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Abstract

The nucleon decay is a significant phenomenon to verify grand unified theories (GUTSs). For the precise
prediction of the nucleon lifetime induced by the gauge bosons associated with the unified gauge group, it
is important to include the renormalization effects on the Wilson coefficients of the dimension-six baryon
number violating operators. In this study, we have derived the threshold corrections to these coefficients at
the one-loop level in the minimal supersymmetric SU(5) GUT and the extended one with additional SU(5)
vector-like pairs. As a result, it is found that the nucleon decay rate is suppressed about 5% in the minimal
setup, and then the suppression could be O (10)% in the vector-like matter extensions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The supersymmetric grand unified theories (SUSY GUTs) are attractive extensions of the
Standard Model (SM). The three gauge groups of the SM are unified into one, and the SM
fermions are embedded into the fields charged under the unified gauge group in the GUT. The
minimal candidate for the gauge symmetry is SU(5), and we may understand the origin of the
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hypercharge assignment according to the group structure of SU(5). SUSY also plays a crucial
role in the gauge coupling unification as well as the natural explanation of the gauge hierarchy
problem, and we are looking forward to the discovery of the SUSY particles at the LHC experi-
ment. In 2012, it was reported that a scalar particle, which may be consistent with the SM Higgs
boson, was discovered around 126 GeV [1,2]. The SM is firmly established and we expect that
new physics predicted by the SUSY GUT is also discovered near future, although it has not been
found yet at the LHC [3-9].

On the other hand, it is true that there are several issues which should be carefully studied in
the SUSY GUTs. One of the issues is how to achieve the 126-GeV scalar boson. The low-energy
effective field theory (EFT) for the SUSY GUT is considered to be the minimal supersymmetric
standard model (MSSM). It is known that the MSSM predicts the upper bound on the Higgs mass,
and the observed Higgs mass may require high-scale SUSY [10-12], or very specific SUSY mass
spectrums [13], unless the MSSM is further extended, for instance, introducing extra vector-like
fields [14].

Another big issue is from the experimental constraints on baryon number violation, such as
nucleon decay. The GUTs unify quarks and leptons, so that the baryon-number-violating pro-
cesses are introduced through the gauge interaction. The processes are strongly suppressed by
the GUT scale, but it is possible to test the models through the nucleon decay search. The current
status of the nucleon decay experiments is as follows: the partial lifetime limit on p — 707"
is 7(p — 7%%) > 1.4 x 103 years [15,16], and the partial lifetime limit on p — K¥¥ is
T(p — KT9) > 5.9 x 103 years [17]. The prediction of the GUT depends on the scenario be-
tween the electroweak (EW) and the GUT scale (~ 10'® GeV). In the minimal SUSY SU(5)
GUT, the color-triplet Higgs exchange induces dangerous dimension-five operators to cause
baryon number violation [18,19]. It is a serious problem, if the SUSY scale is close to the EW
scale. If the SUSY scale is much higher, the constraint from the color-triplet Higgs becomes mild
and the dominant decay mode p — KT may be detected at the future detectors [20,21]. Further-
more, the heavy gaugino masses make the GUT scale lower, so that the decay rate for p — %™,
induced by a massive gauge boson (X boson), may be also large enough to be detected at the
future detectors [22]. If we introduce additional SM-charged fields, the gauge coupling constants
would become larger at the GUT scale since the extra fields contribute to the running of the
gauge coupling constants [14]. Then the nucleon decay through the X-boson exchange is en-
hanced [23]. Note that the lifetime of proton is very sensitive to the X-boson mass, because the
decay width is suppressed by the fourth power of the X-boson mass. This means that we need
careful analysis to draw the constraint on the X boson.

In this paper we derive the threshold corrections to the Wilson coefficients of the baryon-
number violating dimension-six operators induced by the X boson in the minimal setup of the
SU(5) GUT and the extended one with extra SU(5) vector-like pairs. In particular, since the uni-
fied gauge coupling at the GUT scale becomes large in the vector-like extensions, it is important
to evaluate quantum corrections via gauge interaction in these models. The two-loop order cor-
rections to the dimension-six operators have been investigated, including the long-distance effect
[24] and the short-distance effect [25]. However, the threshold corrections to the dimension-six
operators at the GUT scale have never been discussed. The correction will not be non-negligible,
especially when the gauge coupling constants at the GUT scale are large. We evaluate the cor-
rections at the one-loop level analytically.

This paper is organized as follows: in Section 2, we introduce the minimal SUSY SU(5)
GUT to summarize our notations. In Section 3, we show the radiative corrections such as the
wave function renormalizations, vertex corrections, and box-like corrections, using supergraph
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techniques. The definition of covariant derivatives on superfields in this paper is the same as
in Ref. [26] though we use the metric signature n,, = diag(1, —1, —1, —1). We adopt the DR
scheme [27] for the gauge coupling constants while we impose the on-shell condition to the X
boson mass M. For simplicity, we choose the Feynman gauge (§ = 1) through this paper. In the
next section, we estimate the threshold corrections to the Wilson coefficients of the dimension-six
operators at the GUT scale, and we evaluate the numerical results for these finite corrections in
the minimal SUSY SU(5) GUT and its vector-like matter extensions. Finally, we summarize our
paper in Section 5. We introduce the gauge interactions relevant to our analysis in Appendix A.
Our explicit results on the one-loop corrections are shown in Appendix B, and the renormaliza-
tion group equations (RGEs) of gauge couplings, Yukawa couplings and the Wilson coefficients
for dimension-six operators are discussed in Appendix C.

2. SUSY SU(5) GUTs

In the SUSY extensions of the SM, it is useful to use the superfield formalism in order to
describe the fundamental interactions. Matter fields, Higgs fields, and their superpartners are
embedded in chiral superfields and their conjugation. Gauge bosons and gauginos are described
by vector superfields.

In the SUSY extension [28] of the minimal SU(5) GUT [29], the matter fields are given by
the 5 and 10 representational superfields which are denoted by @ and W as follows:

c BY o—ivi[JC r
b =( D wiB(10) = ey, 07
iA s ] i sp sr c |
ErsLi \/§ _Q,' € VijEj

where A, B,---=1,2,---,5 are the indices of the SU(S), o, 8,---=1,2,3 and r,s,---=1,2
are the indices of the SU(3)¢ and SU(2), respectively. i, j = 1,2, 3 denote the generations.
All the chiral superfields include the left-handed fermions in the flavor basis. ¢; and V;; corre-
spond to additional phases in the minimal SUSY GUT and the CKM matrix with the constraint
> ;% =0. Q0 and L denote the weak-doublet chiral superfields for left-handed quarks and left-
handed leptons, respectively:

U; _( N;

where U, D, E, and N are the chiral superfields for left-handed up-type and down-type quarks,
and left-handed charged and neutral leptons, respectively. US, D€, and E€ denote the chiral
superfields for the charge-conjugation of right-handed up-type and down-type quarks, and right-
handed charged lepton, respectively. In the Higgs sector, there are 5, 5, and 24 representational
superfields,

HZ = Hz
HA 5) — C , H- (5) = Ca ,
§O) (HJ) 54 (mHj)
23 23,2 1 (2 0 )
TA5(24) = P )+ —= o4 23
5(24) <2(3*,2) s ) Jeo\o -3 )= (2.3)

