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Abstract

We calculate the high and low scale threshold corrections to the D = 6 proton decay mode in supersym-
metric SU (5) grand unified theories with higher-dimensional representation Higgs multiplets. In particular,
we focus on a missing-partner model in which the grand unified group is spontaneously broken by the
75-dimensional Higgs multiplet and the doublet—triplet splitting problem is solved. We find that in the
missing-partner model the D = 6 proton decay rate gets suppressed by about 60%, mainly due to the thresh-
old effect at the GUT scale, while the SUS Y-scale threshold corrections are found to be less prominent when
sfermions are heavy.
© 2016 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

Grand unified theories (GUTs) are attractive candidates for physics beyond the standard model
(SM). The unification of the SM gauge groups SU (3)¢c x SU(2)r x U(1)y provides a unified
description both of gauge interactions and of matter fields. Besides, supersymmetry (SUSY)
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indicates the precise unification of the SM gauge couplings at the energy scale ~10'® GeV [1-4]
and provides a candidate for dark matter. The discovery of a scalar boson with the mass of
126 GeV [5-7] is consistent with the expectations for the SM Higgs boson. In spite of efforts
to find deviations from the SM predictions and/or direct detection of the SUSY particles at the
LHC run-2 experiments, no such signal has been found so far, see for instance ATLAS and CMS
collaborations reports in Refs. [8—13].

Indirect measurements of rare decays or rare processes are useful to constrain new physics. In
particular, SUSY GUTs generically predict nucleon decays by exchanging an additional gauge
boson called the X boson (D = 6 decay) or a color-triplet Higgs multiplet (D = 5 decay). In
this paper we will assume that the R-parity violating (D = 4 decay) mode is absent or at least
negligible.

Regarding the D =5 decay mode it is well-known that the minimal renormalizable SUSY
SU(5) GUT in the low-scale SUSY scenario (spartners typically around 1 TeV) has been ex-
cluded by predicting a too short lifetime [14,15]. Several ways to relax this severe constraint
have been considered. For example, imposing the Peccei—Quinn (PQ) symmetry [16], one can
suppress the baryon-number violating terms in the superpotential [17,18]. Similarly, in the high-
scale SUSY [19] or split SUSY scenario [20-22], large sfermion masses reduce the Wilson
coefficients of the four-Fermi operators responsible for nucleon decay via the color-triplet Higgs
multiplet [23,24]. Another possible way to avoid a too fast proton decay rate is to use higher di-
mensional operators to increase the GUT and triplet scales [25-28] and/or to suppress the color
triplet Yukawa couplings without affecting the fermion masses [28,29], or to assume some very
specific flavor structure [27]. Last but not least, models originating from higher spacetime di-
mensions can make use of continuum or discrete symmetries to completely or partially suppress
the D = 5 mode [30-33]. The bottom line is that the D = 5 decay mode is potentially dangerous
but very model dependent.

An opposite situation is with the D = 6 mode, which is on one side typically slower than the
D =5 one, but on the other side more predictive, less model dependent. In this paper we will
consider in detail this mode. The results will thus be particularly interesting for models in which
for some reason the D = 5 mode is negligible and the D = 6 one dominates.

The main proton decay mode via the D = 6 gauge interaction is into a neutral pion and a
positron. For this decay mode various next-to-leading order corrections have been considered:
the two-loop renormalization-group equations (RGEs) for the Wilson coefficients in MSSM [34]
and SM [35], below the electroweak (EW) scale [36], and the one-loop threshold corrections at
the GUT scale in the minimal SUSY SU (5) model [37]. However, such corrections are not avail-
able for extended SUSY GUT models, which are motivated by the solution to the doublet—triplet
splitting problem. These models typically employ large Higgs representations, so threshold cor-
rections are expected to be particularly important. Since the anomalous dimensions include only
gauge couplings at the next-to-leading order, we will focus in the following only on the threshold
corrections by gauge interactions.

In this paper we will estimate the threshold effect in SUSY SU(5) GUT models with negli-
gible proton decay via the color-triplet Higgs exchange. As mentioned above, this can be easily
obtained for example by imposing a global symmetry such as PQ symmetry. On top of that a
light (below the GUT scale) color triplet is typically needed for exact unification [15]. A com-
plete model with both ingredients is the missing-partner model [38,39]: it naturally solves the
doublet—triplet splitting problem of the SUSY SU (5) GUT since the 5 (5) Higgs multiplet only
couples to the 50 (50) multiplet which however does not contain the doublet partner of § 5).
Since the adjoint 24 cannot couple 5 with 50 (it does couple 5 with 45 [40] though), a higher di-
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mensional adjoint 75 is needed. Then this Higgs multiplet spontaneously breaks the unified gauge
symmetry into the SM gauge groups. As a result, there are a large number of fields contributing
to the vacuum polarization of the X-boson supermultiplet and hence the threshold correction at
the GUT scale may affect a precise predictions of proton lifetime. A similar analysis was carried
out for the D =5 decay mode in the context of SUSY SO (10) GUTs in [41], where it was con-
cluded that the huge number of fields involved sensibly affects the wave function renormalization
factor.

The current status of the nucleon decay experiments is as follows: the partial lifetime limit
on p — 1%t is T(p = n%*) > 1.67 x 10°* years, and the bound on the partial lifetime for
p— KTvis 1(p - KT7) > 6.6 x 1033 years [42.,43]. It is expected that a future experiment,
the Hyper-Kamiokande, may achieve a sensitivity of 5—-10 times the present bound.

This paper is organized as follows: in Section 2, we briefly introduce both the minimal and the
missing-partner set-up of the renormalizable SUSY SU (5) GUT. In Section 3, we show the one-
loop threshold corrections to the baryon-number violating dimension-six operators at the GUT
scale. We estimate them at the GUT scale in the minimal SUSY SU(5) and the missing-partner
SU (5) models, and then compare the numerical results for threshold effects in each models in
Section 4. Finally, we summarize this paper in Section 5. For completeness, in Appendix A,
we derive threshold corrections at the SUSY scale and compute their numerical values. In Ap-
pendix B, we list the threshold contributions from the irreducible representations with the Dynkin
index below that of the 75-dimensional multiplet. In Appendix C, we give the interaction terms
including the GUT-breaking vacuum expectation values (VEVs) in the cases of the adjoint Higgs
multiplet and the 75-dimensional Higgs multiplet.

2. Models

To begin with, we briefly review the SUSY SU(5) GUTs. The matter supermultiplets are
completely embedded in the 5 4 10 representation for each generation:

_ D¢ AB] 1 [e*Prus Qe
a3 =( "), wPlao=— e : )
' Erst ! \/5 —Qiﬂ E‘WEZ-C
where A, B,---=1,2,---,5 are the SU(5) indices, , 8,---=1,2,3 and r,s,--- =1, 2 are the

SU(3)c and SU (2), indices, respectively. i = 1, 2, 3 denotes the generation. The component su-
perfields describe the chiral superfields of the minimal supersymmetric standard model (MSSM);
D€, UC€ and E€ are the right-handed charge conjugated down-type, up-type, and charged lepton
superfields, while Q and L denote the left-handed quark and lepton doublet superfields, respec-
tively. A square bracket [...] represents antisymmetric indices.

Differences among SUSY SU (5) GUTs appear in the Higgs sector. We describe the Higgs
sector and the mass spectrum in the minimal and missing-partner models in the following two
subsections.

