection operators are defined as follows:

1 DD 1 D*p2
Pl=— " Py=
16 p? 16 p? ca
1 D2 1 D 1D*D*D, €
Py =~ , Po=— , Pr=—2 2
4 —pz 4 —pz 8 p

Formulae with four derivatives

There are non-zero contributions from the D-algebra with the scalar-type index, which means
that all of the spinor indices are contracted.

6D*D’6 = 6D D = §D;D* D6 = DD Dyé = 165. (C5)
We also obtain the epsilon-tensor type contributions: at first, using the following relation
1 ’ — 1 =
DyDg = Eea/ﬂ? , DiDy= ieaﬁp , (C.6)
we obtain
§DyD Db = 6D DD 6 = 6D Dy Dy = 8exgd, )
6Dy D*D 6 = 6Dy DyD*6 = 6D*Dy Db = 850 -
Formulae with five derivatives
Using the anti-commutation relation, we obtain
DiD? = 4py D* + D*D,, (C.8)
then,
DyD*D" = 4p D°D" . (C9)
Formulae with six derivatives
We find
SDDP DD = 32pP%5, DM DVDPDs = 32pP05, (C.10)
and JD“ﬁzDﬁﬁzé = 0. Futhermore,
=2 =2 =2 =2
D (p)D*(p)D"(p) = 16p°D (p), D*(p)D"(p)D*(p) = 16p"D*(p). (C11)
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External Superfields with Covariant Derivatives

In a full quantum action, there are terms with the covariant derivatives acting on external
tields. To obtain the effective Kdhler potential, we have to divide them into the terms with
and without covariant derivatives. The terms with covariant derivatives are vanished in the
limit of D,® = 0 and D Bcb* = 0. Here, we give
DD’ (0(p)®T(g)) = —29P"@(p) @ (q) + D@ (p)D @' (g),
DD (@(p)@"(9)) = ~2p7@(p)®* (g) + D@ (9) D*@(p).

The last terms correspond to the auxiliary potential. The products of external superfields
with projection operators are divided as follows.

DD (®(p)®(q)) = 16(q + p)*®(9)®(p),
DD (@' (p)®(9)) = 16(qg + p)2@* (9) " (p), | (C.13)
D DX(@(p)®'(q)) = 16p*D(p)®' (q) + 8p,s D ®(p)D ' (q) + D20(p)D°®* (g).

(C.12)

In order to obtain the last line, we use the relation 513172@( p) = 4psD*P(p).

For the product of chiral and antichiral superfields projected on the transverse mode, we
also decomposed it as the following form:

DD D, [®(p)® (9)]

Pt t 2 2t (€14
= =2(q = p)ugD*®(p)D @ (q) —8p - qP(p)®"(q) + D"P(p)D D" (9) -

Here, we use Pr® = 0 (Pr®" = 0). Indeed, the chiral superfield projected on the transverse
mode is exactly zero due to the property of the projection operator, P; + P, + Pr = 1. The
dot product is defined as p - ¢ = p¥q,,.

We also have the gauge interactions among chiral, anti-chiral, and vector superfields.
From these interactions, we get the quantum action in which superspace covariant deriva-
tives act on the vector superfield. In terms of the effective Kédhler potential, we must neglect
the terms vanished as D, ® = 0 and 5[3(1)* =0.

(C.15)

[ dtoat (=)@ DDV (g)
| , (C.16)
- / 440 [—2kﬁ“c1>+(—p)c1>(k) +D*®(k)D’ ¢+(—P)] V(g).
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C.2. FEYNMAN RULE ON SUPERSPACE

The terms with projection operators acting on the vector superfield are decomposed as fol-
lows.

/ d49q>+(—p)q>(k)iD252V(q)

16
- 11_6 [ato {52q)+(—p)1)2q)(k) +2D8" (—p) D D?0(K) + 16k2<1>*(—p)<1>(k)} Vi),
/ d49q>*(—p)<1>(k)11—6521>2V(q)

= o [ @6 [P0 (- p)DP0(k) + 2D 00D, DS (~p) + 16970 (~p)@(K)| V(1)
[ 60t~ pyak) (—ép@zm) V()
— %(k - p)B"‘/d4955®+(—p)Da®(k)V(q) + (> — p*— k%) /d49®*(—P)<I>(k)V(q) -

(C.17)

C.2 Feynman Rule on Superspace

Here, we summarize the Feynman rule on the superspace. First, we give the Feynman-rule
on the coordinate space for the generic super-Yang-Mills with matter chiral superfield.”

1. Propagator:
(a) Chiral Superfields with mass m
iD?

. ﬂ— (8) (s _
PP : 4D(D+m2)5 (z—2")
m D

ot T (7 (C.18)

(O OME 4D(D+m2)(s (z—12")

P S | Y
(OLO RN (D+m2)(5 (z—12")
(b) Vector Superfields
1 i i
S5 @)y _

vV 2<D+m2PT+D+m2/(X(P1+P2))§ (z—2) (C.19)

with the gauge parameter a. If we take the Fermi-Feynman gauge (a« = 1),
1

A4S —
200+ m?2

68 (z -2 (C.20)

*See Refs. [56,135] for details of supergraphs.
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APPENDIX C. SUPERGRAPH AND FEYNMAN RULE ON SUPERSPACE

Here, superspace coordinates are denoted by z = (x,60,6") and 2/ = (x,6’,0'"). We
prepare a propagator of massive vector superfields for spontaneously broken gauge
theories.

2. Vertices: In addition to the vertex rule read from the Lagrangian directly as the usual

Feynman-rule, we act ~D°/4 (—D?/4) on the corresponding propagators for each chi-
ral (anti-chiral) line leaving from vertices. For the superpotential vertices (purely chiral

. . . . 2 .
or anti-chiral vertices), we omit one —D" /4 or —D? /4 among the corresponding prop-
agators.

3. Carrying out integral for fermionic coordinates [ d*0 at each vertices.

4. Finally, multiplying the symmetry factor.

In the momentum space, the Feynman rule on the superspace is given by the following
procedure. We substitute —ip,, for the spacetime derivative 9.

1. Propagators:

(a) Chiral Superfields

. m iD2 4) /
PP : sz(pz—mz)(s 6—06),
=2
tet. ™m__ D g _ g (C.21)
PO 4P%(P2—m2)5 6—06),
t. ! 4
Pt m(ﬂ J(6—0').
(b) Vector Superfields
1 i i 4
Vv : _E(pz—mZPT+p2—m2/Dé(P1+P2)) (5()(6—6’), (C.22)
For the Fermi-Feynman gauge (x = 1),
1 i
. _Z (g —¢g
VV: Py mzé (6—0). (C.23)

2. Carrying out the fermionic integrals [ d“0 at each vertices, the loop integrals at each
loops , and multiplying (277)*5 (Y kext) for each external lines with external momentum
kext~
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C.2. FEYNMAN RULE ON SUPERSPACE

3. Calculating one-particle irreducible graphs in order to obtain the effective action, and
multiplying

K,
/ W‘F(ki) , (C.24)

for the external superfields ¥ with external momentum k;.