Hs(S) and Hg (5) include the MSSM Higgs doublets, H, and Hy. In order to embed the MSSM
Higgs multiplets in the SU(5) multiplets, we have to introduce the color-triplet Higgs multiplets
Hc and Hg. The adjoint Higgs multiplet X (24) is introduced to cause the spontaneous symmetry

(2.1)
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breaking of the SU(5) gauge symmetry according to the non-zero vacuum expectation value
(VEV) of 4.
The Lagrangian for the minimal SUSY SU(5) GUT is given by

1
L =fd49KMSGUT + |:/ d*o (WMSGUT + 52 trW”‘Wa) +h-C.i| + Lghost
85

+ Egauge-ﬁxing, 2.4)

where Kysgut and Wiyisgur are the Kidhler potential and the superpotential, respectively. gs de-
notes the unified gauge coupling constant. The field strength chiral superfield WW* consists of
vector superfield Vs = Vg‘ T4, where T4 is the generator of SU(5) with tr TAT 8 = %8‘43:

WY — _%52(6725’5]/52)01623'5\/5)' 2.5)

Here, D and D denote the covariant derivatives on superspace. The vector superfield Vs is de-
composed in terms of the SM gauge group:

2 1
G — —B8%g —x,
Vs = 1V60 V2 3 : (2.6)
—X* WS, + —Bé*
2o VT

G, W, and B are the vector superfields for SU(3)¢c, SU(2)r, and U (1)y, respectively, and they
are defined as

GYp =G (T)%, We = Wet"),, (2.7)
using the generators T¢ and ¢ of SU(3)¢ and SU(2), respectively. X is the vector superfield
for the X boson, which induces baryon-number violating operators. It acquires the heavy mass
by eating the Nambu—Goldstone (NG) modes, X3y and X3+ ), after the SU(5) symmetry
breaking. Mx denotes the mass for the X boson in this paper.

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

Kuscur = @14 (e725V5) 8 05 4+ W], 1 (e285V5) A (£285V5) B [, w P
. _ A,
+2%™p(e 2‘("SVS)CA(EZgSVS)BL)EDC-i-HgT (e zgSVS)BAHgg
+ HQA(6285V5)ABHSB,

y yus
WMsGuT = 5 tr 23 + T tr 22 + yHHgA(Zg + 3M05§)HSB

i

+ e eacoe VP UPHE + V2V y WP 0 Hy . (2.8)

y denotes the cubic coupling constant of the adjoint Higgs multiplet and vy, is the VEV of the
adjoint Higgs multiplet. y; and y; denote the diagonalized Yukawa matrices.

The adjoint Higgs multiplet and the color-triplet Higgs multiplets acquire heavy masses
through the interactions in the superpotential. The doublet—triplet splitting is achieved by tun-
ing 1o in the minimal SUSY SU(5) GUT. My, (= Sygvys) denotes the mass of the color-triplet
Higgs multiplets. The masses of the adjoint Higgs multiplets are also split after the SU(5) sym-
metry breaking. The triplet X3 and the octet Xg have a common mass denoted as My (= % yuy),



J. Hisano et al. / Nuclear Physics B 898 (2015) 1-29 5

and the mass for X4 is My,, (= %yvz). The X boson mass My is 5ﬁg5vg. Note that y and
yu should be large, if the color-triplet Higgs and adjoint Higgs multiplets are much heavier than
the X boson.

In the minimal setup of the SUSY SU(5) GUT, the X-boson interactions with the matter
superfields are given by the following terms,

Lx= / d'o (k) + ) + )Y, 29
/C(O) —V2g5¢” LT DEXTY +hee., (2.10)
K = —V2gseapy e UST QP XY +he., 2.11)
Ky = —2gse" Vi O ES XT) +he., (2.12)

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';

Laime = f a'o (K" + k1) (2.13)
2
KO = e 55,6, U D QI LY 4 e, (2.14)
MX
2
KO = —ef v, E cupyers ECTUCAT QI 0 fhc. (2.15)
X

Below, we investigate the one-loop correction to the 4-Fermi interactions and especially esti-
mate how large the threshold correction is according to the heavy particles decoupling around
the GUT scale. We focus on the operators relevant to nucleon decay in not only the minimal
SUSY SU(5) GUT but also its vector-like extensions, where SU(S) vector-like chiral super-
fields are additionally introduced. In the later case, we simply assume that the vector-like pairs
have supersymmetric masses without the mixing between the extra fields and the MSSM fields.
We only discuss the gauge interactions in our calculation. The gauge interactions in the mini-
mal SUSY SU(5) GUT, which are relevant to the evaluation of the threshold correction to the
baryon-number violating operators, are summarized in Appendix A. For simplicity, we omit the
generation indices (i, j - - ) below.

3. Radiative correction to the baryon-number violating operators

In the supersymmetric theories, effective Kéhler potentials are useful to derive the radiative
corrections. In order to evaluate the corrections to the baryon-number violating dimension-six
operators induced by the X boson, we discuss the effective Kéhler potentials at the one-loop
level, and evaluate the threshold corrections to the operators.

First of all, let us discuss a general effective supersymmetric action I'[®, dJT], which is the
function of chiral superfield ®, antichiral superfield ®", and their derivatives. The general form
of the effective supersymmetric action would be as follows,

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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e, o' = / d*xd*0 Lesi (P, Da®, DaDp®, -, @7, Da®", DaDpd7, )

+ {/d“xdzecgg(@,m@,mpg@,...)+h.c.}, 3.1)

where D, is the superspace covariant derivative which consists of 9,,, Dy, and l_)d. Here, we
do not include vector superfields for simplify. The perturbative corrections appear only in the D
term due to the non-renormalization theorem. The effective supersymmetric Lagrangian L. is
divided into two parts under 9, ® =0,

Lett = K(®, @) + F(Dy®, D*®, Dy ', D*d'; @, @7, (3.2)

where K(®, ®7) is the effective Kihler potential and F(Dy®, D*>®, Dy ®', D?®T; @, ®7) is
called the effective auxiliary potential. While some diagrams may generate the terms including
superfields on which more than three covariant derivatives act, we may always obtain the above
form by using algebra of super-covariant derivatives (D algebra). The effective auxiliary potential
vanishes in the limit that Do ® = 0 and Dy = 0, so that the effective Kiihler potential is
identified by taking the limit.

Below, we study the threshold corrections to the baryon-number violating dimension-six op-
erators at the GUT scale with the effective Kihler potential. First, we calculate the effective
actions for constant fields in both full and effective theories at the one-loop level with the su-
pergraph technique [30]. We adopt the modified dimensional reduction (DR) scheme [27] as the
renormalization scheme of the gauge coupling constants while we impose the on-shell condition
for the X boson mass. We also introduce the IR cut off in order to control fictitious IR singular-
ities. Then, we identify the effective Kéhler potential for the baryon-number violating operators
by taking D, ® = 0 and Dy ®T = 0 together with the D algebra. By matching the effective Kih-
ler potentials in full and effective theories, we derive the one-loop threshold corrections to the
Wilson corrections of the dimension-six operators.

3.1. Radiative corrections in the full theory

In this subsection, we show the radiative corrections to the baryon-number violating
dimension-six operators in the full theory, where the X boson is activated. The radiative correc-
tions consist of the wave function renormalization of quarks and leptons, the vacuum polarization
of the X boson, the vertex correction, and the box-like corrections. In this section, we show only
the results of the supergraph calculation. Details of the calculations are given in Appendix B.