2.1. Higgs sector in the minimal SU (5)

In the Higgs sector, two types of Higgs multiplets are required. One is the Higgs multiplet
including the MSSM Higgs multiplets which are needed for the electroweak symmetry breaking.
The MSSM Higgs multiplets are embedded in the minimal SU(5) into the 5 + 5 (denoted by
H and H) and are so accompanied with the color-triplet Higgs multiplets. The other, additional,
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Higgs multiplet spontaneously breaks the GUT gauge group. In the minimal SUSY SU (5) GUT,
this role is played by the adjoint 24-dimensional Higgs multiplet (denoted by (224)2), whose
fields are either eaten by the heavy X gauge boson (the would-be Nambu—Goldstone fields) or
are typically heavy.

The superpotential in the Higgs sector depends on the particle content. As we said above, in
the minimal setup of the SUSY SU (5), the Higgs sector is only composed of the 5 + 5 Higgs
multiplets and the adjoint Higgs multiplet. The superpotential for the Higgs sector in the minimal
renormalizable SUSY SU(5) is

ma4 —
Winimal = gmw + TTr<224>2 + A H A((Z24) + 3v2489) HE. 2)

Here, va4 = m»4/f denotes the VEV of the adjoint Higgs multiplet. In the last term, we fine-tuned
the parameters between H X4 H and H H so to get the MSSM Higgs doublets massless after
symmetry breaking.

In the minimal SUSY SU (5) the adjoint Higgs multiplet (224)13 (A,B=1,---,5) obtains a
GUT-breaking VEV. The Kihler potential for the adjoint Higgs multiplet is given by

Kaa = (21 8(*5V)E(e7285V) R (5,0)G, 3)

where g5 and V denote the gauge coupling and the vector superfield in SU (5). Parametrizing the
adjoint Higgs VEV as

((Z24)) = —3v248], ((224)%> = 202483, 4)

the mass of the X boson is given by Mx = 5gsv24.

In this model, the adjoint Higgs multiplet is decomposed into the color-octet, the weak-triplet,
the SM singlet, and the would-be Nambu—Goldstone multiplets. The octet and triplet have the
same mass Ms,, = 5mo4/2, while the SM singlet has the mass of My,,/5. The color triplets
obtain the mass of My, = SAvy4 after symmetry breaking.

2.2. Higgs sector in the missing-partner SU (5)

In the missing-partner model, the MSSM Higgs doublets become massless without fine-
tuning. In this model, the 50 4 50-dimensional Higgs multiplets are introduced to give GUT-
breaking mass to the color-triplet Higgs multiplets via couplings with 75-dimensional Higgs.
This 75-dimensional Higgs multiplet includes the SM singlet [38,39] and so can break SU (5) to
SM. In the following it is denoted by (275)%?)]]. The dangerous D =5 proton decay operators

are suppressed by imposing a PQ symmetry [18]. We thus introduce in this model two 50 + 50
pairs (denoted by ®, ®, ©', ®') and an additional 5+ 5 pair (denoted by H’, H ). The PQ charge
assignment for them is given in Table 1. The invariant superpotential under the gauge and global
symmetries is given as follows':

1 Similar to the original missing-partner model [38,39], the terms HH and H'H are omitted by hand even if the PQ
symmetry is imposed [ 18]. In this paper we adopt this model as a prototype model with higher-dimensional representation
Higgs multiplets.
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;?;l(‘; clontents in missing-partner model with Peccei—-Quinn symmetry.

o W H H H H o) © e o 75 P 0
dim. 5 10 5 5 5 5 50 50 50 50 75 1 1
Upg % 3 -3 -2 2 3 3 2 -2 =3 0 -5 15

BC — FGl=
Wwmp = gHGABCDEHA(EB)% ]®[DE][FG] + g—GABCDEH (275){351]®[DE][FG]

BC)
+g};EABCDEH/A(Eﬁ)[[FG]@/[DE IWFGT 4 EABCDEHA(275)[1301®[DE][FG]

1
C A C
+m7s(Z75) 45} (F15)ic ) — 5475(Z79) (271 (Z15)( ) (Z75)C o)

+ M]@[AB][CD]@/[AB] o 4 Mz@[AB][CD]®[AB][CD].
3)
Already the large Dynkin index of 75 implies a asymptotically non-free theory above the GUT
scale. Additional 50 + 50 pairs would lead to the Landau pole between the GUT and Planck
scales. By itself this may not be a problem, and could signal the presence of a non-perturbative
UV fixed point [44,45], although in supersymmetry this may not be easy to obtain [46]. To
simplify the analysis we will assume in the following a perturbative GUT all the way to the
Planck scale. This means that the masses of 50 4+ 50 pairs must be at the gravitational scale
(M1 = M = Mp)).
In the missing-partner model with PQ symmetry it is the VEV of the 75 representation super-
field which breaks the GUT symmetry. The Kihler potential for the 75 representation superfield
is given by;

Kzs = (BI)la P @5V V) P (e72) G (72 ) i (Za5) - 6)

With the VEV of the 75 multiplet given by

3

(rslial) = Svrstersy —oion. (Eiehl) = Sursiossl —5s0),
| )
v758ﬂ8

(i) =—3

the mass of the X boson equals My = 2«/6g5v75. We also find easily v7s = 3m75/2A75 by
imposing F-term conditions.

The GUT-breaking VEV of the 75-dimensional Higgs multiplet also gives rise to the mass
splitting among its components. The full spectrum is shown in Table 2. The color triplets
Hc, H(/;, ﬁc, and ﬁ/c obtain masses after integrating out two 50 + 50 pairs as follows,

§

W =My HcH + My HeHe, (8)
with masses defined as
48v2 4802
_ 75 / - 75
Mpu. = My, SHET My, = My, SHST ©))

Therefore, we have a relatively small mass My, Mﬁc ~ 1015 GeV if we take the reduced Planck
mass as Mp; = 2.4 x 10'8 GeV and gy v7s, g V75, 8 VTS, g’ﬁv75 ~ 10 GeV. On the other hand,

there remain four massless SU (2) . doublets, H, H rHH }., and ﬁ/f so far.



6 B. Bajc et al. / Nuclear Physics B 910 (2016) 1-22

Table 2

Mass splitting in the 75-dimensional Higgs. (r¢,rw)y
denotes the irreducible representation transforming as
SU@3)c rc-plet and SU (2)f, ry-plet with hypercharge
Y under the SM gauge groups.

Irrep. Mass
2
(1, 1)0 §M275
@D_s. GDs My
(3,25, 3.2 s 0  (Nambu-Goldstone)
_ 6 6
625, 6.2)_5 $Ms,
1
8. 1) §M275
8.3) M):75 =5m75

In order to break the PQ symmetry, we should introduce a pair of SU(5) singlets P and Q,
which ensure that two Higgs doublets obtain the mass of the intermediate scale ~ 10'! GeV [18,
47]. In fact, in the original paper [17] for the missing-partner model with PQ symmetry, a scalar
potential for P and Q is induced by the following superpotential

_Jre

Wea Mp

P3Q+gpH,H'"P, (10)
and the negative soft SUSY breaking mass —m? for P. In this setup, VEVs for P and Q are
given as

(P)~(Q) ~ /%wo“ GeV, (11)

where we assume m ~ 1 TeV and fpg ~ 1. The second term of Wpq gives rise to the mass

of a pair of two Higgs doublets (M H), = 8P (P)) and the dimension-five operator for proton

decay. However, the dimension-five operator is suppressed due to the effective color-triplet mass
ff

M%C = MHcMﬁC/MH}.'