Of course, the rule for vertices is prescribed in the same way as the coordinate Feynman-rule,
and the symmetry factor is also multiplied.
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Appendix D

Decomposition of SU(5) Interactions

D.1 Interactions of Vector Superfields

In Super-Yang-Mills (SYM) theories, the renormalizable Lagrangian is written as
1
Lo = g ot / 420 WW, + hec., (D.1)

where the field strength chiral superfield W* is given in Eq. (1.19). “tr” represents a trace
over the gauge indices. The Lagrangian is expanded in the vector superfield V as

&tr / 2O W Wy = — étr / d*o [—vpaﬁzDav+ 25VDD [V, D, V]
+¢2[V, D*VID’[V, D, V] +%Davz> [V, [V, DaV]] +} _

The decomposition of the SU(5) vector superfield Vs is given by Eq. (2.7). As mentioned
in the text, we denote SU(3)¢, SU(2)1, and U(1)y vector superfields in the MSSM with G, W,
and B, again. The kinetic terms of the vector superfields in the SU(5) GUTs are given into
the following form;

Lyy = 2tr / 4% GOP;G + 21t / 440 WOP,W + / %6 BOP;B +2 / 440 X1OP X, (D.3)

where X denotes the massive vector superfield associated with the broken SU(5) generators.

Here, Pr(= D"‘@zDa /(80))) is the projection operator to the transverse mode (P = Pr).
From the second term of Eq. (D.2), the three-point interaction terms between X and
MSSM vector superfields are obtained as

5
Exap = [ 0[0TG + (000K )5+ 5 =0l (Ca)s| . O

75



D.2. VECTOR-GHOST INTERACTIONS

where

(K ) = 32 [Xﬁ(D DX")EDV + V(D DX) (DX + X' (D DV) DX
(D.5)
—X3(D'DV)(DX")E — VI(D'DX")DX} — X5 (D DX)ﬁDV“] .

Here, spinor indices of covariant derivatives D and D are contracted like %, or z%. The four-
point self interaction of X is given as

2
Lxapt=— i_; / 440 [(521);(*:‘)(;(;)(*5(@){); —2X5(DXMEXS + (DX) X X3) 06)
+ (D*DX;) (XTX5(DXNf - 2x  (DX)XT + (XX

D.2 Vector-Ghost Interactions

The Lagrangian for the massless Fadeev-Popov ghost chiral superfields, which are denoted
by b and ¢, is given by

Lrp =2 tr/d49(b + b Ly [(c +ct) + coth(Ley) (c — c+)} , (D.7)

where L 4B is the Lie derivative (L4 B = [A, B]). Therefore, the kinetic terms for ghost fields
in the SU(5) GUTs are obtained as

Lhost :2/d49 [tr(bgq — bac}) + tr(bicy — bzcz)} + /d49(b1rc1 — bych)

(D.8)
+ /d40 [(b}-(CX — bXC;() + (b;'l'CX‘f — bx+C;+):| P

where the ghost multiplets are decomposed in a similar way to the gauge multiplets as

by — 2By Lpy c3 — —2=c1 Loy
b= < Lb\/so ) f ) c= L;/?O . f 3, ) (D.9)
\/E Xt 2 \/7 1 \/E Xt 2 m 1

After spontaneously breaking of the GUT group by the adjoint Higgs chiral superfield,
there exist kinetic mixing terms between X and the Nambu-Goldstone chiral superfields
2(37) and X3+ o). By using the supersymmetric Rz-gauge [136], we remove the kinetic mix-
ing terms, and we find the mass terms for the ghost chiral superfields [136] as:

2 2

M My
Eghost mass — /d49 (bX + b;{) (:DX (CX - CX) (bX’f + bx*) CD (CX1L C;(’r)] . (D.10)
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APPENDIX D. DECOMPOSITION OF SU(5) INTERACTIONS

We note that the terms such as bxcx and b ¢ vanish by the superspace integral since these
are chiral (or anti-chiral) superfields. Then, the propagator for massive ghost superfields is
modified as

i 1

p o (01—02). (D.11)

-7

Ape = P§4(91 —6) —

In the evaluation of the self energy of X, we need interaction terms for X and the massive
ghosts. In general, three-point and four-point interaction terms of ghost superfields and
vector superfields are obtained from Eq. (D.7) as follows,

tave=tr [ @0 {2g 0+ [V, (c+ ] + 2@, 17, (e i)+ o) |
(D.12)

Then, the interaction terms between X and the ghosts are given by:

4p B r B 5 p
£ch /d |:5S Ta) ( bCG)sg (ta) Ou ( ch);% %555()‘ (ICbCB);%] ’ (D.13)

and
Ly = / d40(50 51 + 62 o7 ) X P X

(D.14)
x[(bx+> (o)t = BR)T (ex)l = (b5 (exe)] + (bx)8(H)] ] -

Here, we define (5,,% = (55 5@ and 67 = 6L67. In the three-point interactions, we define the
term (ICZCV);g as:

(Ko )5 = ((bx + by )X Te — X (byr + b5)%) (cv + )"

(D.15)
+ (by + bY)* (X (exr + ck)& — (ex + k)5 XT0).

D.3 Gauge Interactions of Matter Superfields

Now, we summarize the gauge interactions of the matter and Higgs multiplets in SUSY
SU(5) GUTs. The renormalizable Kahler potential in the SU(5) GUTs is given as:

K = @M (e 24y + Wiy (V) (55V5) D

(D.16)
+ 25 (6755 G (P85V5) BEE + HIA (e7%Y5) | Hyp + Hi, (2°V5) g HY
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D.3. GAUGE INTERACTIONS OF MATTER SUPERFIELDS

The three-point gauge interaction of the 5 representation matter field @ is given as

— 2 — + ( 3 )
K =—9osD (26— —B | D+ gL' (2W——B | L
otve 85 ( \/E ) 85 \/1—5

(D.17)
— \/§g5 [5+(X . L) —f-h.C.] )
For the four-point vertices, we only use the interactions which include only one X,
— 1 — —
Koryeg D V242 (D+G(X L)+ %Dﬁs(x L)+ D (WX - L)) +he.. (D.18)

Here, (A - B) = €,sA"B°. We also obtain the relevant gauge interactions from the 10 repre-
sentation matter field ¥,

_ T 4\ t 1
Kty = — gsU <2G+\/EB>U+g5Q <2G+2W+\/EB>Q D19
6 —t, — — - '
+g5=F BE + V2gs |[Q'XU] - (Q"- X)E+he|
Korvey 3 VagE|[(GQ)XT] ~ [Q'X(GT)] — —=-BIQ'XT] + [(WQ') XTI
By , (D.20)
+E ((X~GQ)+(X-WQ)+%(X-BQ))} the,

where [ABC] = *F7 A, BgC, or €,45,A*BPCY.
There are also the three- and four-point interactions of X with Higgs multiplets. One of
them comes from the interaction of the anti-fundamental Higgs superfield H = (Hg, Hy),

Kot = — V285 [Hg(x CHy) + h.c.]
+ g2 [ﬁ (HEG(X -Hy) + %HEB(X - Hy) + HL (WX - Hd)> +he  (D21)
+ HEX, X P Heg + (X H) (X Hd)} .
Another one comes from the fundamental Higgs superfield H = (Hc, Hy),
Kirxr =V285 |HEXHe +he
+ g3 {\/E (H;“XGHC + %HZXBHC + HZWXHC> +he. (D.22)

+ HE X XGHE + H;rX,QXS*“H;] .
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APPENDIX D. DECOMPOSITION OF SU(5) INTERACTIONS

The adjoint Higgs superfield is decomposed as

2 1
Yg— —=2%p  —=X@3»
5 — V60 N (D.23)
1 sou 35 |
322 A

In our calculation, we need the interaction terms of X with the GUT-breaking Higgs
superfield,

Kyiyg = — 2g5 [2{ 2 XZs — zgxz(m] — 2¢5 [zgxzm) _ z&mxzs]

+ (D.24)
\/_g5 [ X224 ZZ4XZ(3,2)} +h.c.,
5
Kstxrxs, =85 {2)(+ (Z3%s + ZsT§) X +2XT(T3%5 + TaT3) X + S X 2,00 X
10 ot ot t oyt
+ —— (Z3, X" XTg — £, X" XT3 + hee
\/ﬁ( 24 3 24 3 ) (D25)

2 (zzéx*m + (T2 X XE(Z32)f +he)

+ (@ o] + oo XX ()i (Z ) + (Th ) (Ea)i) b -

Finally, we consider the interactions of X with the GUT-breaking Higgs superfields. We
have used these interactions in the calculation of a; in Table 3.1.