3.1.1. Two-point functions for matter fields

First we study two-point functions for matter fields at the one-loop level. The functions gen-
erally include UV divergences which are renormalized by the wave function renormalization
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 one-loop renormalized two-point function for chiral superfield & is defined as

Fﬁ;"‘ = Fczl;pt + Zo — 1. The wave function renormalization constant for the matter superfield Z¢

absorbs the UV divergent terms proportional to 1/€’ in the DR scheme?:

2 2/’ =2/ — y +1Indx is defined and € satisfies € =4 — d in the d-dimension momentum space.
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(a) (b) ©

Fig. 1. Diagrams of chiral multiplets for radiative correction to two-point function of superfield for X boson.

3 2
1
z¢_1+c“’4g5 L ZEFT Z;P S S- (3.3)

Z and Zqu T denote the wave function renormalization factors in the full and the effective theo-
ries, respectively. g3, g2, and g1 are the gauge couplings of SU(3)c, SU(2)r, and unified U (1)y
gauge symmetries. cgb and c (n=3, 2, 1) are the quadratlc Casimir of ® in SU(5), SU(3)c¢,
SU(2)r, and GUT normalized U (1)y gauge symmetrles.

Then, the one-loop renormalized two-point function in the full theory is given by

rob (3.4)

2-pt; 1-1
roP P = (14 a0 f(M3) + bo f(uF)) T
Fi%t is the tree-level two-point function, and a¢ and bg are the constants obtained from the
one-loop calculations,

3

3 2
ap=—(c§ =Y ¢y )8 2 Z 8—5. (3.5)

n=1

We set the mass of the MSSM vector superfields to be a non-zero value which is denoted by
WIR in order to regularize the IR divergence, as mentioned above. The function f in Eq. (3.4) is
defined as

2 M2
fM)=1-In—, (3.6)
uw

where p denotes the renormalization scale in the DR scheme. The two-point function in the
effective theory is derived by removing the X boson contribution in Eq. (3.4) when g5 = g3 =
82 =81-

3.1.2. Vacuum polarization

Next, we estimate the radiative corrections to the propagator for the X boson. Not only the
MSSM fields but also the GUT-scale fields such as the SU(5)-adjoint field contribute to the
vacuum polarization of the X boson.

The chiral superfields have three kinds of the contributions which are described in Fig. 1.
The diagrams (a) and (b) are induced by the supergauge interaction 'V ® and & V2®, respec-
tively. The diagram (c) is generated by the SU(5)-breaking adjoint Higgs superfield, which has
interactions (£7) V2% and £7V2(X) after acquiring the VEV.

For the gauge sector, we have the four-type diagrams to contribute to the two-point function
of the X boson. The diagrams (a) and (b) in Fig. 2 arise from the self interactions of the vector
superfields. If the internal vector superfields in the diagram (b) are massless, the diagrams have

3 c?’ is given by c? = (QC}E)2 x (3/5), where Q?,’ is hypercharge of ®.
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Fig. 2. Diagrams of gauge and ghost superfields for radiative correction to two-point function of superfield for X boson.

no contribution to the two-point function in the DR scheme. The diagrams (c) and (d) show the
ghost loop contribution.
Finally, the two-point function of the X boson is in the form as below:

P2 =k* — M% — Sx(K?), (.7)

where Y x (k?) is the renormalized vacuum polarization for X boson. The UV divergence in the
one-loop corrections is absorbed by the wave function factor (Zx) and mass (My) of the X
boson. In this paper the on-shell condition for the X boson mass is imposed so that this leads
the equation Xy (M)2() = 0. This is because heavy particles are decoupled from X x(0) under the
on-shell condition, if they have SU(5) symmetric masses much larger than the X boson mass.*
Y x (0) will appear in the threshold correction to the baryon-number violating operators.

The counter term 6 Zx is determined to absorb the UV divergence which arise from the gauge
contributions and the matter contributions such as Figs. 1, 2. We obtain

2
1
8Zx =Zx — 1= —52 <3C2(G) Z T(R)) (3.8)

where T (R)8% = tr(T2T5) and CQ(G)S;/ =Y, (T¢ T(“;){ are defined. As expected, 8 Zx is pro-
portional to the one-loop beta function for the SU(5) gauge coupling constant. In the SUSY
SU(5) GUT models with 5 + 5 vector-like matter superfields and 10 + 10 vector-like matter
superfields, we find

1 3
D T(R)= (N +2+2ns) + S (Ny +2m10) +5, (3.9)
R

where Ny, ns, and nyg are the number of generations, 5 + 5 and 10 + 10 vector-like pairs, re-
spectively.

In the SUSY SU(5) GUT with extra vector-like matters, the vacuum polarization X x( PH(=
Tx(p?) — Tx(My)) is given by

1672

1 3 25
2 %)= I:E(Ns +Ng) + 5 (N0 + Nl—o)] B(p*,0,0) + gB(pz, M%, M%)
5

5 2 2 2 2 2
+ EB(p 7M2247MX)+B(17 ’MMHcv())

5
57 ME [TAG? ME. 00+ 2007 MY ME) +2A(0% MY M)

4 The GUT-scale mass spectrum may be constrained using the gauge coupling unification [31,32]. In the works, they
use the threshold correction to the gauge coupling constants at the GUT scale at the one-loop level so that the renormal-
ization condition for the X boson mass does not appear there. We need the threshold correction at the two-loop level in
order to get the constraint on the on-shell X boson mass.
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2
1
_ 5C2(G)%A(p2, M5.0) = 5 C2(G)B(p?, M. 0)
+ ( pz—independent terms), (3.10)

where N, (r =5, 5.10, 1_0) denotes the number of the massless superfields in r representation.
The loop functions A and B are defined as

1
A
A(p?, M}, M3) E/dx lnﬁ,
0
1

B(p? M2, M2) = _ s A
p°, JMy)= | dx|A—-QCA+x(x—1)p)In 2| (3.11)
0

where A = x(x — 1)p? + xM3 + (1 — x) M7 is defined.

The first and second lines in Eq. (3.10) correspond to the contributions of the massless and
massive fields in Fig. 1(a). The third line is for diagram (c) in Fig. 1, in which the VEV of the
adjoint Higgs multiplet is included in the vertices. In the fourth line, we show the contributions
from the gauge sector: The first term in the forth line is induced by the three-vector interac-
tions (Fig. 2(a)), while the second term corresponds to the ghost diagrams (Fig. 2(c)). The p2-
independent terms come from the diagrams Fig. 1(b), Fig. 2(b), and Fig. 2(d).

We finally obtain the full one-loop corrections to the two-point function by summing of the
contributions from the chiral superfields, the vector superfield, and the ghost superfields. The
resumed propagator Dxx(p?) of X superfield in terms of the superfield notation is given by
Dxx(p?) = =i/ @I (p?).

After the spontaneous symmetry breaking of the GUT gauge symmetry, the baryon-number
violating dimension-six operators are induced by the X boson, and the coefficients are propor-
tional to 1/ M )2( 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 X boson. Since the mo-
menta of external fields in the baryon-number violating dimension-six operators are negligible
compared with the X boson mass, we may set the momentum of internal X boson zero.

3.1.3. Vertex corrections

Next, we show the one-loop vertex corrections to the X boson interactions with quarks and
leptons. The tree-level interactions are given in Eq. (2.9).