3. Threshold correction at the GUT scale

In this section, we estimate the vacuum polarization function in the extended SU (5) GUT
models. As mentioned in Section 1, we only focus on the gauge interaction since the calculation
of only two-loop RGEs are carried out. The other threshold corrections, such as vertex and box
corrections at the GUT scale, have been estimated in [37]. While vertex and box corrections are
independent from the Higgs sector of the GUT scale, the vacuum polarization of X boson is
affected by them. Before we focus on the vacuum polarization of the X-boson vector superfields,
we summarize the threshold corrections at the GUT scale.

The effective Kihler potential for dimension-six operators is given by

2
cdim.(,:/d“e (Zc(i)O(i) +h.c.), (12)

i=1

with operators oo (i =1, 2) defined as
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(a) (b) ()

Fig. 1. Radiative corrections due to chiral multiplets to two-point function of the X superfield. Solid and wavy lines
correspond to chiral superfields and vector superfields, respectively.

O(l) — eaﬂyersUc‘;ﬂaDCTﬁ Qr VLS, 0(2) — €aﬁy6rsEcTUC Ta Qrﬁ QS)/, (13)

where we suppress the flavor indices. The Wilson coefficients C, &)JT are defined as

2
(1 2 85

Cour=Cgur= YR (14)
X

In matching the amplitudes of the low (MSSM) and high (GUT) energy effective theories, we
include the threshold correction of the massive particles [37],

€@ = (1 =gy Cun as)
with
£x(0 216 M?
O () = x(0) n 8 10 | —n2X
Gut M% +3x(0) 1672 5 A ]
(16)
T x(0) g: 18 M2
AGor () = — o 1-m=X).
M: +3x(0) 1672 5 1

Here M x denotes the mass of the X boson and X x (0) is the correction to the X-boson mass. The
first term for each )Lg%” arises from the vacuum polarization of the X boson, while the second
term describes the correction from box and vertex diagrams.

The renormalized two-point function for the X boson is given by

r?p? =p* - M} — =x(p?), (17)

where p? is the X-boson momentum square. Here we adopt the on-shell scheme for the X -boson
mass,

Tx(p?) =Tx(p?) — Tx (M%), (18)

while we use the DR scheme otherwise. Particles with the SU (5) invariant mass much heavier
than the X-boson mass get decoupled from X x (0) under the on-shell scheme.

The three diagrams in Fig. | contribute to the radiative corrections to the X-vector multiplet
two-point function from the (massive) chiral superfields. After picking the transverse mode and
regularizing the UV divergence, we obtain the finite correction to the two-point function from
the diagram (a) in Fig. 1 as follows:

2
re, = i"g léB(pz,Miz,sz»)/d49XI“(—p,9)PTX2(p,9)+(longitudina1 mode). (19)
T

Here, X(p,0) is a vector superfield including the X boson and 6 corresponds to the super-
space Grassmann variable, while Py denotes the projection operator on the transverse mode in
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the superspace formulation. b;; denotes the group-theoretical factor, which depends on the rep-
resentation of internal chiral superfields. They are tabulated in Appendix B for several lower
dimensional representations. Finally

1

A
B(p*, M}, M?) = [dx [A —QA+x(x—=1)p?H ln—2j| , (20)
7
0
where
2 2 2
A=x(x—1)p —l—xMj—f—(l—x)Ml- 21

and M; ; are the masses of the chiral superfields in the loop diagram, while u is the renormal-
ization scale.

The contribution of the diagram (b) in Fig. 1, Fg(;(, is not vanishing. However, since F%{ has
no p’-dependence and we take the on-mass shell scheme for the X-boson mass, this does not
contribute to Xy ( pz).

The third contribution (the diagram (c) in Fig. 1) comes from the interactions which include
the VEV of the GUT-breaking Higgs superfield:

gsMza

My = 2 A2, M2, M3 / d*0X*(—=p,0)PrXL,(p, 0). (22)

167

Here, a;; is also a group-theoretical factor, similar as b;;, and

1
A
A(pz,Miz,sz)E/dxlnE, (23)
0

with A given in Eq. (21).

Let us now discuss the contributions to the vacuum polarization of the X-boson vector su-
perfield coming from different representations. First, the fields in the irreducible representation
of SU (5) are decomposed into irreducible representations of the SM gauge groups. We give the
SM decomposition of some GUT multiplets in Appendix B. The vacuum polarization of the X
boson is given by

2

R M
X Zb,,mp M; M2>+ XZa,A(p My, M), (24)

(p*) =

_162

where the superscript “Rep.” indicates the SU (5) representation, such as 5+ 5, 10 + 10, 24, and
soon.i,j=1,---,N (i, j=1,---,N) denote the labels of irreducible representatlons of the
SM gauge groups (and its complex conjugated representation). We neglect the p’-independent
terms since we take the on-mass shell condition for the vacuum polarization of the X-boson
superfield. The vacuum polarization coefficients a; and b;; are determined by the interactions
between the X-boson superfield and the corresponding chiral superfields.

The first term in Eq. (24) comes from the gauge interaction between the X-boson and (anti-)-
chiral superfields. The mass eigenvalues of the chiral superfields in the loop are denoted by M;.
We show the vacuum polarization coefficients b;; in Table 3 for some SU (5) representations.
The b;; not listed in Table 3 are zero. Note that the missing-partner model [18] includes 50 + 50
pairs to induce the masses of color-triplet Higgs multiplets. However, these multiplets do not
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Table 3

Vacuum polarization coefficients b;; and a;. The coefficients
which are not listed here are zero. ag is the coefficient from
the NG and MSSM vector supermultiplets loops, while a; (i =
1,2,--+) is the coefficient from the massive vector and chiral
supermultiplets loops. b;; and a; which are not listed here are
Zero.

Reps. bij aj

545 b12=bﬁ=l

24 ap=5/2
bla=0b15=3/2 ay=3
byy =by5 =8/3 ap)=16/3
b3g =b35=5/6 a3=5/3

75 b1y =by3=1/3 agp=5/2
b1g=by5=2 aj=ay==6
by =by7=4/3 a7 =8/3
b3g =bsg =2/3 ag=4/3
b3g =bg9 =26/3 ag=12

bsg = beg = b59 = by =6

contribute to the vacuum polarization of the X-boson since we assume their vector-like mass to

be at the Planck scale in order to keep the theory in the perturbative regime. Here, we list b;;

from 5 + 5, 24, and 75 representations. In Appendix B, we display b; ; only from SU (5) repre-

sentations, whose Dynkin indices are smaller than the Dynkin index of the 75 representation.
The SM decomposition of 5, 24, and 75 representations is given by

5=¢1(1.2)1 3. D _1,
24=01(13)0® $2(8. 1)0 © $3(1, 1) & $2(3.2)_s ® ¢53.2);3.
T5=$13.1)_; ©6:3. D)3 ©¢33.2)_5 ©¢4(3.2)s D $5(6,2)5
®96(6.2)_s  ¢7(1. 1)o ® ¢5(8. 1o & ¢o (8. 3)o.

(25)

Here, the subscripts of ¢; correspond to the labels in Eq. (24).

The second term in Eq. (24) arises from the interactions involving the GUT-breaking VEV.
Thus, a; = 0 is satisfied if there is no SM singlet component in the irreducible representation
of SU(5). We choose the Feynman—t’ Hooft gauge throughout this paper. Then the Nambu—
Goldstone superfields have the same mass as the X boson. Since the internal lines in the di-
agram (c) of Fig. | include either X-boson vector superfields or the Nambu—Goldstone chiral
superfields, the loop function A always has M y-dependence.