5
Kox = —V2¢5M {z [GX—WX—%—BX}
24X g5 X (3,2) \/@

5 (D.26)
+Z30) |GXT - WXT + —qu } + hec..
(3%,2) |: \/@
Here, the mass of the extra vector superfield X and Xtis My = 5\/§g5vz4.
In the missing partner model, 75 representation E{‘ég]] breaks SU(5) into the SM gauge

:{‘éD]] the Kéhler potential is given by Eq. (2.17). The GUT-

breaking VEV of & E )) is given in Eq. (2.16). The extra vector superﬁeld becomes massive

group. For a 75 representation

with Mx = 26 645075 after we substitute the VEV for Z and = =t while the interaction terms
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proportional to the VEV are

Kopsx = g5Mx {_x+x<¢8 +¢p) + —=X"X(¢p7 + ¢F) + VX X(o + ¢$)}

4
73
— VagsMy {—G(X- (94 90) + XU (ga-+ ) + —=BX- (gn + 4»1))} The

V6
+ 7g5MXeub€“ﬁ7XgX2(q§1 + ¢-2r)ry + h.c..
(D.27)

The components ¢; (i = 1,-,9) of E are given in Appendix D.4.

D.4 Field Decomposition of SU(5) Representations

The Kéhler potential for ® in the SU(5) irreducible representation is decomposed as follows;

K=ot =3 ¢ (D.28)

Here, ¢; transforms as an irreducible representation under the SM gauge groups. &' and (,b*
denote the anti-chiral superfields. In this section, we turn off gauge interactions for simplic-
ity.

In Table D.1, we give the SM decomposition of the SU(5) irreducible representations,
whose Dynkin indices are below that of 75 representation. In this table, square brackets
[- - - ] represent antisymmetric indices while braces {- - - } represent symmetric indices.

We summarize the vacuum polarization coefficients b;;, defined in Eq. (3.21), from the
above-mentioned irreducible representations. In Table D.2, b;; from each representations
are shown except those from 5+ 5,10 + 10,24, and 75 which have been already shown in
Table 3.1. As a check, the sum of b;; in a representation divided by its Dynkin index is a
representation independent constant number.
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Table D.1: SM decomposition of the SU(5) irreducible multiplets. (rc, rw)y denotes a repre-
sentation transforming as SU(3)¢ rc-plet and SU(2) . rw-plet with hypercharge Y.

SU(5) representation labels and SM representations
@A (5) 97 =(12);, ¢5=051)_ %
4P (10) o =101, ¢ =(31) 5, 98 =(32)
S48} (15) =@ " =(61) 5 ¢ =(32),
1y = (L3)o, ($2)5 = (8,1)o, 3—1
@5 (24) & (¢i)“)_(3(;l)))g/ . —<¢, )g( "
q){ABC}(?,S) (l{){abC} (1,4) 3 {ab}a — 3, )%,
30‘5}‘1: (6,2)_%, {“57} = (10,1)_;
D{ABIC (40) ¢t = (1,2)3, 4’3‘2(3/1% L = =(3,3)2,
(90 =(3.2) 1, 9" =(62) 1, (pe)f = (81
| =024 ¢5=01 s ¢ =062,
i) (45) ()i = (8,2)_), (95)a = B,1)),
(96 = 3.3)1, 91" = (6,1),
Dyam o (50) o= =00, @)i=0327,
(¢a) P = (6,1)s, (95)[apjiar) = (6,3)_1, (¢6)ha = (8,2)1,
) M=12;, =031y @) =19,
®c 7 (70) (P2 = (3,3)_1, (95)i"" = (3,3)s,
(9e)s = (8,2)y, ()" = (6,2) 5, (g)i"¥ = (15,1)_,
n (P1)a = (_,1)_%, Py = (311)% P3" = (3/2)_%,
®lep(75) (@ae = (3.2)3, 9" = (6,2) 5, (96)(appa = (6,2)s,
7= (L1)o, (¢s)5=(81)o, (po)% =(8,3)
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Table D.2: Vacuum polarization coefficients b;;. b;; which are not listed here are zero.

Reps. sz
— bis— b =3
15+ 15 13
. byy = bys = 4
- b =by =6
35+ 35 b23=b§=12
by = by; = 10

b1z = byz = byy = bz = 3/2
bys = b5 = bz = baz = 3

40 + 40 by =byy =1/2
bsy = bsy = 9/2

by = bsg = by = bsg = 4
b = by =4/3
bis = bz = 1/3

_ brg = bas = byy = by = bgz = bsy = 2

B by = bys = by; = bz = 8/3
bso = bsz = 3

bi = byy = by = by = 4
bys = bys =2
223222323
=0 26 = bpg = 4
50 -+ 50 b — b — 6
bis = bye = 8
bsg = bsg = 12

bry = bis = byg = s = byy = bys = byz = bz = 2

bis = by = 1
s — b — 1 — b

= 34 = by = bgg = bgg =4
70 + 70 by — b — 6
bse = bsg = 8
bes = bgg = 10
by = byg =5
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Appendix E

Radiative Corrections at One-loop

In this appendix, we give the explicit formulae of the loop integrals in terms of supergraphs.
All the external momenta of the chiral (anti-chiral) superfields are set to be p, and the masses
of the MSSM vector superfields are set to be yg in order to regularize the IR divergence. For
simplicity, we set all coupling constants to be 1 through this appendix. For the corrections
to the three-point vertex functions and the box-like corrections, the loop integrals in text are
the coefficients of Kéhler potentials in the limit that the external momenta p? vanishes.

Radiative Corrections to Two-Point Functions for Matter Superfields

The correction to the self energy of the chiral and anti-chiral matter superfields in the first
generation is induced by the gauge interactions. The one-loop contribution is given as

T — 2 / d46,d%0, / @il =i i 1(732(521%2)512@(;9 6,)' (p, 62)
2m)P2(2 —M2) (I+p)216° 2271 ’ ’

14’ 1 oot
B _5/ Qm)P 2= M2 (I + p)? /d 00 (p,0)(p,0),

where p is external momentum and M is the mass for the internal vector superfield. ¢;; de-

(E.1)

notes the é-function for the Grassmann valuable, §;; = (6; — 6;)*(3; — 6;)*. The renormalized
one-loop two-point function of matter superfields in the SU(5) GUTs are given as

2
1ﬂ(1>:_85

= / 00D, (E.2)

3 3
(5 — Zlcf)f(Mgf) + Zlc;?f(#%R)

where function f(M?) is defined in Eq. (3.18). ¢? and ¢? (n = 3, 2, 1) are the quadratic
Casimir defined in text. In the MSSM, we also obtain

2 3
T = - 55 Y k) [ dtoote. (E3)
n=1
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Radiative Corrections to Two-Point Function for Vector Superfield