Several one-loop diagrams in Fig. 3 contribute to the vertex corrections. Since the supersym-
metric gauge interactions in terms of the superfield formalism have the form ®7e?V ® (® is a
matter chiral superfield, and V and g are a vector superfield and its gauge coupling, respectively),
there exist diagrams which do not appear in component calculation. The diagram (a) has only the
vertex 2g®'V @, and the diagrams (b) and (c) include the vertex 2¢2®TV2d. The diagrams (d)
and (e) include the three-point self interactions of vector superfields. Since the external vector
superfield is for the broken 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.

Thus, we calculate the contributions from the diagrams (a)—(e) in Fig. 3. 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 (uir) are introduced as IR regulators. Under this momentum assignment, we
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14 Vv 174
(a) (b) (c)

k) [l D P
VT
174 174 174
(d) (e) ®

Fig. 3. Diagrams for vertex correction.

carry out loop momentum integrals and Grassmann integrals, and we discard the auxiliary terms.
We expand the one-loop Kihler terms around p? = 0, and then we extract the dominant contribu-
tions around p? = 0. The vertex corrections to the gauge interactions between the MSSM matter
fields and the X boson are as follows:

[ o2 21
Ky = =561 ur) + 565 urw) + 5c§v>(Mx>] Ky,
M _[12 v W 49 v W ©
ICVZ = 5 Cl (MIR)_zcl (MX)+_5 C2 (MIR)+9C2 (Mx) ICVZ’
W _[2.m ) 29 ) ©)
K4 = | £C1 ) — 4C1Y () + €8 () + 135 (M) | K1) (3.12)

The contributions from the diagrams (d) and (e) in Fig. 3 are canceled each other. The coeffi-
cients C ;V) and C;V) correspond to the correction from the diagram (a), and the ones from the
diagrams (b) and (c) in Fig. 3, respectively. After the loop momentum and superspace integrals,

we find that C }V) and Cév) are given by the functions of the mass of the internal vector super-
field M,

1 g2 [2 M?
cpon =-cPon =38 [ 2o 1on i (3.13)

These loop functions are the coefficients of the effective Kéhler potential ICEV) and IC;V) defined
in Appendix B in the limit that p? vanishes.

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

0 1 1/2 5,1/2 51/2 0
=K k) + (A7 242, 1)K
0 1 1/2 5,1/2 51/2 0
Kv, =K + K3 + (22272 2¢,, - 1) KV,
1/2 5,1/2 5,1/2
Ky, =KW + K + (ZQ/ 2’2\ ze, ~ 1) K. (3.14)

When Ly, (n =1, 2, 3) are described as Ky, = Cy, Oy, with the operators Oy, and the Wilson
coefficients Cy,, Z¢,, are defined to renormalize the UV divergences in Cy,. Then we find
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[ o, b D,
D, [0 [0 D,
(a) (b)
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(© (d)

Fig. 4. Box-like diagrams.

2
85 Z 1
ZCV] - ZCV2 - ZCV3 == 1 - @ <3C2(G) - T(R)) X Z, (315)
R

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

3.1.4. Box-like corrections

The box-like diagrams contribute to the radiative corrections of the dimension-six operators.
Fig. 4 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. 4. 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 (R, and we remove the auxiliary terms. For the 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 functions:

1 g2 = M>3

. _ ___65 X
Ceross(Mx) = Cmangle(MX) = B In 2 (3.16)

2 167 Wik

These loop functions correspond to the coefficients in the effective Kihler potential Kcpogs and
Kuiangle defined in Appendix B in the limit that p? vanishes.

In SUSY SU(5) GUTs, the baryon-number violating dimension-six operators are generated
at the tree level in Eq. (2.13). The one-loop radiative corrections from the box-like diagrams are
written by Ceross and Ciangle:

18 14
]CgBOX) = [—?CcrosS(MX) + ?Ctriangle(MX):| ’CEO)’

14 22
KPP = [—;cmss(Mx) + ?cmangle(Mx)} K. (3.17)
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Fig. 5. Radiative corrections in EFT.

3.2. Radiative corrections in EFT

Now we consider the radiative correction to the higher-dimensional Kihler terms in the EFT.
There are three kinds of contributions to the radiative correction. The first one is the diagram
(a) in Fig. 5, where a vector superfield is attached to two chiral superfields or two antichiral
superfields. The second is the diagram (b), in which a vector superfield is attached to both a
chiral and an antichiral 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

) 16 4 32 8
,C(l).eff — 2 CEFT 2 EFT IC(O),
] 38 + — 58 (LIR) + 38 I+ — 58 (LR) | K

. 16 4 32
o[ )(

8

2 EFT (0)

+ C " . 1
3 3 15 gl) 2 ( IR)j| (3 8)

Here, the diagram (a) vanishes while the diagrams (b) and (c) are given by CFF T(ur) and
CZEFT(,uIR), respectively:

2
CEFT( )__CEFT( )=;l E-}-l—ln@ (3.19)
1 WIR)=—Cy" " (UIR) = lox22 \ e 2 ’

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

ff (1): ff (0) EFT!/2 ,EFT1/2 ,EFT1/2 ,EFT1/2 (0)
KT = KT 0 (ze, 282G 2T 2 ) ke,

KT = KD 4 0 + (2, 28T 22T ZET 1) . (320

The logarithmic divergences are absorbed by the counter terms of C4, and then we have

Zo—1- 2 (Mo, 3 2, 4o
G =T Ten2e \ 3051 T 2827383 )

Zo, =1 2 232+32+4 (3.21)

=07 Tenze \3081 T 2827383 ) '
These are consistent with the results of Ref. [33]. 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.
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4. Threshold corrections of the dimension-six operators

In the previous section, 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 superfields.
As we have seen in Eq. (3.4), the one-loop two-point functions are divided into two parts: one is
linear to f (M}z() and the other is linear to f (MIZR). The latter is the contribution 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;

2-pt;eff 2-
r2Peel — (1 ) (1 Y bof (M%R)) re. (4.1)

Here, the chiral superfield in the EFT is given by (1 — 14 /2)® (® is in the full theory). Lo is
determined so as to match the two-point function in the EFT and that in the full theory:

2
hol) = 72550 f (M3). (42)
where (g, Ay, Ap, AL, hE) = (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 renormalizable kinetic
terms. For a matter superfield @, the renormalizable kinetic term has the form (1 — ro) DT D
in the EFT. The finite corrections to the two-point functions in the EFT appear in the cor-
rection 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 Kihler potentials lC?ff (I =1, 2) as the ones with threshold corrections up to the
one-loop level as follows:

- ) 1
Jstt = e (1 —h=30u+ro+ip+ M)) Ky
1/2 1/2 1/2 172
n (Za ZEFT / ZBFT / ZEFT / ZEFT 2 _ 1) ,CEO)’
. ) 1
1):eff 0
S (1 —d2 = 0 + v +2/\Q))’C§)
172 1/2
+ (ZCZZEFT / ZT / ZEFT 1) K (4.3)
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 potential
for the dimension-six operators at the one-loop level,

1 1
Kfull - __ Cv.C O(l) + K(BOX),
! 2MEyx@) 2 1
1 1
G Cv,Cr, 0P + P (4.4)

2 M% + (0)
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The first terms include the vacuum polarization of the X boson X (0) and the one-loop effective
couplings Cy,, Cy,, and Cy, which are defined in Eq. (3.14).