The interaction terms with the GUT-breaking VEV wvy4 or v7s are given in Appendix C. In
Table 3, the coefficients @; from the 24 and 75 chiral superfields are listed. The a; not listed in
Table 3 are zero. ag corresponds to the contribution from the Nambu—Goldstone (NG) supermul-
tiplets and MSSM vector supermultiplets, while a; (i = 1,2, - - ) arise from the massive vector
supermultiplet and chiral supermultiplet loop diagrams. Since the MSSM vector superfields are
massless, My = 0 is satisfied.
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4. Numerical results

Let us now estimate the threshold effects on the proton lifetime. We define the ratio of the
proton decay rates as

AL+ (14 VaaH2AG7|
R w

(1)2 212 4 (@2 (26)
AYZ (Vi PRAT? |
where subscripts w and w/o denote the decay rates with and without the threshold correction,
respectively. A(Si) (i = 1,2) indicate the quantum corrections to the Wilson coefficients from
RGEs between the GUT and EW scales as well as finite corrections:

CD(mz)

(@) (i)
A =1 —-17)———m——.
s ==%c )C<l>(MGUT)

(27
Here )\(Cl) denotes the sum of threshold corrections to the Wilson coefficients C!) at the scales
where the heavy particles are integrated out.

For completeness we need to include the threshold correction at the SUSY scale. The explicit
formulae for the SUSY threshold correction are given in Appendix A. We find that their effect
is vanishing if sparticles are degenerate in mass, but even with a large mass hierarchy between
sfermions and gauginos it is only about a few percent.

Let us consider now the effect of the additional fields at the GUT scale. The precise pre-
diction for proton lifetime depends on the unified coupling and the mass spectrum at the GUT
scale. In particular, the GUT mass spectrum and the value of the unified gauge coupling are con-
nected through the threshold corrections to the gauge couplings at the GUT scale [48,49]. Thus
by requiring gauge coupling unification we get a constraint on the mass spectrum of the GUT
particles through threshold corrections. At the GUT scale, the one-loop matching conditions for
gauge couplings are given as

1 1

— = (), 28
g giw () (28)

where g; (i = 1,2, 3) are the SM gauge couplings and X; (i = 1, 2, 3) denote threshold correc-
tions for gauge couplings. The threshold corrections A; depend on the details of the GUT particles
mass spectrum. For the minimal renormalizable SUSY SU (5) GUT, the mass of color-triplet
Higgs multiplets My and the combination of the mass parameters M)2( My, are determined by
[48,49]

3 2 1 1 12 My,
200 o2 o2y 8z2s5 ™ , (29)
&) g gi(w) 1
5 3 2 1 M2M
120n X224 (30)

(W) g3 gi(n) 8m? 3
The right-hand sides of Egs. (29) and (30) 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; Eq. (30) constrains only the combination M%M;M. We
treat the mass of the X boson 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 pu =
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Table 4
Threshold effects on the partial proton decay rate. For simplicity, we assume that all superparticles are degenerate in
mass Mg =1TeV.

Minimal SU(5) Missing-partner
Mx 1.0 x 101© Gev 2.0 x 1016 Gev 1.0 x 101© Gev 2.0 x 1016 Gev
AP 2.070 1.968 1.301 1269
A 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
1(p — et 1) [years] 1.38 x 103 2.23 x 103 1.08 x 103 7.09 x 1035

2 x 10'® GeV, by using the two-loop RGEs for gauge couplings. After we fix My, we determine
the mass of the color triplet My, from Eq. (29) and that of the adjoint Higgs M, from Eq. (30).
One of Eqgs. (28) (for example g1) 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
[18];

3 2 1 1 (12 MuMyg, 20
5 =—|—=Ih————%+6In=, (31)
& g gr(w 87 5 MH.’/ 124 5
5 3 2 1 MiIM 5
= (12 X s ). (32)
gi(w)  gw) gy(w) 8m w 4

Here, the parameters My and My, 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. M., is defined as the mass of the component fields (8, 3)¢ in Table 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.

In the following analysis for the missing-partner model, we determine the combinations
My, MEC/MH} and M§M275 from Eqgs. (31)—(32). As in the case of the minimal SU (5), for a
given sparticle mass spectrum, Mx cannot be determined: Eq. (32) gives only a relation between
My and My,,. We also define the unified coupling g5 as in the minimal SU (5). For simplic-
ity, we take the typical mass scale for the color-triplets, My, = My, = 10'> GeV, as shown in
Section 2, so that MH}_ is given by Eq. (31) at the matching scale u = Mgyt = 2 X 10'¢ GeV.

We list the numerical results in the minimal SUSY SU (5) and the missing-partner model in
Table 4. Here, we take the mass of all SUSY particles to be 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 Mx = 2.0 x 10'® GeV. By using the central values for gauge
couplings at the EW scale, the mass parameters determined by Eqgs. (29)—(32) are obtained as
follows:

My, =6.35x 10 GeV,  (MyxMsx,,)"* =1.48 x 10'° GeV, (33)
for the minimal SUSY SU (5),

My M

—C e 106 x 1020 GeV,  (MiMs,)'? =5.43 x 10 GeV (34)

Mo
Hy
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for the missing-partner model. The quantities A(Si) (i =1,2) in Table 4 show the short-range
renormalization factors with the threshold corrections defined by Eq. (27). For each My, we get
the threshold corrections in the minimal SU (5) model as

A0 =_494x1072, 2@ =-4.65x10"%,  (for Mx=1.0 x 10'° GeV),

(35)
A0 =198x 1073, AP =326x10"3, (for Mx =2.0 x 10'° GeV),
and in the missing-partner model as
AD'=0340, A?® =0.346, (for Mx = 1.0 x 10'® GeV), 6)

A0 =0.369, AP =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 [50]. Note that the unified coupling g5
in the missing-partner model is larger than the one in the minimal SU (5). This is due to the
following two reasons: 1) the combination M§M275 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. (32) but not of Eq. (31), and, 2) there are many components of 75 contributing to the threshold
correction for the gauge couplings.

In Table 4 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 X-boson mass My, and is unfortunately
not under control. This change of the lifetime v with My in Table 4 can be understood by the
approximate tree level relation T &< (Mx/gs)*.

The threshold corrections from vertex and box contributions depend only on My and g5 in
the context of the SUSY SU(5) GUTs, and these values are of order 10~2 [37]. Let us con-
sider the model dependence of the threshold effect, which appears in the vacuum polarization of
the X boson. When the heavy spectrum is degenerate, the dominant (first term) contribution to
the vacuum polarization in Eq. (24) is proportional to the one-loop beta function for the unified
gauge coupling. In the minimal SUSY SU (5), the contribution from the gauge supermultiplet
dominates the vacuum polarization. On the other hand, since there exist many massive fields
in the missing-partner model, the contribution from the chiral supermultiplets is enhanced, and
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 contri-
butions from the gauge and the chiral supermultiplets. Notice that we include other contributions,
such as vertex contributions, box contributions, and vacuum polarizations which arise from in-
teractions including GUT breaking VEV, though they are subdominant in the missing partner
model.

If we estimate the masses of the Higgs multiplets by using Egs. (31)—(32) with Mx lying
around 10'® GeV, all components can be lighter than the X boson in the missing-partner model.
The 75-dimensional Higgs multiplet has a number of component fields 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 4.

