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We revisit the minimal Nambu-Goldstone(NG)-Higgs supersymmetric (SUSY) SU(5) grand unified
model and study its phenomenological implications. The Higgs sector of the model possesses a global SU
(6) symmetry, which is spontaneously broken and results in the Higgs doublets of the minimal SUSY
Standard Model (MSSM) as NG chiral superfields. Therefore, the model naturally leads to light Higgs
doublets and solves the doublet-triplet splitting problem. Because of the SU(6) symmetry, the couplings of
the Higgs sector are tightly restricted, and thus the model is more predictive than the minimal SUSY SU(5).
We determine all the grand unified theory parameters via the matching conditions of the gauge coupling
constants at the unification scale and calculate proton lifetime, confronting this with current experimental
bounds. We discuss that this model is incompatible with the constrained MSSM, whilst it has a large viable
parameter space in the high-scale SUSY scenario. The perturbativity condition on the trilinear coupling of
the adjoint Higgs field imposes an upper (lower) limit on the wino (gluino) mass, implying a hierarchical
mass pattern for these gauginos. Future proton-decay searches can probe a large part of the parameter

space, especially if the SUSY-breaking scale is <100 TeV.
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I. INTRODUCTION

Unification of interactions has been one of the main
goals of particle physics. The minimal supersymmetric
(SUSY) SU(5) grand unified theory (GUT) [1,2] offers a
desirable framework to this end, where the three Standard
Model (SM) gauge couplings are unified with great
accuracy [3-9]. Nevertheless, the minimal SU(5) GUT is
known to have a fatal defect, called the doublet-triplet
splitting problem. In SU(5), the Higgs doublets in the
minimal SUSY standard model (MSSM) are embedded
into 5 and 5 representations, accompanied with color-triplet
components. These color-triplet fields induce proton decay,
and to evade the limits imposed by proton-decay searches
they must have a GUT-scale mass. On the other hand, the
MSSM Higgs doublets need to have a SUSY-scale mass to
achieve a successful electroweak-symmetry breaking. This
mass splitting is realized with a huge amount of fine-tuning
in the minimal SU(5), making this model less appealing.
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An attractive idea to solve this doublet-triplet splitting
problem is that the Higgs boson is a pseudo-Nambu-
Goldstone (pNG) boson associated with the spontaneous
breaking of a global symmetry. Such a scenario in the
framework of GUTs was first explored in Ref. [10] and
discussed later in Refs. [11-28]. In the model considered in
Ref. [10], the 5 and 5 Higgs representations, as well as an
adjoint Higgs field of SU(5), are embedded into an adjoint
representation of an SU(6) global symmetry. The SU(5)
GUT gauge group is a subgroup of this SU(6). The vacuum
expectation value (VEV) of this adjoint field breaks both
the SU(6) global symmetry and the SU(5) GUT gauge
symmetry, giving masses to the SU(5) gauge bosons and
yielding a pair of massless doublet Higgs fields as NG
multiplets. The color-triplet components of the 5 and 5
representations remain massive, i.e., have a GUT-scale
mass. The mass term of the doublet Higgs fields is
protected from quantum corrections thanks to the non-
renormalization theorem in SUSY theories, and is gener-
ated through the SUSY-breaking effect. As a result, the
MSSM Higgs doublets acquire a mass around the SUSY-
breaking scale, and hence, the doublet-triplet splitting
problem is solved in a natural manner. We refer to this
setup as the minimal NG Higgs SUSY SU(5) GUT model.

In this work, we revisit this model and study its
phenomenological implications in detail. Because of the
global SU(6) symmetry in the Higgs sector, the number of
free parameters in this model is smaller than that in the
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minimal SU(5), allowing us to determine all of the GUT
parameters, such as the SU(5) gauge coupling constant, the
trilinear coupling of the adjoint Higgs field, 4, the colored
Higgs mass, My, and the GUT gauge boson mass, My,
through the matching conditions of the gauge coupling
constants at the GUT scale, a,(Qg) (a =1, 2, 3), where
Qg is the unification scale defined by a;(Qg) = a»(Qg). It
is found from the perturbativity condition on A that
®(Q¢) 2 a3(Q¢) and My . < My are favored. The former
inequality restricts the low-energy SUSY mass spectrum
since a,(Q¢) depend on the masses of the MSSM SUSY
particles through the renormalization group equations
(RGEs). In addition, we can predict proton decay rates
by determining My and M. To show the significance of
these results, we consider two scenarios for the SUSY mass
spectrum: the constrained MSSM (CMSSM) and high-
scale SUSY. It is found that the CMSSM is incompatible
with the p - K™D bound from the Super-Kamiokande
experiment [29,30], as the SUSY particles are predicted
to lie around O(10) TeV in this case. In the high-scale
SUSY scenario, on the other hand, we find a large viable
parameter space. We also find that the perturbativity
condition on 4 leads to an upper (lower) limit on the wino
(gluino) mass, implying a hierarchical mass pattern for
these gauginos. Future proton decay searches can test a
large part of the viable parameter regions, especially if the
SUSY-breaking scale is <100 TeV.