There are IR divergences in ICg“” and IC‘;ff (I =1, 2), which are represented by upr. The
divergences are absorbed by the operators O!) > Then, we divide the effective Kihler potentials

into the coefficients C; and the renormalized operator O(I)

’Cfu“ _ Cfu“O(I) Keff Ceffo(l) (45)
The one-loop coefficients in the full theory are given by
el M2 g2 Mi\ 16, M}
RS — 5|6+6|1l-In—)——Ih—1|,

cl MZ+X2(0) 167 w 5

eyl M2 2 [32 Mi\ 18 M3
.oy et ) R e ) R e g (4.6)
G5 My +%(0) 167°| 5 u? 5 u

where CEO) and Céo) are the tree-level ones: C%O) &) - &5 2/ Mz 2 In the EFT, the coefficients
are

et 682 ME\ 14 g2
—=l—a—— (11—l ) - -2,
Cf) 167 n 5 16m
C(l):eff 8 2 M2 14 2
SRS (R Py R P &) [t i 4.7)
Cé) 167 u 5 167

We assume that the matching scale is © = Mgyt (>~ My), where the unification g; = g» = g3 =
gs is achieved. By comparing the amplitudes obtained in the full and effective theories, we deter-
mine the threshold corrections to the Wilson coefficients of dimension-six operators A1 and X,
at the one-loop level:

(0 Z 16 M2
A= © _, & —(1 1—),

M3 +%(0) 16725 w?

(0 218 M3
=0 85 B Mx 4.8)

M%+%0) 16725 >

We find that the corrections to the wave function for the matter field and the vertex of the X
boson are canceled with each other as expected from the Ward identity and that the threshold
corrections come from the corrections to the vacuum polarization and the box-like contributions.

Now, we give numerical results of the short-range renormalization factor including threshold
corrections in the minimal SUSY SU(5) GUT and its vector-like extension. In the minimal SUSY
SU(5) GUT, the X multiplet, the color-triplet Higgs multiplets, and the adjoint Higgs multiplet
acquire heavy mass through the VEV of the adjoint Higgs multiplet. 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 on the GUT scale mass spectrum is

5 Since the IR divergent terms from the box-like diagrams are proportional to In M)z( //‘%R’ we divide this into

In M)2( / w2+ Inp? / }LIZR where p denotes the renormalization scale, and then the IR divergent terms are absorbed by
the operators.
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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 X boson as
X (0)

—————— =126x 1077, (4.9)
MZ% + 2(0)

)‘l|vac. = )‘2|vac. =

another one comes from the box-type diagram:

2 2
g5 16 M _
)‘1|vert.:ﬁ? <1—1H—§>=1.05X 10 2,

w
2 2
g5 18 M B
}‘2|Vert.:16$? <1—1n’u—§>=1.18x 1072, (4.10)

Then, by combining these contribution we obtain the numerical values of threshold corrections
as

A (Mgut) =231 x 1072, A2 (Mgurt) = 2.44 x 1072, 4.11)

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

The short-range renormalization factors of Wilson coefficients of the dimension-six operators
which include two-loop RGEs and threshold corrections are defined as:

Cr(Msusy)
Cr(Mgur)’
where C;(u) are the Wilson coefficients of the dimension-six operators at renormalization

scale w, which do not include threshold corrections at GUT scale. These numerical factors are
obtained by using the RGEs at the two-loop level®

AP =1 =) (4.12)

AV =197, AP =2015. (4.13)

We have also evaluated the short-range renormalization factor to the partial decay rate (p —
et + 0). We define the ratio of the short-range renormalization factor with and without the
threshold correction to the Wilson coefficients of the dimension-six operators as

AP+ (14 VP 4D
R w

o2 o2 4.14)
A 14 Va2 A ‘
S + (1 + | Vual®) Ky w/o

where the denominator and numerator correspond to the short-range enhancement factor of the
nucleon decay rate without and with threshold corrections, respectively. V,,; denotes (1, 1) com-
ponent of the CKM matrix. We obtain R = 0.952 in the minimal SUSY SU(5) GUT, that is, there
is about 5% suppression compared with the short-range renormalization factor without threshold
corrections.

6 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 C.
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Fig. 6. GUT-scale particle mass dependence on renormalization factor of proton decay. Left panel shows My . depen-

dence for My, = My =2 x 1016 Gev. Right panel shows My, dependence for My, = Mx =2 x 1016 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 My = Mx = 2.0 x 101© GeV, we have

AV =1916, AP =2.004, (4.15)

and then, we obtain R = 0.942.

In Fig. 6, we describe the heavy mass dependence on the ratio of the short-range renormal-
ization factor in the minimal SUSY SU(5) GUT. Here, we set the mass of the component fields
of the adjoint Higgs multiplet to be degenerate in My, that is, we set My,, = My, for sim-
plicity. The left panel of Fig. 6 shows the color-triplet Higgs mass (Mpy,.) dependence of the
ratio with the fixed adjoint Higgs mass My = 2.0 x 10'® GeV. The right panel of Fig. 6 shows
the adjoint Higgs mass (Myx) dependence of the ratio with the fixed color-triplet Higgs mass
My, =2.0 x 10'® GeV. Since, in a large M He Tegion, the vacuum polarization behaves as
¥~ %M%(% —In M%ic /1?), 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 renormalization effect to
the Wilson coefficients of the dimension-six operators.

In Fig. 7, we show the ratio of the short-range renormalization factors in the vector-like matter
scenario. The horizontal line and the vertical line present the mass scale of the vector-like matters
and the ratio of the short-range 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 superfields is sufficiently light (large), the unified gauge coupling at the GUT scale
becomes larger, and then the threshold correction makes the proton lifetime longer.

In Fig. 8, we show the partial proton lifetime (p — 7% 4 ™) in the minimal SUSY SU(5)
and its vector-like extension. In this evaluation, we assume the masses of the GUT spectrum are
set to be the same mass (2.0 x 10'® GeV), especially the X-boson mass is set to be My = 2.0 x
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Fig. 7. Ratio of short-range 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.
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Fig. 8. Partial proton lifetime (p — 70 + et) 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 (the future sensitivity by the Hyper-Kamiokande).

10'% GeV. We use the two-loop RGEs of the Wilson coefficients of the dimension-six operators
as short-distance [25,34] and as long-distance [24]. We also use the hadron matrix elements
evaluated with the lattice calculation [35]. The deep gray region is corresponding to the present
lower bound on this decay mode by the Super-Kamiokande (t(p — 70+ ¢*) > 1.4 x 10°*
years). The gray region, on the other hand, corresponds to the future sensitivity on this decay
mode by the Hyper-Kamiokande (z(p — 7%+ e®) > 1.0 x 10> years). Due to the extra fields,
the lifetime is suppressed since the unified coupling becomes large at GUT scale. However, the
threshold correction lifts the partial proton lifetime up.

5. Conclusion and discussion

In this study, we have derived the threshold corrections to the Wilson coefficients which cause
proton decay (p — 7%+ ™) at the GUT scale in SUSY SU(5) GUTs. We find that the threshold
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correction makes the proton decay rate suppressed about 5% in the minimal SUSY SU(5) GUT.
Furthermore, we also have investigated the threshold effect on the partial proton decay rate in
the extended SUSY SU(5) GUT with additional vector-like pairs, motivated by the achievement
of the 126 GeV Higgs boson. In these models, we find that the decay rate is O (10)% suppressed
due to the large unified gauge coupling.