Three diagrams in Fig. 3.2 contribute to the radiative corrections to two-point functions from
the (massive) chiral superfields. The corrections from the diagram (a) in Fig. 3.2 are

bp 12— 1,0l Dep? + 7 D2D
-(a)__-2/4 o -l 4 X"
T = —i2 [ d*oX( ,9)/ X" (p,0), (E.4)
XX ' P (zn)D (12 1)[(Z+P) “1%] P

where M; and M are the masses of the chiral superfields in the loop diagram. After picking
the transverse mode and regularizing the UV divergence, we obtain the finite correction to
the two-point function as follows:

(@ _
1ﬂXX 167‘(2

where the loop function is defined in Eq. (3.24). The massive chiral superfields also have the
non-zero contribution from the diagram (b) in Fig. 3.2,

(p?, M3, M3) /d49X;r“(—p,9)PTXfX(p,9) + (longitudinal mode),  (E.5)

MZ
r®) = — T (1 In —) / d*0X*(—p,0)PrX.(p,0), (E.6)
where M is for the masses of chiral superfields running in the internal line. The third con-
tribution (the diagram (c) in Fig. 3.2) comes from the vertex which includes the VEV of the
adjoint Higgs superfield,

1
I = 12 AP Mi, M) / 20X (—p,8)PrX.(p, ). (E7)

Here, the loop function A is also defined in Eq. (3.24).

Radiative Corrections to Three-Point Vertices

The one-loop diagrams for the three-point vertex correction are shown in Fig. 3.4. In our mo-
mentum assignment, the momentum of the X boson is g4 = 0. The one-loop vertex correction
induced by the diagram in Fig. 3.4 (a) is given as

D . . .

TV (. :-3/444/dl ! ! —1
TP M) =5 JEOERTE [ b TP T+ P20 - M) (g
1 1 2. 5 '

16(7?2623173) 1¢ (D303 D1)3120(61) @ (62)V (603) -

By integrating by part and also using the D algebra, we always decompose the vertex correc-
tion into the effective Kéhler terms K and the auxiliary terms which vanish as D, ®, D Pt =
0. The effective Kdhler term induced by the diagram Fig. 3.4 (a) has the following form:

iKY / le L L (14 2p) 00ty (E.9)
~2 ((+p2Z—m2" TP ’ '
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APPENDIX E. RADIATIVE CORRECTIONS AT ONE-LOOP

where we remove the Grassmann valuables in the effective Kédhler term, for simplicity.

Next we show the effective Kdhler term described in Fig. 3.4 (b) and (c). In our momen-
tum assignment, the diagrams both of Fig. 3.4 (b) and (c) give the same expression, and we
tind the one-loop vertex correction and the effective Kdhler term as

ir(V>(p-M):i2/d49 d49/ oL !
2 ) P (14 p)?2(P - M)

1. 5 +
X ED2(521D1(512®(91)CD (92)V(92), (ElO)

D
ik ~ 2 (BT v

The diagrams (d) and (e) in Fig. 3.4 include the three-point vertices of vector super-
tields. After carrying out the superspace integral, the vertex corrections from the diagrams
Fig. 3.4(d) and (e) are obtained as

D
ir{( 4/ a1 11 (ltp /d49q>+q>v
270)P 2 — g (L p)? (E11)
dP1 1 1 in ot '
- o' oV,
3 (i M 8/ )P 12— Mle—ng/dQ v

Since they do not include the auxiliary terms, FSIV) (p; M) (n = 3,4) is just the Kéhler term

[ a4kl (p; M) (n = 3, 4).

The contribution from a diagram (f) in Fig. 3.4 is zero as mentioned in the text.

Box-like Corrections

Now we show the effective Kdhler terms from the box-like diagrams presented in Fig. 3.5.
These diagrams include one massless and one massive vector superfields. The correction
from the box diagram (Fig. 3.5(a)) is given as:

1 1
oo (p; M) = / / P00 D, DId, . (E12)
box(P7 M) = p Dyg —Mz(qﬂﬂ) q —VIR(‘? p)? e

Here, we do not write the external momenta of external superfields for simplicity since we
set them to be the same momentum p. As mentioned above, we set the mass of massless
vector superfields to be pyg as IR regularization. Ty (p; M) vanishes at the point with p? =
0, as mentioned in the text.
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The contribution of the crossing-box diagram (Fig. 3.5(b)) is given by

. 1 qu 1 1 49 251 1
o () = L /d Ot D, LD
(P M) = 4 (21)P g2 — M2 [(q — p)?]? ¢? —VR (07 Py eI Pty (E.13)

1 _
+5(1— p)u(@DD) (0]dy) D20} + =D D? (v]dy) @5@4

E

Here, we define the mnemonic symbol (¢#DD) = (¢*)**D;D,. This correction has the
auxiliary terms. The corresponding Kéhler term is given by removing the auxiliary terms as

(g9 — 2P)2 + +
iKeross (p; M / Df Dyl (E.14)
o T4 M)[(q—p) 2 R(R— ) 0

Finally, we show the contribution from the triangle diagram in Fig. 3.5(c). The correction
from the triangle diagram is obtained as follows:

1 1
1—'I'll’l 4 =
Ttriangle (p; M 4/ Mz(qﬂ?) 7 — Uiy

/ AP P, DI D, . (E.15)

Since auxiliary terms are not included in the radiative corrections I'pox and I'giangle, the

corresponding Kéhler terms are just written by these corrections as I, = [d*0 K, (n =
box, triangle).
The diagram in Fig. 3.5(d) vanishes as mentioned in the text.

One-loop Corrections in EFT

In the last of this appendix, we show the radiative corrections in EFT presented in Fig. 3.6.

We obtain the one-loop effective vertex functions TEFT, FEFT, and FgFT which correspond to
the diagram Fig. 3.6 (b), (c), and (a), respectively, as follows:
iy (p; pr) / ! ! / d*o [(q + p)* O] D PP,
T2 Pl(a+p))? g% - u
- =HTy + t 1200 (ot +
+ 2(q+p)y(<f DD) (1P, ) D3P, + 16D D (D7D, ) 3Dy |,
(E.16)
iTEFT (p; 1) / / 40D D, D,
2 (P ) D2 :uIR G+ p)? 1 3
1
iTEFT (g / 2p)2 / 140D D, D! D, |
5 (PHR) =5 q+p)]q VIR(;?) 123
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APPENDIX E. RADIATIVE CORRECTIONS AT ONE-LOOP

The momentum assignment is the same as in calculation of the box-like diagrams. The
corresponding Kéhler terms are given by removing the auxiliary terms as

2p)?
ZICEFT(p, ,uIR / (q +2p CI)+CI)2CI) Dy,
"2 Dl(q+p)2P(q% — 1&) :
EFT 1 qu 1 1 P
ik (priwr) = —5 2 ) o P p)2<1>1<1>2<1>3<1>4, (E.17)
1 1

iKEFT (p; g = 2 / 0l 0,0l

(P ,uIR p (q+ p)z]z IR 1¥2%3%4

Here, we skip over the ways in which we obtain the effective vertex functions from the di-
agrams since these structures are similar as mentioned above. i3 (p; yr) vanishes when
p? = 0 is set, as mentioned in the text.
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Appendix F

Anomalous Dimensions via Effective
Kahler Potential

In this chapter, we discuss anomalous dimensions for higher-dimensional operators in the
supersymmetric effective theories. Let us consider the non-renormalizable Kdhler potential.

K =Ko+ AK, (E1)

with the canonical part £y and the non-renormalizable part AKC.