5. Conclusion and discussion

In this study, we have evaluated the threshold corrections to the proton decay operators giv-
ing rise to p — 7%, especially those induced by the higher-dimensional representation Higgs
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multiplets. The structure of the Higgs sector in the extended GUT models appears in the vacuum
polarization of the X boson. As the threshold corrections depend on the choice of the high-energy
model, we have focused on the missing-partner model which solves the doublet—triplet problem
in SU(5). In this model, the Higgs sector effectively contains the 75-dimensional Higgs multi-
plet and two 5 + 5 pairs below the Planck scale. We have determined the mass spectrum at the
GUT scale according to the low energy gauge coupling constants, fixing some mass parameters
such as the X-boson mass. In such a case, many multiplets acquire masses around 10" GeV
through the GUT symmetry breaking. Since the size of the unified gauge coupling is determined
including threshold corrections, these mass differences make the coupling large. As a result, due
to the small masses and the large coupling, the contributions of all these multiplets sum up to a
correction of about 60% to the proton lifetime.

We have not considered the threshold corrections from Yukawa couplings in this study. This is
because no two-loop RGE analysis including Yukawa couplings for the baryon-number violating
operators is available. Although this effect is not expected to be sizable due to the smallness
of the Yukawa (except the top Yukawa), it should be included sooner or later to complete the
two-loop level analysis.

In our analysis we also ignore the Planck-suppressed operators. We assume 50 4 50 pairs have
the mass around the Planck-scale. There might be higher-dimensional operators with Planck scale
suppression in general. The presence of such operators induces, via an operator 75 W*W,, / Mpy,
the correction to the gauge coupling g% of about a few percent after symmetry breaking. This cor-
rection affects also the determination of the GUT mass spectrum via gauge coupling unification
constraints, which strongly depends on the coupling of the higher-dimensional operator. Such
effects of the Planck scale physics should be taken into account once the full UV description of
the missing-partner model is available.

Finally, we notice remaining uncertainties in the precise determination of the proton lifetime.
The matrix elements of p — %7 is evaluated with lattice QCD, and they have at present around
30% uncertainty [50]. We hope that this uncertainty will be reduced in future studies.
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Appendix A. Threshold correction at the SUSY scale

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

A.1. Two-point function
Now, we estimate the 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:
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. 1 o .
ird, = [1 -T2 Z 82Ca(N) f (M7, m3) + (SM contr1but10ns):| iry. (37)
a

F(l)p = p — my denotes the tree-level two-point function of ¥ with p# the four-momentum and
my the tree level mass. M, and m are the masses of the gaugino and the superpartners of ,
respectively. The second term arises from the gaugino—sfermion loop and the third term describes
the contribution from the SM loops. g, and C,(N) are the SM gauge coupling and the Casimir
invariant, respectively. For the SU (N) gauge theory, C,(N) = (N 2D /2N, and for the U (1)y
gauge theory, C,(N) = Y. The loop function f is defined as

1
f(x,y)s2/ds(l—s)ln[sx+(1—s)y]. (38)
0

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

ir‘s//M = [1 = Ay + (SM contributions)] iFgf, (39)

where Ay denotes the one-loop threshold correction to the two-point function of 1. Then, we get
Ay after matching the two-point functions in the two theories:

1
by = 1672

> 82Ca(N) f (M2, m3). (40)

A.2. Four-Fermi vertices

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

ciM / AL I

Cijkl
=~ [ D@ )8 — 20, (87079 D) + 976 Died) |
icijkl . . <
i (P V) +WipD)y" O (e Wi + Vi)
Cijkl

Wy PLW y, P (41)

Here, ®; (@;) is a chiral (anti-chiral) superfield. Scalar and four-component spinor components
of ®; are denoted as ¢; and ;, respectively. The symbols [ and (8_,: are respectively defined
<~

as =00, and_A 0y B=A0,B — 9, AB. The roman indices i, j, k, [ describe the gauge and
flavor indices. C'/%! denotes the Wilson coefficient of the operators.

Fig. 2 shows the one-loop diagrams giving the four-Fermi interactions after integrating out su-
perpartners. In these figures, the blobs denote the interaction given by the second line of Eq. (41).
Only four figures in Fig. 2 contribute as finite corrections to nucleon decay matrix elements at



B. Bajc et al. / Nuclear Physics B 910 (2016) 1-22 15

Fig. 2. Four-Fermi interactions induced by one-loop diagrams. Blobs denote effective vertices including two fermions
and two scalars, which are induced by the same Kihler potential. Solid and dashed lines describe fermion and scalar
lines, respectively, while wavy-solid lines indicate gauginos.

the SUSY scale since one of two scalar fields must originate from chiral superfields and another
from the anti-chiral ones. The one-loop contributions in Fig. 2 are given by;

)
i ]
My = = Y (T T Fmg, . mg, M) (O,
a

1672 jnm
Mo — igz% cJnim TaTa F M
iMy=— 2 CIM Y (T TR Fmg,, mg,, M) (Ojiik)
‘ (42)
. l
iMs = — - ZC’”’”Z(T” Te)F(m3, .m3  M*) (O,

. lg i

iMa= =5 CIM ) T T F g, G, M) (Ojun).
a

Here, the subscript i for M; corresponds to the label (i) of Fig. g M and me,, indicate the masses

of gaugino and the superpartner of W,,, respectively. O;jx = V;y* PLV Wy, PL W, and (...)

denotes the matrix element. We also define the loop function F'(x, y, z) as

2
(y—2)Inx +y%(z—x)Iny + z? (x—y)lnz
Feoy.2)= 20— N0 -2E -2 )

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

A.3. In MSSM

Let us now consider the MSSM case. The Kihler potential for these operators is given by
Eq. 12. The baryon-number violating four-Fermi operators are given by

2
Lap=)Y CROL (44)
i=1

with operators
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4 = €upy €rs @y P @ v, PLI), s)
O3 = eupy€rs @ y" PLg* )@y PLaP),

and Wilson coefficients C f‘? = C£(12) = g5 /2M 2. The Wilson coefficients in the low-energy ef-

fective field theory (EFT) include threshold corrections: we need simply to redefine C‘("}

a- k(’))C ) where @) denotes the threshold correction to C, (l)

After matchmg the amplitudes in the EFT and those in the MSSM, we find () at the SUSY
scale as follows;

A = ——(x + A +Ad+/\)—1522(%F(m%,méM%H%F(m,%’m%’Msz)>

_ 1?2 <2F( 2, m2, M?) — %F(mf? mZ, M}) — %F(m%,m%, MY)

+ = F(m~,m M1)> (46)
,\<2>=—%(xu+/\e+2x\q)—§—22§” mi, M3)

2
gy (4 2 2 g2 2 2 g2
— 167-[2 (§F(mﬁ,ma, Ml) — gF(I’I’lF, m;j, Ml )) .
Here, mg (¢ =4, U, dr. ¢) denotes the sfermions masses while M| and M3 denote the masses of
bino and gluino, respectively. The loop function F is defined in Eq. (43). Ay (¥ =q,1l,u,d, e) is
defined in Eq. (40), and describes the one-loop threshold corrections to the two-point functions
of the SM chiral fermions.