In our study, we neglect the threshold corrections induced by the Yukawa interactions, because
the Yukawa interactions involving light quarks and leptons are negligibly small at the GUT scale.
Similarly, we do not estimate the threshold correction at the scale where superparticles are de-
coupled. In this work, we have concentrated on the effect of vector-like matters at the GUT scale.
In order to complete the evaluation of two-loop level corrections, we should include the one-loop
threshold correction at the SUSY scale. We will calculate these corrections on another occasion.

There exists the additional loop suppression in the next-to-next-to leading order (NNLO) cal-
culations such as three-loop RGEs and two-loop threshold corrections. The loop factor at the
GUT scale, that is g%(MGUT)/16n2, becomes 3.3 x 1073 to 1.5 x 1072 corresponding to the
number of vector-like matters being N5 = 0 to N5 = 4. Thus, the NNLO calculations should be
much smaller than the uncertainty of the matrix elements derived by using lattice QCD simula-
tion as discussed below.

The matrix elements relevant to nucleon decay have been evaluated with the lattice QCD and
they have 30% uncertainty at present [35]. In this work, we have revealed that the threshold cor-
rection at the GUT scale can be comparable to the uncertainty in the vector-like matter extended
models. On the other hand, the correction in the minimal SUSY SU(5) GUT is small in compari-
son with the uncertainty of the matrix elements. We expect that the uncertainty would be reduced
in the future.

Finally, we note the application of our work to the other SUSY GUTs. We only have inves-
tigated the threshold effects in the minimal SUSY SU(S) GUT and the extra vector-like matter
extensions in this paper. When, however, we apply our formulae for the extension of the SUSY
SU(S5) GUTs, for instance the missing-partner model [36], we only have to evaluate additional
contributions to the vacuum polarization for the X boson. That is remaining as one of our future
work.
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Appendix A. Decomposition of SU(S) interactions
A.l. Interactions of vector superfields
In super-Yang—Mills theories, the renormalizable Lagrangian is written as
1
Lsym = P tr/d%W“Wa +he., (A1)
8

where the field strength chiral superfield is given in Eq. (2.5). The Lagrangian is expanded in the
vector superfield V as
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1
@ tr/ dZQWaWa

1 _ _
= —gtr/d40 [—VD"‘DZDO[V+2gVD"‘D2[V,DaV]
_ 402 _
2 o 2 8 2
+ &1V, DUVIDV, DV I+ ——Du VDIV, [V, DaV]]—i—m]. (A.2)

The decomposition of the SU(S5) vector superfield Vs is given by Eq. (2.6). As mentioned in
text, we denote SU(3)c, SU(2)r, and U (1)y vector superfields in the MSSM with G, W, and B.
The kinetic terms of the vector superfields in the SU(5) GUTs are given into the following form;

£W=2trfd49GDPTG+2tr[d49WDPTW+/d4GBDPTB

+2/d49XTDPTx, (A.3)

where X denotes the massive vector superfield associated with the broken SU(5) generators.
Here, Py (= D*D?*D, /(80])) is the projection operator to the transverse mode (P2 = Pr).

From the second term of Eq. (A.2), the three-point interaction terms between X and MSSM
vector superfields are obtained as

5
Lxan= [ d*6 [55 TYE(K6)"% 4 (1%)58E (KCy)™s + ——=858L (K m], A4
X-3pt / (TGI8 (K )+ =080 (Kxe) (A4)

where
gs — — . o =
(Ks)is = n [Xg (D*DXNIDV + V4(D*DX)p (DX + X f(D%V“)ng

— XpD*DVDX Y - VD DX DX - X D DX)DV ]
(A.5)

Here, spinor indices are contracted like %, or 4. The four-point self interaction of X is given as
2
Lxap = _i_g / d*e [(5ZDXT3‘)(X;XT§ (DX), —2X5(DXDEXS + (DX X X3)
+ (D*DXL) (XX (DX - 2XT DX, X + (DX x5 x T )] . (A6)
A.2. Vector—ghost interactions

The Lagrangian for the massless Fadeev—Popov ghost chiral superfields, which are denoted
by b and c, are given as

Lpp=2tr / d'6(b+b)Lev [ (e +ch) +coth(Ley)(e = h]. (A7)

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

Lehost =2 / d*e [tr(b§C3 — byc}) + tr(bher — bzc;)] + / d*6(bic) —bic)

+ / d'6 [ (bex = bxcl) + Blext —byich | (A8)
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where the ghost multiplets are decomposed in a similar way to the gauge multiplets as

_ 2 L 2. L
po |V ﬁbx P R O v
%bx‘r by + f %Cx’r 2+ \/%01

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 3 2) and
¥ 3*,2). By using the supersymmetric Rg-gauge [37], we remove the kinetic mixing terms, and
we find the mass terms for the ghost chiral superfields [37] as:

2
Eghost mass 2/ |:(bX +bX 0] (CX - CX) + (bX +bX’r) £0) (CXT XT):| . (A.10)

We note that the terms such as bycy and b_; c; vanish by the superspace integral since these are
chiral (or antichiral) superfields. Then, the propagator for massive ghost superfields is modified
as

Ape = =546, — 0 !
be =17 61 —62)—> —

yER— 5%, — 6,). (A.11)
1 X

e

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. (A.7) as follows,

, 2g? + _
Lyve =tr/d49 {2g<b +6)[V.e+eh]+ Fo+ohV vV e = +0(v3>}.
(A.12)

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

5
‘CbXC:/d49 |:6S(Ta)ﬁ(lcch — (¢ )SSﬁ(K:ch 7 2\/38535(/@”3 ggi| , (A.13)
and
2 1.
Lpx2e=— 6 d49(55§5;; 5§§5§;)X;“st
x [bx)] (€ = 7 (e = BLfexn] + ool | Aae)

Here, we define 85)5, = 5?, and 87 = 8'5; . In the three-point interactions, we define the term
K5 cv)gg as:

(Kpey 5 = ((bx +bx) s X5 — X(byt + b)) ey +¢})*

+ (by +bv)“(X/3(cX+ el —(ex +e L)f,xf"‘) (A.15)
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A.3. Gauge interactions of matter superfields

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

K=cta (e7285v5)§d>3 + \I]ZB(eZESVS)é(eZESVS)g\I;CD
+ 22};1‘\ (6—285\/5)5(6285\/5)52? + HgA (e—QgSVS)gHgB
+ H (254 HE. (A.16)

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

2 . 3
Kerve =—gsDCT <2G - \/—1_53) D€ 4 gsL' <2W - \/—1_513) L
— V25 [DCT(X-L) +h.c.]. (A.17)

For the four-point vertices, we only use the interactions which include only one X,

1 .
Koiy2e 2 V242 (DCTG(X L)+ —D"B(X - L)+ DT (wx - L)) +he  (A18)

V60

Here, (A - B) =¢,;A” B®. We also obtain the relevant gauge interactions from the 10 representa-
tion matter field W,

4 1
Kyivy =—gsUCT <2G + —B) UC + 507 <ZG +2W + —B) 0

V15 V15

6 C¥ C T Cy_ T T C
+a5—=ETBE +ﬁg5[[Q xUC1— (0" - xHE —|—h.c.], (A.19)

Kyiyzy 3 V283 [[(GQT)XUC] 10X (GUO)] — —— BIQTXUC] + [(WQ)XUC]
/60
7

ECT<X.G X-W —(X-B >] h.c., A.20
+ (X-GO)+(X-WQ) + 7= (X-BO) | | +he (A.20)

where [ABC] = €*#7 Ay BgC, or €qp, A*BPCY .
There are also the three- and four-point interactions with Higgs multiplets of X. One of those
comes from the interaction of the anti-fundamental Higgs superfield H = (Hz, Hy),

__ oy
ICHTXH = \/Egs I:HC(X Hy) + h.C.]
. 1
2 i T i
+g2|V2 <H_G(X “Hy)+ ——H.B(X - Hy) + H.(WX - Hd)> +h.c.
g5[ c 2/15 C c
+ HCI“X;XIﬂH@ +xTHDX- Hd)]. (A21)

Another one comes from the fundamental Higgs superfield H = (H¢, H,),
’CH']-XH = \/Egs I:H;XHC + hC:I

+g2 [«/5 <HM'XGHC + ——HXBHc + H WXHC) +h.c.