R a
Ko = Zq)a (eZgVét1>bq>b’
@

A’C = (/\:141 amq)al C. ¢am> (engéTI>B (/\Elbn®b1 . (I)bn) ) ( )

Here, {ay, -+ ,am} and {by,---,b,} denote gauge indices, but we do not restrict them to
fundamental ones. I =1, - - - ,dim G represents the indices of gauge generators. The generic
two-loop effective Kahler potential is calculated by using the background field method. In
this chapter, we write anti-chiral superfield as a superfield with bar. In the previous work
[137], the chiral and anti-chiral superfields are expanded around background superfields ¢
and ¢, respectively. ®, ®, and V denote quantum superfields. We can include also a generic
superpotential W and a generic gauge kinetic function f;; if needed.

It is convenient to use the geometric structure in the generic Kahler potential. A Kahler
metric is defined as the second-derivative of the Kdhler potential,

G = K" o

b — aaaacpblc . (F3)
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APPENDIX F. ANOMALOUS DIMENSIONS VIA EFFECTIVE KAHLER POTENTIAL

G~ ! indicates the inverse of Kahler metric. Given the metric, we construct the geometric
quantities such as the connection

_ —=ab _
c=K Gy, TV =K%(G Y, (F4)
and the curvature,
ROY = Ko — KB(G15K,] (E5)

In the background field method, gauge symmetries are spontaneously broken. All su-
perfields obtain masses as function of background superfields. For vector superfields, the
mass matrix (M%) consists of the mass matrix for ghost superfield MZ and its transpose.

— 1
(MB)y = 28188 (1)GE()5", MG =5 (ME+MET) . (F6)

Here, the summation symbols for the constituent superfields ¢ and gauge groups are im-
plicit. The mass matrix for chiral and anti-chiral superfields arises from the superpotential
contribution M3, and the Kahler potential contribution MZ.

M? = MZ + M3, (F.7)
with

(MZ)q = 2818 (t:9)" (h™) (@4/G)a,

E8
(M3} = (G™HEW (G 1) W -

Here, h; j is the sum of gauge kinetic functions, which is Kronecker delta in the limit of
renormalizable theories.

1 _ 1
hiy = 5 (fiy + fiy) ~ g—%5n (E9)

In this chapter, we focus only on non-renormalized Kéhler terms, so that /i;; ~ dy;.

One- and Two-loop Effective Kidhler Potential

One- and two-loop effective Kéhler potentials have been already given in Ref. [137]. The
one-loop effective Kahler potential is

KiL = -

1 h—1 M2 1 M2
Trh M2 (21 C tr M2, [2—In—X | . F.10
o2 Th MC< n ﬁz >+327T2r W n ﬁz ( )
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Here, “Tr” denotes trace of gauge adjoint indices I, J, - - -, and “tr” denotes trace of gauge
indices a,b, - - - associated with the chiral and anti-chiral superfields. We define 71 = pe 47
with the renormalization scale p and the Euler’s constant +.

Two-loop effective Kédhler potential is *

1 —cd 1—; b —d
IC2L = ERacbd]Ca b(MZ) + gwa CWd@fI aebfc(Mz’ MZ’MZ)
1 —IJKLMN =IJKLMN
B EhLPfI;NhIQf%M [1 (Mg, Mg, My) —1 (Mg, (Me)", M%’)} (E11)
— cqd b 1]
— (Gt19)",(9t1G) STy . (M?, M?, M)
— hepfP o f S T MY (ME, M2, M) .
INTQJ km 14

Here, | and I denotes the loop integrals which are given in Ref. [137].

Two-loop Effective Kidhler Potential for Non-renormalizable Operators

We reduce the formulae for the two-loop effective Kédhler potential to derive the two-loop
RGEs. We only consider two-loop RGEs via gauge interactions, and hence the superpotential
is zero (W = 0). We divide the tree-level Kédhler potential as follows,

K=¢,0"+AK. (F.12)

AK denotes the higher dimensional operators. We neglect the higher order terms of AKX
since it represents much higher dimensional operators. The Kéhler metric and its inverse
are easily found as

Gl =81+ (AK)E, (G Ml =48~ (AK). (F.13)
Moreover, the Kédhler curvature is also just the fourth derivative of AK.
R%b = (AK)%. (F.14)

We divide all mass matrices into the canonical and AK contributions. Firstly, for the
ghost mass matrices, we have

M2 = M2, +AMZ, (E.15)
with

(MEo) 1y = 281859, (t5(t)29 ,  (AME) 1y = 187, (1) (AK)E ()59 . (F16)

*If one consider the non-trivial gauge kinetic function, there is an additional term with derivatives of gauge
kinetic functions with respect to ¢ and ¢.
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APPENDIX F. ANOMALOUS DIMENSIONS VIA EFFECTIVE KAHLER POTENTIAL

Secondly, for the mass matrices of (anti-)chiral superfields, we get
M? = M + AM?, (F.17)
with

(M§)a =287 (t19)"(Ptr)a,  (AM?)] = 287 (t19)" (§HAK ) - (F18)

Here, M? = M2 since we assume the superpotential is vanished.
In order to compute the two-loop RGEs, it is sufficient to consider only Iny term. We
obtain the first line in Eq. (F.11) as follows.

4g787

R - (16n2)2(h‘ﬁz)(A’C)?fi(%)a@t])b(trqb)c(t;¢)d. (E.19)

e d
ERac T b (M?)

In ﬁz

Moreover, it is easy to find that the second line in Eq. (F.11) is vanished and the fourth line
is

g 28 2 funfrm TN (M, M2, M) In72
68 _ com (F.20)
- (16n12)2(1nﬁ2)C(I) (2C1($)P,9" + C;7P(AK)AK) .
Here, we use
(Pt1)a (A3 (t190)"
(F21)

- (D ) (2Ab1...b...b ) ) B By B )@t o),

and group theoretical arguments
(Tl)ﬁf\gnﬂ/“.am _ Z/\fqlmamam(tI)Z//
(TR = M (0 (E22)
(THA(THE = Cﬁomp 5.

comp. . . .. . . B bl . b
C; represents the quadratic Casimir invariant of composite operator )‘bl b, P ¢’ In

particular, the following relation is satisfied for any composite operators.

CI™PAK = (pt1)a(DK)5(t19)" (F.23)
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At last of this section, we subtract the In ﬁz terms from the third term in Eq. (F.11). The
situation for this part is more complicated than that for other part. M2 is not an Hermitian
operator, so that we redefine the superpropagator along the following procedure. E and E
represent the square root of Kahler metric defined as

G = E.E}. (F.24)
The quadratic Kéhler term for ® is written under this field re-definition as follows.
$2 = / %z &,E" [(5" (M2): D} Elab, (F.25)
The mass matrix is also re-defined with vielbein of Kdhler metric as follows.

(ME)y = 2(Eti)* ()1 (P/E)y (F.26)
Due to the re-definition of the superpropagator, the third line of Eq. (F.11) changes as follows.
— (G (@4G)(ETSETITL L (M2, M2, M) (E27)

Here, the In7i term of loop integral T is given as

13 (2, M2, M)

In 772

01 T B e ) g1y Emyx,-131]
= 3Ty M7 {( AMPE '+ 2MP In MPE DYUE HERY

+(E YY(~aMPE " +2MPIn MPE )X (Y)Y
HE DYUE HF(—aMEh + 2M2 In MER Y } .

1

Using the following relation,
(E E M) EE = 2(19) ()1 (@t )a,
(E )2 (AMP)X(ETN = (MO2(H®) () 1(Pt)a + (59)" () 1y (B))e (A,

we obtain
— ; _ _ =ty x I
— (Gt19)%(¢t;G) f(E-HME DI T, 7 (M2, M, My)

(F.29)

In7?
:1 lnﬁz {16 2,20 H comp.