A.4. Numerical evaluation

In the last section of this appendix we evaluate the threshold effects at the SUSY scale in the
split SUSY scenario. As mentioned in the introduction, the heavy sfermion scenario makes the
constraint on a dimension-five proton decay mild. We assume that all sparticles except gauginos
are degenerate at mass Mg. Gaugino masses are set to be as follows: the bino and wino are
degenerate in mass M| = M, =3 TeV, and we treat the ratio of the gluino and bino masses as a
free parameter. In the numerical estimate, we set M3/M; = 1, 3, and 9. We also choose tan 8 =3
since a small tan 8 is preferred to get the observed Higgs mass in the heavy sfermion scenario
[21,22,51]. The matching scale for the proton decay amplitudes is set to be the sfermion mass
scale M.

We show the Mg dependence of the ratio of decay rates with and without SUSY threshold
correction in Fig. 3. The ratio of decay rates is defined similarly as in Eq. (26). The denominator
of Eq. (26) includes only the threshold correction at the GUT scale while the numerator also in-
cludes those at the SUSY scale. We see these threshold effects at the SUSY scale in Fig. 3, where
the minimal SU(5) model with all mass parameters and the GUT scale fixed at 2 x 10! GeV is
considered. Let us add a few comments.

First, if all sparticles are degenerate in mass, there is no contribution from the threshold cor-
rections. This is because the loop functions f and F behave as follows (u = My)

1M % 2 g2 ag2 1M é
f(MS,MS) —lnﬁ—>0 F(MS,MS,MS)~—51n?—>O. (47)
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Fig. 3. Ratio of the proton decay rate with and without the threshold correction at SUSY scale. At the GUT scale, we
assume the minimal SUSY SU (5) GUT model, and each decay rates includes the threshold correction at GUT scale. The
bino mass M| is set to be 3 TeV, and solid, broken, and dotted lines respectively indicate M3 /M| =1, 3, and 9.

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

M2 M
f(zvlj,Mg)fv—;1 1—21nu—5 , F(M§,M§,M§)~é—ll 1—2lnM—2S , (48)
in the limit of Mg > M,. In Fig. 3, the ratio R is larger than 10% when M3/M; =3, 9 and
Mg ~ O(1) TeV. This is because we take the matching scale at Mg which is smaller than the
gaugino masses. In this 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 decay lifetime in the
split SUSY scenario.

Appendix B. Field decomposition

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

K=olo=> ¢¢:. (49)

Here, ¢; transforms as an irreducible representation under the SM gauge groups. ® and ¢
denote the anti-chiral superfields. In this section, we turn off gauge interactions for simplicity.

In Table 5, 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. (24), from the above-
mentioned irreducible representations. In Table 6, b;; from each representations are shown except
those from 5 + 5, 24, and 75 which have been already shown in Table 3. 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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SM decomposition of the SU (5) irreducible multiplets. (rc, ry )y denotes a representation transform-
ing as SU(3)¢ rc-plet and SU (2), ry -plet with hypercharge Y.

SU (5) representation

Labels and SM representations

O] o =1.2). ¢§*=<3,1>7%
ol451(10) S =0, B =@ 5. ¢3*=3.2),
3 - 6
ol4B)(15) P =3, o' =61 . ¢3*=3.2),
3 " 6
o4 24) @D§ =130, @)%=8Do, ¢3=(1 Do,
=325, @5=032s
®l4BC) (35 =5, HP=3.3),,
2 3
P~ 6,2 1. ol =01,
6
DABIC (40 9 =123, ¢§=G1;, pleble — (3,33,
@ =32_1. oP=6.2_ 1. @Ge)%=@81_,
6 6 B
<1>f‘BC](45) ¢?:(1,2)7%, ¢g:(3,1)7%_, ¢ga:(3,2)%,
G =B.2_1, @a=GDy,
(#)hy = 3.3, #1*" = (s, D
4 81(cD](50) p1=010,1)_, ¢5=0@, 1)_%, ¢35 =@, 2)_% ,
@)1 = (6,14, @5)apiiar) = 6.3)_1. ($6)oa=(8.2)1,
3 3 2
{48 (70) H=2) 98 =30y @ =,
@G =@3.3)_, @i =G, 34,
Go3"=®.21. @i =62 7. @i =5,
o[22 (T5) @a=G.D_5. =GV, #5°=3.2_s,

4)aa = 3, Z)é, 9 =62) 5. Gupa=6.2)s.
g1=( 1), @9)§=8.Do. ($o)5 =830

Appendix C. The interaction terms including VEVs

In this appendix, we give information about the interaction terms including GUT-breaking
VEVs, which are needed to calculate the vacuum polarization coefficient a; in Table 3. The

normalization of component fields follows the definition in the previous appendix.
For an adjoint multiplet &4, the Kihler potential is given by

A, _
Kag = @3 (e7285V){(e25V) B 2.

d>’§ obtains the GUT-breaking VEV, which is given as Eq. (4), giving the X boson a mass My =

5g5v24. The interaction terms induced by the Kéhler potential are given by
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Table 6
Vacuum polarization coefficients b;;. b;; which are not listed here are zero.

Reps. b;
10+ 10 biz=bz=1

15+15 b13 =b3=3

35+35 by =bz=6
by3 =byz =12
b3g =bzz =10

40 + 40 biy=b13 =bp =bz=3/2
bys =b3s =bys =bzz =3
by =by=1/2
byy=by; =9/2
bas =bse = by =bsz =4

45+45 by =bpz=4/3
bis=bz=1/3
big = b3s = b3y =b1g=bg5 =bz; =2
bya = bys = byz =bzzs=8/3
b3e =bzg =3
big=bay7=bgg=bz=4

50 +50 bi3=bp =2
by3 =byz=3
b26—b6_4
b35—bﬁ 6
byo=bzz =8
bse = bsg = 12

70 +70 b1y =bis =bys =b3s = byy = bys =byg =bzz =2
bla=byz=1
byy =by7=3
b3g =bye =bzg =bg =4
by =bg7=6
bse =bsg =8
beg = bgg = 10
b78:bﬁ:5

. 5 .
KX =2gsMx {—X*X«m +oD) + X X (9 + o)) + ——=XTX (93 +¢>3')}

/30
+ 5 ;
+gMyx {—G(X (Gat $) + WX - (Ga+9) + s B (@4 +¢§>)} +he.
(51)

Here, the non-Abelian MSSM vector supermultiplets are denoted as G — G% = «/iGa(Ta)%

and W — W] = V2w (t*)%, where T and ¢ respectively denote the generator of SU (3)¢ and
SU(2)1. We also define (A - B) =€ AYBY.

For a 75 representation (b > the Kihler potential is given by
Kas = /L (@5Y)E(5V) R (e 5V G e V) F Dl (52)
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The GUT-breaking VEV of @Eég)) is given in Eq. (7). The X boson becomes massive with My =

2\/6g5 v7s after we substitute the VEV for @ and ®%, while the interaction terms proportional to
the VEV are

KI® = gsMy {—XTX(¢8 + o)+ %X*X(qw + ) +V6xXTX (¢ +¢;)}

5
— gMyx {—G(X (B3 + X(W - (3 +¢1) + ﬁB(x - ($3 +¢I)>} +he.

V6
+ TgMXGabfaﬂyXZXg(@ +¢1), +he.
(53)

References

[1] S. Dimopoulos, S. Raby, F. Wilczek, Supersymmetry and the scale of unification, Phys. Rev. D 24 (1981) 1681.

[2] L.E. Ibanez, G.G. Ross, Low-energy predictions in supersymmetric grand unified theories, Phys. Lett. B 105 (1981)
439.

[3] M.B. Einhorn, D.R.T. Jones, The weak mixing angle and unification mass in supersymmetric SU(5), Nucl. Phys. B
196 (1982) 475.