2/15

+ HE X[ XRHE + H], X X H,j] . (A.22)
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The adjoint Higgs superfield is decomposed as

2 1
g — ——=2Xn —=X3,2
g=| Y 60 V2 . (A.23)
—= X3 2 Y34+ ——=Xn
N V60
In our calculation, we need the interaction terms with the adjoint Higgs superfield of X,
Ksiys = —2gs [2(*3*’2)}(28 _ zgxz(g,z)] —2gs [ngz(g’z) — 233*’2))(23]
5 T T
2 g [z XS0 — 55, XT3 ] +he., (A24)
«/B (3*,2) 24 (3,2)

) . 5 .
Ksixixs = g2 {2X*(28'28 +5ENX +2X (IS + SEhXx + X I IP'¢

10 st ytyy. _ vt xt
+ e (XX = 2 XX o he)

NG

—2 (228TXTX23 + (Sl )E XX (Sa.0)f + h.c.)

+ G5y +8ag XL X1 (2 2)5(Ee2)f + (Bl ) (Sar o)) |-
(A.25)

After symmetry breaking of GUT, there exist the three-point interaction terms between MSSM
vector superfields, Nambu—Goldstone multiplet, and X with VEV vy of the adjoint Higgs mul-
tiplet.

5
Kosx = —10g§vz {2(3)2) |:GX — WX + —BXi|

V30

5
+ 232 [GXT —wx'+ EBXT]} +hec. (A.26)

Appendix B. 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 (antichiral) superfields are set to be p, and the masses
of the MSSM vector superfields are set to be wr 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 Kihler potentials in the limit that the external momenta p? vanishes.

B.1. Radiative corrections to two-point functions for matter superfields

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

. . abli —i i1 — .

ito =i [ d'oia'e, [ S T T 16 3 DD (1.0 (.62
1 [ dPi 1 1 Ant

5 [ Sosrir i | €00 00w, (B.1)
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where p is external momentum and M is the mass for the internal vector superfield. §;; denotes
the §-function for the Grassmann valuable, §;; = (§; — j)2(8 i—96 j)z. The renormalized one-loop
two-point function of matter superfields in the SU(5) GUTs are given as

872

2 3 3
Fp= -3 [(cgb “ e M)+ er f(u%R)] / d*odt o, (B.2)
n=1

n=1

where function f(M?) is defined in Eq. (3.6). C;D and c,? (n =3, 2, 1) are the quadratic Casimir
defined in text. In the MSSM, we also obtain

2 3

8

I — _#2 Zc,?f(u%R) / d*ooTo. (B.3)
n=1

B.2. Radiative corrections to two-point function for vector superfield

Three diagrams in Fig. 1 contribute to the radiative corrections to two-point functions from
the (massive) chiral superfields. The corrections from the diagram (a) in Fig. 1 are

Ty = —iZ/d“er“(—p,e)/(

where M1 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:

dPr 1?2 - 1,0k DD + LD2D?
2m)P (12 — MO)[( + p)? — M2]

X, (p,0), (B4

1
ré = 16—23(p2, M?, M22)[d“exja(—p,e)PTx;(p,e) + (longitudinal mode),
T
(B.5)

where the loop function is defined in Eq. (3.11). The massive chiral superfields also have the
non-zero contribution from the diagram (b) in Fig. 1,

w__ M m? 49yt
Tyy=— 622 <1 —In ?) /d 0X*(—p,0)PrX,(p,0), (B.6)
where M is for the masses of chiral superfields running in the internal line. The third contribution
(the diagram (c) in Fig. 1) comes from the vertex which includes the VEV of the adjoint Higgs
superfield,

1
M= e AW MT. M3) f d*0 X *(—p,0) PrX;(p,6). (B.7)

Here, the loop function A is also defined in Eq. (3.11).
B.3. Radiative corrections to three-point vertices
The one-loop diagrams for the three-point vertex correction are shown in Fig. 3. In our mo-

mentum assignment, the momentum of the X boson is ¢ = 0. The one-loop vertex correction
induced by the diagram in Fig. 3(a) is given as
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dPi i i —i
.~ (V) . _ 3 4 4 4
i (ps M) =i /d OO | oD Ut p2 U+ p)? 207 = M)
1 — ~ 1 - <5
x E(D%«SBD%)E(D§831®%>612<1>(91>d>*(92)V<93). (B.8)

By integrating by part and also using the D algebra, we always decompose the vertex correction
into the effective Kéhler terms /C and the auxiliary terms which vanish as D, ®, Dy &' =0. The
effective Kihler term induced by the diagram Fig. 3(a) has the following form:
1 [ dPl 1 1 "
(V) 2
i M) == [+2p) D'V, B.9
V=5 | aoriar e B2
where we remove the Grassmann valuables in the effective Kihler term, for simplicity.
Next we show the effective Kéhler term described in Fig. 3(b) and (c). In our momentum
assignment, the diagrams both of Fig. 3(b) and (c) give the same expression, and we find the
one-loop vertex correction and the effective Kéhler term as

dPi i —i
Q2m)P (1 + p)? 2% — M?)

it (p; M) = iZ/d491d492

1 — —
X RD%émD%aucb(el)<1>*(92)V(92),

1 dPi 1 1
2) @oP U+ p2i2-M
The diagrams (d) and (e) in Fig. 3 include the three-point vertices of vector superfields. After

carrying out the superspace integral, the vertex corrections from the diagrams Fig. 3(d) and (e)
are obtained as

iKY (p; M) =— S0V (B.10)

dPi 1 1 24 p? .
it (p: M) = —4 - . 2( +2”) +2p /d“ecb‘@v,
QmP 12— 2 (+p? PP-M
iT™Y (p; M) 8/ il ! ! /d“eqﬂopv (B.11)
i ; = . .
4 P Qm)P 12— M2 2 — 'U“IZR

Since they do not include the auxiliary terms, F,&V) (p; M) (n = 3,4) is just the Kihler term
[d*OKY (p; M) (n =3, 4).
The contribution from a diagram (f) in Fig. 3 is zero as mentioned in the text.