2 (er2)z 1168187 1(@)C1()P.¢" +881SICH(P) P9 +487SICI° T (AK)AK
+4g3g} | @tit0)a(AK)3(59) + (§t))a(AK )i (it it1 )" (F30)
+4gTgP(tity + ttr)g tr [t (AKHg) + t(AKPty)]

+ 88787 (Pt))a [AKHp + AKPH]; (t1t)"
+88747 (Ptytr)a [AKtIP + AKPH], (fij)b} :
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APPENDIX F. ANOMALOUS DIMENSIONS VIA EFFECTIVE KAHLER POTENTIAL

Here, we define S; = Y.y I;(¢’). We also define the short-hand notation (AKXTk¢)j and
(AK¢Tk)% as follows.

(AKtg)y = (AR)g(t19)", (ARt = (AK) (Ptr)c - (E31)
Finally, we obtain In y derivative of the two-loop effective Kdhler potential as follows.
dKC
16772)2 2L
(1677 =g,

= 8 (51— 3Ca(1))Ci(@)g1 +2C1(9)Cy(9)g3eT| 9"

+4(S; = 3Co(I))C;" ™ (AK) gt AK

+agigt | (@ttit)a(AK)(19)" + (9t)a(AK (t1t110)" (F32)
+ 487870 (tity + tytr) ¢ tr [ty (AKt9) + t1(AKt))]

+ 8787 (Pty)a [DKEIP + AKPE], (trty)"

+ 88787 (Ptyt1)a [AKt1p + AKXty ()

+ 882 (MK (1) (Bt )b (1160)° (19)"

F1 Two-Loop Anomalous Dimension

Now, we derive a general form of two-loop anomalous dimensions for higher-dimensional
operators in the SUSY SM. The Callan-Symanzik equation at two-loop level is given by the
following form.

ar“ ar” 5.9 ] )

(E.33)
0 1 1 2 0
Tk + VAT + T ig = 0.

_ 2)5.9
L Ty 4>a¢+fy¢ 55

Here, FX;C represents the AK part of the i-th loop order effective Kihler potential. Since the
corresponding part of the one-loop effective Kéhler potential is given by

m _ 1 2 _ 1 2 ccomp.
Tak = ~ 12 TOME = —1.—3 2¢7C"PAK (F.34)
The anomalous dimension for a superﬁeld ¢ is given by
2 Z 167r2

2 g%g% (E.35)
2

Yo =2y ——=Ci(¢) [b1d17 +2Ci(P)] ,
9 g(mﬂz)z ¢) [bid1) +2C;(9)]
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F1. TWO-LOOP ANOMALOUS DIMENSION

where by = S; — 3Cy(I) is the coefficient of the one-loop beta function. Then, we obtain each
parts of Eq. (F.33) combining above-listed pieces. We find the second term of Eq. (F.33) as
follows,

1 ar(l) 1 comp.
aa agAzlC :_(16n2)2'4b1g%cl TAK, (F:36)

and the third and fourth term of Eq. (F.33) as

dng m
L) ‘P_F(AI)C ( )zglg]cf(‘:b)cco pA]C

—i (1 ¢ 2 2~ ;4\ ~COmp.
4) 5 Ak (16712)25’18](:](4’)(:1 AKC, F37)
0
v; 93576k = [Ty [201CH(@)sh +48T1Ci9)Cr(9)] AK,
N _
’Y% a(PF(AO;)c = en2)? 2 22 [Zblcl((}b)gl +4818] (4’)@(4’)} AKC.

Here, ny denotes the number of superfield ¢ which is contained in AK.

Finally, 'y(Ai,)C denotes the i-th loop anomalous dimension for the composite operator AK.
The one-loop anomalous dimension is calculated in Ref. [47] for the generic composite op-
erator AK.

2
Tk = Tolz [aCi —2 EC@rg+ )l (E39)

Combining the above results and Eq. (F.32), we have
2\2,,(2)
(167t°) v x 0 AK

=2 [bz ;(Cl@ﬂ@ + Ci(¢p)ng)dry +2 ;(CI@)C]((P)% + C1(9)Cy(P)ng)

+ 4C§°mp'c;°mp} BEHAK

—aghgd | (Bttit1)a(AK);(19)" + (Bt))a(AK Y3 (tit1t19) (F39)
— 48787 (tity + tytr) ¢ tr [t (AKE) + t1(AKPt))]

— 8g787 (Bt))a [AKHp + MK ], (tity)

— 887187 (Ptyt1)a [AKtIP+ AKPH ], (t1¢)"

— 8T8 (AK) L (@t1)a(@t))p (1) (t1)? .
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APPENDIX F. ANOMALOUS DIMENSIONS VIA EFFECTIVE KAHLER POTENTIAL

We show an identity for the quadratic Casimir invariant for the composite operator AKX in
Eq. (F.23). By multiplying (¢t)),(t;¢)? and the second derivative of the above relation, we
obtain the following relation about the fourth derivative of AK.

(AK)Z(@t1)a(@t))p(t19) ()"
= c;"mp'cj"mp'mc (F.40)

— (@t))a(AKCPE)G (t1t0)" — (Dtytn)a( DKL) (t19)" — (Phytn)a (DK (1t )"
We eliminate the fourth derivative term by using this identity.

As a result, the two-loop anomalous dimension for higher-dimensional operator AKX is
given by the following form.

(167T2)2’)/A’C(2) AK

=2 [bz ;(Cl@)"@) + C1(¢)ng)dry +2 ;(Cl(qb)C]((P)Tl(p +Ci @)Cl@)%)] g187AK

—aghe} |@tstit)a(AK)(119)" + (B))a(AK )i (titit1)"
— 4g77p(trty + ttn)g tr [t (AKt$) + tr(AKt)]
— 88787 (Pt))a(AKIP)5(t1t;)" — BgigT(Ptyt1)a(AKPE)G(t1)"
+ 8878 (MK (Ptit))a(trtip)" .
(FA41)

This is the generic formula of two-loop anomalous dimension for arbitrary higher-dimensional
Kéhler potential. However, this result is still complicated except the first term.

Now, we apply the above formula to the dimension-six operators under some assump-
tions. It is required that the generic Kadhler potential is invariant under the gauge transfor-
mation, that is

K(ge ™, ep) - K(@,¢) =0, (F42)

where & = at; denotes the gauge transformation parameter. We expand the above identity
in «, each order of a should be vanished for the gauge invariance. We especially obtain a
relation on the Kéhler potential from the a? term as follows.

(Pt1tK)aK” + (t1tk@) Ko + (@00t + (419)" (k) Kap = 2(p1)aKh (txg)",  (F43)
We take the gauge adjoint indices I = K and sum up them in both sides. Since the canonical

part of K itself is trivially satisfied the above identity, we concentrate only on the higher-
dimensional part. Besides, we operate (t;¢)°(¢t;)40°/9¢°d¢, on both sides, and thus we

95



F2. APPLICATION: PROTON DECAY OPERATORS

obtain,

; [”4>CI(<P) + n5Cr (5)} CPAK

+2(Pt1t1)a(AK)L (@t (1) + 2(Pt))a(AK) 4 (t19) (1)) (F.44)
+ (1) a(Ptr)p(Pt))c(AK) T (1) + (Pt))c(AK) S (£16) " (£169) P (1)
=20 CTP AR

Here, we use (§t1)a(AKC)](t 19)? = C;""P'AK, again. If we assume that the dimension-six
operators contain two chiral and two anti-chiral superfields, the third line is vanished. By
using this relation, we remove the third derivative terms in Eq. (F.41).