[4] W.J. Marciano, G. Senjanovic, Predictions of supersymmetric grand unified theories, Phys. Rev. D 25 (1982) 3092.

[5] ATLAS, G. Aad, et al., Observation of a new particle in the search for the Standard Model Higgs boson with the
ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1, arXiv:1207.7214.

[6] CMS, S. Chatrchyan, et al., Observation of a new boson at a mass of 125 GeV with the CMS experiment at the
LHC, Phys. Lett. B 716 (2012) 30, arXiv:1207.7235.

[7] CMS, ATLAS, G. Aad, et al., Combined measurement of the Higgs boson mass in pp collisions at /s = 7 and
8 TeV with the ATLAS and CMS experiments, Phys. Rev. Lett. 114 (2015) 191803, arXiv:1503.07589.

[8] ATLAS Collaboration, G. Aad, et al., Search for top squark pair production in final states with one isolated lepton,
jets, and missing transverse momentum in /s = 8 TeV pp collisions with the ATLAS detector, J. High Energy
Phys. 1411 (2014) 118, arXiv:1407.0583.

[9] ATLAS Collaboration, G. Aad, et al., Search for direct production of charginos, neutralinos and sleptons in final
states with two leptons and missing transverse momentum in pp collisions at /s = 8 TeV with the ATLAS detector,
J. High Energy Phys. 1405 (2014) 071, arXiv:1403.5294.

[10] ATLAS Collaboration, G. Aad, et al., Search for squarks and gluinos with the ATLAS detector in final states with
jets and missing transverse momentum using /s = 8 TeV proton—proton collision data, J. High Energy Phys. 1409
(2014) 176, arXiv:1405.7875.

[11] CMS Collaboration, S. Chatrchyan, et al., Search for top-squark pair production in the single-lepton final state in
pp collisions at /s = 8 TeV, Eur. Phys. J. C 73 (2013) 2677, arXiv:1308.1586.

[12] CMS, S. Chatrchyan, et al., Search for new physics in the multijet and missing transverse momentum final state in
proton-proton collisions at /s = 8 TeV, J. High Energy Phys. 1406 (2014) 055, arXiv:1402.4770.

[13] CMS, V. Khachatryan, et al., Searches for supersymmetry based on events with b jets and four W bosons in pp
collisions at 8 TeV, Phys. Lett. B 745 (2015) 5, arXiv:1412.4109.

[14] T. Goto, T. Nihei, Effect of RRRR dimension five operator on the proton decay in the minimal SU(5) SUGRA GUT
model, Phys. Rev. D 59 (1999) 115009, arXiv:hep-ph/9808255.

[15] H. Murayama, A. Pierce, Not even decoupling can save minimal supersymmetric SU(5), Phys. Rev. D 65 (2002)
055009, arXiv:hep-ph/0108104.

[16] R.D. Peccei, H.R. Quinn, Constraints imposed by CP conservation in the presence of instantons, Phys. Rev. D 16
(1977) 1791.

[17] J. Hisano, H. Murayama, T. Yanagida, Peccei—-Quinn symmetry and suppression of nucleon decay rates in SUSY
GUTs, Phys. Lett. B 291 (1992) 263.

[18] J. Hisano, T. Moroi, K. Tobe, T. Yanagida, Suppression of proton decay in the missing partner model for supersym-
metric SU(5) GUT, Phys. Lett. B 342 (1995) 138, arXiv:hep-ph/9406417.


http://refhub.elsevier.com/S0550-3213(16)30159-6/bib44696D6F706F756C6F733A31393831796As1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4962616E657A3A313938317968s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4962616E657A3A313938317968s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib45696E686F726E3A313938317378s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib45696E686F726E3A313938317378s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4D61726369616E6F3A31393831756Es1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A323031357A686Cs1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A323031357A686Cs1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A323031346B7261s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A323031346B7261s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A323031346B7261s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303134766D61s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303134766D61s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303134766D61s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303134776561s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303134776561s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4161643A32303134776561s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4368617472636879616E3A32303133786E61s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4368617472636879616E3A32303133786E61s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4368617472636879616E3A323031346C6661s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4368617472636879616E3A323031346C6661s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib434D533A32303134647061s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib434D533A32303134647061s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib476F746F3A313939387167s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib476F746F3A313939387167s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4D75726179616D613A323030317572s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4D75726179616D613A323030317572s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib5065636365693A313937377572s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib5065636365693A313937377572s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A313939326E65s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A313939326E65s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A31393934666Es1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A31393934666Es1

B. Bajc et al. / Nuclear Physics B 910 (2016) 1-22 21

[19] L.J. Hall, Y. Nomura, A finely-predicted Higgs boson mass from a finely-tuned weak scale, J. High Energy Phys.
03 (2010) 076, arXiv:0910.2235.

[20] N. Arkani-Hamed, S. Dimopoulos, Supersymmetric unification without low energy supersymmetry and signatures
for fine-tuning at the LHC, J. High Energy Phys. 06 (2005) 073, arXiv:hep-th/0405159.

[21] G.F. Giudice, A. Romanino, Split supersymmetry, Nucl. Phys. B 699 (2004) 65, arXiv:hep-ph/0406088, Erratum:
Nucl. Phys. B 706 (2005) 65.

[22] M. Ibe, S. Matsumoto, T.T. Yanagida, Pure gravity mediation with m3,, = 10-100 TeV, Phys. Rev. D 85 (2012)
095011, arXiv:1202.2253.

[23] J. Hisano, D. Kobayashi, T. Kuwahara, N. Nagata, Decoupling can revive minimal supersymmetric SU(5), J. High
Energy Phys. 1307 (2013) 038, arXiv:1304.3651.

[24] B. Bajc, S. Lavignac, T. Mede, Resurrecting the minimal renormalizable supersymmetric SU(5) model, J. High
Energy Phys. 01 (2016) 044, arXiv:1509.06680.

[25] C. Bachas, C. Fabre, T. Yanagida, Natural gauge coupling unification at the string scale, Phys. Lett. B 370 (1996)
49, arXiv:hep-th/9510094.

[26] J.L. Chkareuli, I.G. Gogoladze, Unification picture in minimal supersymmetric SU(5) model with string remnants,
Phys. Rev. D 58 (1998) 055011, arXiv:hep-ph/9803335.

[27] B. Bajc, P. Fileviez Perez, G. Senjanovic, Proton decay in minimal supersymmetric SU(5), Phys. Rev. D 66 (2002)
075005, arXiv:hep-ph/0204311.

[28] B. Bajc, P. Fileviez Perez, G. Senjanovic, Minimal supersymmetric SU(5) theory and proton decay: where do
we stand? in: Beyond the Desert: Accelerator, Non-accelerator and Space Approaches into the Next Millennium.
Proceedings, 3rd International Conference on Particle Physics Beyond the Standard Model, Oulu, Finland, June
2-7, 2002, 2002, pp. 131-139, arXiv:hep-ph/0210374.

[29] D. Emmanuel-Costa, S. Wiesenfeldt, Proton decay in a consistent supersymmetric SU(5) GUT model, Nucl. Phys. B
661 (2003) 62, arXiv:hep-ph/0302272.

[30] L.J. Hall, Y. Nomura, Gauge unification in higher dimensions, Phys. Rev. D 64 (2001) 055003, arXiv:hep-ph/
0103125.