B.4. Box-like corrections

Now we show the effective Kéhler terms from the box-like diagrams presented in Fig. 4.
These diagrams include one massless and one massive vector superfields. The correction from
the box diagram (Fig. 4(a)) is given as:

i Ibox (P; M)
dPq 1 1 1 1 / .
_ .2 4 ] I
=p d*0dT Dyl D, (B.12)
Qm)P g2 = M2 (g + p)? ¢? — u¥ (g — p)? el
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
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superfields to be ur as IR regularization. T'hox(p; M) vanishes at the point with p? =0, as
mentioned in the text.
The contribution of the crossing-box diagram (Fig. 4(b)) is given by

iCeross(ps M)
Lfd% 1 ! : /d“@ [ - p*ojo,0l0
= q—7p 2®; P4
4) @mP q? - M2 (g - p)?P ¢ — uk e

1 — 1 —
+5(@ = P)u(@"DD) (cbfq>4) 0,0] + 1—61721)2 (cbfcm) cb;cbz] . (B.13)
Here, we define the mnemonic symbol (7#DD) = (6")**Dg D, . This correction has the auxil-
iary terms. The corresponding Kéhler term is given by removing the auxiliary terms as

. 1 [ dPq (¢ —2p)*
Iccross M) =~
HRocross (P M) / Qm)P (g2 — MD)[(g — p)*1P(q* — ul)

4
Finally, we show the contribution from the triangle diagram in Fig. 4(c). The correction from
the triangle diagram is obtained as follows:
1 [ dPq 1 1 1 +
i Ty M)=—— d*0dT 0,0l d,. (B.15
i Ctriangle (P; M) 4] COP M2 g+ p) 6]2—M12R / 1P2P3P4. ( )
Since auxiliary terms are not included in the radiative corrections I'hox and I'jangle, the corre-
sponding Kihler terms are just written by these corrections as I', = [ d*0IC, (n =box, triangle).
The diagram in Fig. 4(d) vanishes as mentioned in the text.

DDyl Dy. (B.14)

B.5. One-loop corrections in EFT

In the last of this appendix, we show the radiative corrections in EFT presented in Fig. 5. We
obtain the one-loop effective vertex functions FlEFT, FEFT, and FEFT which correspond to the
diagram Fig. 5(b), (¢), and (a), respectively, as follows:

1 [ dPgq 1 1 . '
it (p: wir) = = /d49 [(q 0@ 02030,
! 2] CmP g +p)2P g% — uy e

1 _ 1
+ 5@+ p)u(@DD) (CDICDZ) old, + 1—6D2D2 (dﬂd)z) c1>§q>4] ,

D
T (s gy = 2 [ 0 : f d*00[ D 0i Dy,
2) @m)P g2 —uk (g + p)? e
1 [ dPq 1 1 .
TEFT (. _ ! 2 Z/d“eqﬂcp DDy B.16

The momentum assignment is the same as in calculation of the box-like diagrams. The corre-
sponding Kihler terms are given by removing the auxiliary terms as
L [ dPq (g +2p)° i
KT (ps wir) = = D] Dy D] Dy,
2) eoP g+ pP@? —pp)

) 1 dPq 1 1
iKE (p; ur) = —

: Ol D, dldy,
2) el g2 -k q+p? T
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1
(ZJT)D [(q + P)?1* ¢ — iy
Here, we skip over the ways in which we obtain the effective vertex functions from the diagrams

since these structures are similar as mentioned above. i IC];FT( p; HIR) vanishes when p2 =0is
set, as mentioned in the text.

K5 T (p; wir) = 2p? 0] D]y (B.17)

Appendix C. Renormalization group equations
C.1. Gauge couplings and Yukawa couplings

In our analysis, we have used the RGEs at the two-loop level. The RGEs for the gauge cou-
pling constants are as follows [38,39]:

dgi 8i 5 )
din g = 1672 zg, Zbug, 8 — Uz;) Eaijg,- tr[Yij] . (C.1D)
j=U.D,

Here, Yy = U, Yp =D, and Yg = E are the Yukawa coupling matrices. The coefficients in the
SM are given as:

19927 44 17 1 3
50 10 5 0 2 2
41 19
— 9 35 - ,
bij = o & 12 1. bi = (E, ra —7) »  Aij = % % % (C2)
11 9
o 3 —26 2 20
The one-loop RGE:s for the Yukawa coupling matrices are given as.’
du 1| s, 3
=— |- : UU' DD' Y2(S
dinp 1672 ;Cz 3 1o )]
dD il 1SM g 2 i 3t
=— DD UU Y2(S) |D
ding 1672 ZC + +12(5)
dE 1 I //SM 2 3 T
=— |- EE' + Y, (S C3
dinpg 1672 X,: g+ EE +1(5) €3
where
17 9 19 99
CISMz _’_18 ) C:SMZ _3_78 ) C;/SMZ _1_70 ) (C'4)
20 4 4 4 4 4
and
Ya(S) = tr [3UUT +3DD + EE] . (C.5)

The coefficients of the RGEs for the gauge coupling constants in the MSSM are obtained as

7 In our calculation, we need the RGEs for the gauge couplings at the two-loop level. It is sufficient to take into account
the RGE:s 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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199 27 88 26 14 18
25 5 5 33 35 35 35
bij=| 2 25 24|, bi=<?,1,—3), aj=16 6 2 (C.6)
Y 9 14 4 4 0
The one-loop RGE:s for the Yukawa matrices in the MSSM are given as
CLU N I VI tr@ﬁrﬁ)} v
- 2 i i ’
dlnp 167 B
A __ L5 wssMe2 3554 G0+ wGBD + Eﬁ*)} 5
- 2 i i ’
dlnp 167 B
AE__ L[ s | SEE 4w + 17:17:*)] i )
- 2 i i ’ :
dlnp 167 B
where
C}\ASSM — E, 3’ E , C;MSSM — l’ 3’ 1_6 , C;/MSSM — 2’ 3’ o). (CS)
15 3 15 3 5

The boundary conditions for the Yukawa coupling constants at the SUSY breaking scale (M)
are

~ 1 ~ 1 .
UMs) = ——U(Ms), Yi(Ms)=——=Y;(Ms) (j=D,E), (C.9)
sin 8 cos B
where tan § 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 coupling
constants are modified as
b;i — b; + 8b;, bjj — bij + db;j, (C.10)
where b; and b;; are the coefficients of the one-loop and two-loop RGEs in the MSSM, respec-
tively. 6b; and 8b;; are given by [40]:
8b; = (ns + 3n19, ns + 3n10, ns + 3n10)
Ens+En  ns+3ing Zns+ Lnyo
8bij=| Zns+1inwp 7Tns+21nye 16110 , (C.11)
14—51’15 + gnw 6n1g %ns + 34n19

where ns and n19 denote the number of 5+ 5 and 10 + 10 vector-like matter superfields, respec-
tively.

C.2. Wilson coefficients of D = 6 Baryon-number violating operators

In Ref. [25], they have derived the two-loop RGEs for the Wilson coefficients of the following
dimension-six baryon-number violating operators in the SUSY invariant theories,

2
Lp=s=) cPo", (C.12)
=1
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where
00 = e, € / d*9UCT DCTB =387 B (265G gryy 5,
0D = eupy vy / d*9ECT (e 26 yChyap38rBgrb oSy (C.13)

The RGEs for the Wilson coefficients are given as

dc® ¢ (M, (2.2
H d/,L = 1672 Z 6 1672 Zau 8i gJ ’ (C'14)
where i = 1, - - - 3, and the coefficients are given as
11 8 23 8
aV=(-=,-3-2), «?= —3,—2), (C.15)
! 15 3 ! 15 3
113 3 34
o 150 T b1 5 s
3 9
o 5 5+ 3b; 6 R
34 64
91 9 1 38
o 50 +35b01 5 15
1 9
o) 2 3 +3by 10 . (C.16)
38 10 §+8b

Here, b; (i = 1-3) is given in Eq. (C.2).
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