For dimension-six Kahler potentials, such as AKC = (A% ¢, ¢,,.) (/\f;‘1 b2(/>b1 ¢"), the generic
two-loop anomalous dimension is reduced the following form.

(167T2)2’)/AK(2)AIC

=2 [bl ;(Cl(é_b)"@ +Cr(¢)ng)dry +2 ;(C1(4’)C1(4>)”¢ +Ci(@)Cy(@)n5)

- <4C§°mp' —2Y(Cr(p)ng + C1(<P)n4>)> c;omP ] gi87AK (F.45)
n

—aghe? [(@ttit)a(BK)(419)" + (@))a(AK ) (titity)" |
— 4g787P(tity + tytr)¢ tr [t (AKCH) + t(AKE)]
+ 88787 (Ptit))a(AK) ] (t1t19)"

FE2 Application: Proton Decay Operators

We consider the following higher-dimensional Kédhler potential causing the baryon number
violation.

2 . .
A=Y cWOW +he., (F.46)
i=1
with operators
oW = €xpyErs (UJF)"‘(ﬁjL)ﬁQ”LS ,

e (F47)
0?2 — eamerSE*(u*)“Qrﬁst ,

and C1 (i = 1,2) corresponding to the Wilson coefficients.
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Diagonal term

We consider the case of t; and t; are generators of the same non-Abelian group. Since all
superfields are in the (anti-)fundamental or singlet, we can factor out C; for fundamental
representations,

(@tstit)a (O (t19)" + (@t))a(OD)g(tit1t19)? = (Cpg+ Crp)C; PO (F48)

Here, C}.5 and Cr.y come from the first and second term of LHS, respectively. In other words,
if the (anti-)chiral part of O includes only the singlet superfields, Cr., = 0 (C 1§ = 0). This
expression is applicable to the case of non-Abelian mixing terms (SU(2)-SU(3) term). We
also obtain the following after carrying out the brute-force calculation

@yt (OD(trtp)" = 000, (i=1,2), (F49)

for SU(3) generators. For SU(2) generators, since the all anti-chiral superfields are weak
singlets, the corresponding terms are zero. For U(1)y generators, we find that

(@tytrtn)a(OD)i (110)" + (9t))a( Oy (titity)” = (5554 + S;S5)07,  (E50)
and
(Ptt1)a(OD) (t1t1) = 5%55,0@ . (E51)
Here, we define the polynomial of U(1) charge as follows.

:glqg' Z,:;qg, (F52)

where g4 and g are U(1)y charges for the chiral superfield ¢ and the anti-chiral superfield
¢, respectively.

Mixed terms

By brute-force calculations, we obtain the SU(S)—LI(l) terms as follows.

Ftytn)a(OD)i11ty9)! = 25L,5L,00, (E53)
where S/ p (525) is defined as the sum of n-th power of U(1) charges of ¢ (¢) with color
charge.

SG=_ L ‘74>' &= )L ‘74“ (F.54)

¢eSU(3 $eSU(3
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Since there is no anti-chiral superfield with non-zero SU(2) charge, SU(2)-U(1) and SU(3)-
SU(2) terms do not appear from the above term.

Finally, we consider the mixing terms from

@ttt a(OD)E () + (Pt))a(OD) (tit1ty)" . (E55)

If the subscript I corresponds to the non-Abelian group and | denotes the U(1) group, we
can factor out the quadratic Casimir for the non-Abelian group, and then we obtain,

(@ttit)a(OD)E () + (Pt))a(OD) (tit1t;9)"

_ F.56
= (C13S15S4 + CrpSyS1,) 0, (.56)

where 51115 and 57, denote the sum of n-th power of U(1) charges restricted on the fields with

non-trivial non-Abelian charges. If I denotes an index of U(1) group, we can not factor out
the square of U(1) charges. In such case, there is non-zero contribution if ] = SU(3).

@ttt a(OD)E () + (Pt))a(OD)(tit1t;9)"

2 ¢ —C '
= 5(7’105%@ + n@S%(P)O(Z) .

(E.57)

Here, n(% (7°) denotes the number of chiral superfields (anti-chiral superfields) with color
charge.

Anomalous Dimension

We divide the two-loop anomalous dimension into the following parts.

@ 818 . )
Tow = DZ] (16n2)2[7@<z‘>]ll - (E.58)
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From the above computation, we obtain [')’g()i)]l j symbolically as follows.

64
(23)]33 = 6C3(b3 +2C3) + 5 4C7"P (2657 - Gy),

()l.)]zz = 4C2(b2 + ZCZ) s

2

[y i = 2b1(S2 + S3) + 4(S% + 54) = 20%mp. (49%mp. — 2(S3 + 53))
3¢l 1g3 262

2) 1., = 8C;C 4C,C3™ o

(Vo132 = 8C3Cansz) +4CC3 T,

a1 = 8Ca (S35 + Shig) + 8Caqmp. — 4(CogSiysSh + CopShShvg)
(7 la1 = 8C3(S25 + S2¢) = 160%mp G5 + 1207 Cs + 4C5™™F (82 + 53)

8 _
— 4(Cs:5S¢55¢ + Ca:9pS5Scy) — 5(ngséa +7SE) -
Here, Cy = (N? —1)/2N is the quadratic Casimir for fundamental representation of SU(N)).
SnW</> (Snwa) is defined as the sum of n-th power of U(1) charges of chiral superfields (anti-

()

oin]32 denotes the

chiral superfields) with weak charge as similar as S{ p (S&). n(zp) in [y
number of fields with both color and weak charges.

[’Yg()n]% = [7522)]33 = 63—4 + 8b3,

[’Yg()1>]22 = [’Yg?z)]zz ; +3by,

[7592()1>]11 E—g b1, [759222)]11 = % + glﬁ , (F60)
[’Yg()m]sz =12, [7832>]3z =20, |
[7831>]21 = g [7822>]21 = ;

[7831>]31 = %, [7822>]31 = %

This result is consistent with the previous one [47].
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Appendix G
Two-loop RGEs

G.1 Dimensionless Couplings

Gauge Couplings and Yukawa Couplings

In our analysis, we have used the RGEs at the two-loop level. The RGEs for the gauge
coupling constants are given as follows [138,139].

big; + 6 (qu&g] Zjaijg?tr[Yij]>
J

Here, j = 1,2, and 3 in the last term respectively correspond to Yy, Y, and Y, in the SM, but
to Yy;, Yp, and Yg in the MSSM. The coefficients in the SM are

dgi _ &
dlny 1672

(G.1)

10
41 19
Jpp— 9 35 — .= 3 3 1
T 5 —26 2 20
The one-loop RGEs for the Yukawa coupling matrices are given as”
dy, 1| o 3 3
dlnuy = T3 |~ 8+ S YuYy — SYaY] + Ya(S) | Yo,
L i
dYy 1| sM2 3 3. vt
= =) g+ 5 Y, 25— SY Y+ Y5(S) | Ya, (G.3)
dlnpy 1672 5 ! 27
dY, 1 ISM 2 +
= YY Y>(S)| Ye,
dlnp 1672 ZC * FN(S)) e