[31] E. Witten, Deconstruction, G(2) holonomy, and doublet triplet splitting, in: Supersymmetry and Unification of
Fundamental Interactions. Proceedings, 10th International Conference, SUSY’02, Hamburg, Germany, June 17-23,
2002, 2001, pp. 472-491, arXiv:hep-ph/0201018.

[32] L.R. Klebanov, E. Witten, Proton decay in intersecting D-brane models, Nucl. Phys. B 664 (2003) 3, arXiv:hep-th/
0304079.

[33] T. Friedmann, E. Witten, Unification scale, proton decay, and manifolds of G(2) holonomy, Adv. Theor. Math. Phys.
7 (2003) 577, arXiv:hep-th/0211269.

[34] J. Hisano, D. Kobayashi, Y. Muramatsu, N. Nagata, Two-loop renormalization factors of dimension-six proton decay
operators in the supersymmetric standard models, Phys. Lett. B 724 (2013) 283, arXiv:1302.2194.

[35] M. Daniel, J. Penarrocha, SU (3) x SU(2) x U(1) next-to-leading corrections for proton decay in SU(5) model,
Nucl. Phys. B 236 (1984) 467.

[36] T. Nihei, J. Arafune, The two loop long range effect on the proton decay effective Lagrangian, Prog. Theor. Phys.
93 (1995) 665, arXiv:hep-ph/9412325.

[37] J. Hisano, T. Kuwahara, Y. Omura, Threshold corrections to baryon number violating operators in supersymmetric
SU(5) GUTs, Nucl. Phys. B 898 (2015) 1, arXiv:1503.08561.

[38] B. Grinstein, A supersymmetric SU(5) Gauge theory with no gauge hierarchy problem, Nucl. Phys. B 206 (1982)
387.

[39] A. Masiero, D.V. Nanopoulos, K. Tamvakis, T. Yanagida, Naturally massless Higgs doublets in supersymmetric
SU(5), Phys. Lett. B 115 (1982) 380.

[40] D.-X. Zhang, J.-h. Zheng, A missing partner model with 24-plet breaking SU(5), J. High Energy Phys. 12 (2012)
087, arXiv:1212.5852.

[41] C.S. Aulakh, I. Garg, C.K. Khosa, Baryon stability on the Higgs dissolution edge: threshold corrections and sup-
pression of baryon violation in the NMSGUT, Nucl. Phys. B 882 (2014) 397, arXiv:1311.6100.

[42] M. Ikeda, Preliminary results for the Super-Kamiokande Collaboration, presented at NNN2015.

[43] Super-Kamiokande, V. Takhistov, Review of nucleon decay searches at Super-Kamiokande, in: 51st Rencontres de
Moriond on EW Interactions and Unified Theories La Thuile, Italy, March 12-19, 2016, 2016, arXiv:1605.03235.

[44] D.F. Litim, F. Sannino, Asymptotic safety guaranteed, J. High Energy Phys. 12 (2014) 178, arXiv:1406.2337.

[45] D.F. Litim, M. Mojaza, F. Sannino, Vacuum stability of asymptotically safe gauge-Yukawa theories, J. High Energy
Phys. 01 (2016) 081, arXiv:1501.03061.

[46] K. Intriligator, F. Sannino, Supersymmetric asymptotic safety is not guaranteed, J. High Energy Phys. 11 (2015)
023, arXiv:1508.07411.


http://refhub.elsevier.com/S0550-3213(16)30159-6/bib48616C6C3A323030396E64s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib48616C6C3A323030396E64s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib41726B616E6948616D65643A323030346662s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib41726B616E6948616D65643A323030346662s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib476975646963653A323030347463s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib476975646963653A323030347463s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4962653A323031326875s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4962653A323031326875s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A32303133657861s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A32303133657861s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A32303135697461s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A32303135697461s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4261636861733A313939357974s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4261636861733A313939357974s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib43686B617265756C693A313939387769s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib43686B617265756C693A313939387769s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A323030326276s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A323030326276s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A323030327067s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A323030327067s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A323030327067s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib42616A633A323030327067s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib456D6D616E75656C436F7374613A323030337075s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib456D6D616E75656C436F7374613A323030337075s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib48616C6C3A323030317067s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib48616C6C3A323030317067s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib57697474656E3A323030316266s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib57697474656E3A323030316266s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib57697474656E3A323030316266s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4B6C6562616E6F763A323030336D79s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4B6C6562616E6F763A323030336D79s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib46726965646D616E6E3A323030327479s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib46726965646D616E6E3A323030327479s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A32303133656765s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A32303133656765s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib44616E69656C3A313938336970s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib44616E69656C3A313938336970s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4E696865693A313939347478s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4E696865693A313939347478s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A32303135616C61s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A32303135616C61s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4772696E737465696E3A31393832756Ds1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4772696E737465696E3A31393832756Ds1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4D61736965726F3A313938326665s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4D61736965726F3A313938326665s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib5A68616E673A323031327263s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib5A68616E673A323031327263s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib41756C616B683A323031336C7861s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib41756C616B683A323031336C7861s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib54616B686973746F763A3230313665716Ds1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib54616B686973746F763A3230313665716Ds1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4C6974696D3A32303134756361s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4C6974696D3A32303135696561s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4C6974696D3A32303135696561s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib496E7472696C696761746F723A32303135787861s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib496E7472696C696761746F723A32303135787861s1

22 B. Bajc et al. / Nuclear Physics B 910 (2016) 1-22

[47] H. Murayama, H. Suzuki, T. Yanagida, Radiative breaking of Peccei—Quinn symmetry at the intermediate mass
scale, Phys. Lett. B 291 (1992) 418.

[48] J. Hisano, H. Murayama, T. Yanagida, Probing GUT scale mass spectrum through precision measurements on the
weak scale parameters, Phys. Rev. Lett. 69 (1992) 1014.

[49] J. Hisano, H. Murayama, T. Yanagida, Nucleon decay in the minimal supersymmetric SU(5) grand unification, Nucl.
Phys. B 402 (1993) 46, arXiv:hep-ph/9207279.

[50] Y. Aoki, E. Shintani, A. Soni, Proton decay matrix elements on the lattice, Phys. Rev. D 89 (2014) 014505,
arXiv:1304.7424.

[51] L.E. Ibanez, I. Valenzuela, The Higgs mass as a signature of heavy SUSY, J. High Energy Phys. 05 (2013) 064,
arXiv:1301.5167.


http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4D75726179616D613A31393932646As1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4D75726179616D613A31393932646As1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A313939326D68s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A313939326D68s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A313939326A6As1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib486973616E6F3A313939326A6As1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib416F6B693A32303133797861s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib416F6B693A32303133797861s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4962616E657A3A323031336766s1
http://refhub.elsevier.com/S0550-3213(16)30159-6/bib4962616E657A3A323031336766s1

	Threshold corrections to dimension-six proton decay operators in non-minimal SUSY SU(5) GUTs
	1 Introduction 
	2 Models
	2.1 Higgs sector in the minimal SU(5)
	2.2 Higgs sector in the missing-partner SU(5)

	3 Threshold correction at the GUT scale
	4 Numerical results
	5 Conclusion and discussion
	Acknowledgements
	Appendix A Threshold correction at the SUSY scale
	A.1 Two-point function
	A.2 Four-Fermi vertices
	A.3 In MSSM
	A.4 Numerical evaluation

	Appendix B Field decomposition
	Appendix C The interaction terms including VEVs
	References