*In our calculation, we need the RGEs for the gauge couplings at the two-loop level. It is sufficient to take
into account the RGEs for the Yukawa couplings at the one-loop level since the Yukawa couplings appear in
the two-loop-level RGEs for the gauge couplings.
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where
17 9 19 99
SM_ (2 72 M _ [ 2 2 nsM _ [ 22
;= (20,4,8> , (4,4,8> , € <4,4,0> , (G4)
and
Y(8) = tr [3YuY; +3Y, Y+ Yeyg} . (G.5)
The coefficients of the RGEs for the gauge coupling constants in the MSSM are obtained
as
199 27 88 26 14 18
2% 5 5 33 5 5 5
bi=| 2 25 24 |, bf_(5’1’_3)’ agj=| 6 6 2 (G.6)
59 14 4 4 0
The one-loop RGEs for the Yukawa matrices in the MSSM are given as
dvy _ 1 __Z MSMe2 43y vt 4y v e(BYyY) | Yy
1 7
dlnp 1672 -
drp _ 1 ZC'MSSM2+3YY +Yu Y +tr(BYpYh + YY) | Y, (G.7)
dinp — 167 PIb T AU PID T SETES| TPy '
dy 1|
5 lnE],z = o | Zc”MSSM 2 4 3YEY) 4+ tr(3YpYS 4+ YEY]) | Ye,
where
13 | 16 16 9
MssM _ (12 5 10 MSSM _ [ £ o 10 mMSSM _ (2
c (15 3, 3> , € (15 3, 3> , € (5,3,0> . (G.8)

The boundary conditions for the Yukawa coupling constants at the SUSY breaking scale
(M) are
SYu(Ms), Yo(Ms) = 5 Ya(Ms), Ye(Ms) =
where tan B is the ratio of vacuum expectation values in the MSSM.
When the vector-like matters are introduced in the MSSM, the RGEs for the gauge cou-
pling constants are modified as

Yy (Mg) = Ye(Ms), (G9)

bi — bi + 5b1 , b1] — sz + 5[71] , (GlO)
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where b; and b;; are the coefficients of the one-loop and two-loop RGEs in the MSSM, respec-
tively. 6b; and 6b;; are given by Ref. [140]:

0b; = (ns + 3n19, 15 + 3110, 15 + 3n10) ,
CCR SUUNE LR U R LT (G.11)
5[91-]. = %n5 + %nlo 7ns + 21nqg 16n1g ¢ |

4 6 34
1515 + 5110 61119 315 + 34n1g

where 15 and 119 denote the number of 5+ 5 and 10 + 10 vector-like matter superfields,
respectively.

QCD Coupling

At the low-energy scale, the QCD coupling becomes strong, and thus the radiative correc-
tions via the QCD coupling would be important. The RGE for the QCD coupling is given by

dgs _ higs bag3
_ , G.12
K dp 1672 (1672)2 (G12)

The coefficients of the beta function are

by =— (Ecz - %NF> ,

3 3
(G.13)
/3, 8. 10
by = (3 (C2) 3NF 3 CZNF) ,

with C; and N are the number of colors and quark flavors.

G.2 Wilson Coefficients

In this section, we show show anomalous dimensions for the baryon-number violating op-
erators up to two-loop level. Then, we give numerical factors for the two-loop level estima-
tions.

Short-Distance Effects -SM-

The effective Lagrangian below the EW scale is given by

,C == Zcm(’)m + h.C., (G.14)
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with operators

. -C
OLR = €aprers (TS Y40 ) (TR 1),

(G.15)
OLL = ewpyers(T 1" q) ) (@ 7)
Here, O1r and Oy respectively correspond to Oilp) and Oizp) in Eq. (3.9) in the text.
y%cm@o = YmCm (1), (G.16)
m = LL,LR
T = LYo+ L V4 (G.17)
i

i>j

where &@; = ¢?/167% (i = 1,2,3). Here, g1 is the GUT-normalized U(1)y gauge coupling,
again. The one-loop anomalous dimensions are given by

11

—— (m=1LL)
9 10
Vom =4 Vam=—5 Vim= . (G.18)
23

The above results are well-known by Ref. [42]. The two-loop anomalous dimensions were
derived by authors of Ref. [45] in the context of the non-supersymmetric GUTs.

479 2

e — N m = LL
@ _ 8 8 @ _ 59 4 2 _ J1200 15°% ( )
733,141 - 3 9 87 722,171 - 16 87 ryll,m - 3143 14 4
1200 15" (M =LR)
—2 (= LL) > (m=LL) 9 (m=LL)
(2) 40 @ _ J% @ _
Totm = 17 v Vam = 46 s Taom = ( ) .
0 (m = LR) 5 (m = LR)
(G.19)
Here, n, denotes the number of generations.
The numerical factors for C,, are
Crr(mz) Crr(myz)
—=- =1.12, =1.13. G.20
Crr(Ms) Crr(Ms) (G20

Here, M is the SUSY scale and set to be 1 TeV.
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Short-Distance Effects -SUSY SM-

As we have shown in the previous chapter, the two-loop anomalous dimensions for the
baryon number violating operators are derived using effective Kahler potential. In this sub-
section, we summarize the anomalous dimensions up to two-loop level. The effective Kédhler
potential is defined in Eq. (F.46). The RGE running of the Wilson coefficients is

d - .
ﬂ@c“)(#) =700CY (1), (i=12). (G.21)
The anomalous dimensions are decomposed as
1) 1~ 2) 1 ~~
Yo = Z[ Ef)()z)]i“i + Z[’Yé()l)]ij"‘i“j +ee (G.22)
i i>j

)

The two-loop anomalous dimensions [y (9<1>]if are given in Eq. (F.60). The one-loop coeffi-

cients were derived in [43].

W4 . _ 8
[70(1)]3 - [’)/0(2)]3 - _gl
[’)’8()1)]2 = [’)’g()z)]z = -3, (G.23)
2, 11 2, 23
[')’0(1)]1 ~ 715’ [ O(z)]l BT
The numerical factors for C1) (i = 1,2) are
(1) (2)
CWMs) 19,  C7Ms) 0 (G.24)
CM(Mgur) C® (Mgur)

Here, Mg is the SUSY scale and set to be 1 TeV, and Mgyt = 2 x 10'° GeV.

Long-Distance Effect

Below the EW scale, the QCD correction to the Wilson coefficients would be important due to
the strong coupling. The evolution of the Wilson coefficients for the proton decay operators
has been evaluated by the authors of Ref. [46] up to two-loop level. The RGE for the Wilson
coefficients is given by

#d%c - [v(c”:—; +9& (Z%)Z] c, (G.25)
with anomalous dimensions
1) =4,
N (% + gz\rF + A) . (©.26)
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Here, Nr is the number of quark flavors. The value of A changes depending on the proton
decay operators: A = 0 for left-handed (right-handed) quarks and lepton operators while
A = —10/3 for the operators including different chiralities. Thus, in our simulations, we
use A = —10/3 since the dimension-six operators via X-boson exchange include both of
chiralities. The analytic solution of the RGE is easily found as follows.

NE NN
/e e el

C(p) _ (as(y) ) 2by (47Tb1 + boas(u) ) 2by  2b (G.27)
C(po) as (o) 47tby + boas(po) '

with the running of QCD coupling given in Eq. (G.12).

We now give the numerical values for the long-distance effect. The long-distance effect
Ay is defined as the ratio of the Wilson coefficients at the hadronic scale yy and the EW scale
mgy.

_ C(pn)
A= G- (G.28)

The hadronic scale is py = 2 GeV, where the hadron matrix elements are evaluated. Thus,
the analytic expression for Ay is given by

4 (ast))fs (ocs(mb))fs (wst) + %> o <“_5<mb) + 5 ) G

g (my) as(mz) wg(my) + 2% as(mz) + B

Then, we have the numerical value for A; as

A; =1.25. (G.30)
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