This paper is organized as follows: In Sec. I1, we review the
minimal NG-Higgs SUSY SU(5) GUT model and discuss its
symmetry-breaking structure and mass spectrum. In Sec. III,
we show how to extract the GUT parameters from the GUT-
scale matching conditions of the SM gauge coupling con-
stants. We also evaluate the mass parameters for the MSSM
Higgs fields induced by the SUSY-breaking effect. Then, we
show the results of our analysis for the CMSSM and high-
scale SUSY in Sec. IV. Section V is devoted to the conclusion
and discussion. We summarize relevant formulas for the
RGE analysis and proton decay calculation in Appendixes A
and B, respectively.

II. MODEL

The minimal NG-Higgs-SUSY SU(5)-GUT model was
first proposed in Ref. [10] and discussed later in
Refs. [11,12,14,15,20]. In this setup, the Higgs sector is
assumed to possess a global SU(6) symmetry, and the
MSSM Higgs multiplets reside in the adjoint representation
of the SU(6), £. The SU(5) GUT gauge group is a subgroup
of the SU(6), and hence, this global symmetry is explicitly
broken by the gauge interaction. The global SU(6) sym-
metry is violated also by the couplings of the Higgs
multiplets to the MSSM matter fields. The superpotential
of this model thus has the structure

W= WHiggs<ﬁ) + Wyukawas (1)

where WHiggs(ﬁ) respects the global SU(6) symmetry while
Wukawa, Which includes the MSSM matter chiral super-
fields, does not. The SU(6)-symmetric part is

AU PO B
Witiges (£) = gmﬁ + EMTrzz. (2)

We decompose % in terms of SU(5) representations as

i— <_SS/\/@ H/\/i ) (3)
- H/V2  S15/V/60 + = ’

where 15 is the 5 x 5 identity matrix and £ = AT with
T4 the SU(5) generators.' WHiggs(i) is then expressed with
these component fields as

A 1 1 - 1
WHiggs(Z) = gﬂTr(Z3) + ElHZH + EMTI‘(ZZ)

1 1 1 .-
+-MHH — ——=18° ———=ASHH
2 315 V15
1 1
+—ASTr(2?) + - MS>. 4
T ST +5 )

The terms in the first line appear also in the minimal SUSY
SU(5) [1,2], where the coefficients of these terms are
independent. On the contrary, there are relations among the
coefficients in the present scenario, which play an impor-
tant role in the following discussion.

The adjoint Higgs % is assumed to have a VEV of the
form

(£) = V- diag(1, 1.1, 1,-2,-2), (5)

where V=M //1.2 This VEV spontaneously breaks the
global SU(6) symmetry into SU(4) ® SU(2) ® U(1); the
SU(5) gauge symmetry, which corresponds to the second to
fifth rows/columns, is broken into the SM gauge group,
SU(3)- ® SU(2), ® U(1),. The SU(3) gauge group is
inside the SU(4) global group. The symmetry breaking of
SU(6) — SU(4) ® SU(2) @ U(1) yields 35— (1543 +
1) = 16 NG bosons, among which 12 are absorbed by
the massive gauge bosons corresponding to the broken

'We normalize these generators as Tr(TAT%) = 548 /2.
This VEV can be decomposed as follows:

N

o 3.
(£) =3V diag(0.2.2.2.-3.-3) + £ ¥

1
5

-diag(5,—1,-1,=1,=1,-1). (6)
The first term breaks the SU(5) gauge group. It then follows that

~ 12 ~
<Z):§V~diag(2,2,2,—3,—3), ($)=-\/5V. ()
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generators of SU(5) — SU(3), ® SU(2), ® U(1),. The
remaining four NG bosons, together with their SUSY partner
fields, appear as physical NG chiral superfields—they are
dubbed as the mixed-type superfields in Ref. [31]. As we see
below, these four massless chiral superfields can be identified
as the MSSM-Higgs superfields.

We now calculate the mass spectrum of the component
fields,

He He,
H. He,
H=| H. |. H=| He |, (8)
Hi Hy
HY —H}

> > 1 21 0
s = ( i M) I ( 3 >224. 9)
3o X3 2V/15\ 0 =31,

The adjoint Higgs fields X3 and X5 have the identical mass

My =My, = Ms, :%N (10)
The components X3,y and X3 5) are massless NG fields
and absorbed by the SU(5) gauge fields to be massive. The
component X,, mixes with the SU(S) singlet field S, whose
mass eigenvalues are found to be 3AV/2 and AV/2. The
color triplet Higgs fields H and H acquire a mass of

3
MHC :Eﬂv, (11)

which is equal to the adjoint Higgs mass. The MSSM Higgs
mass is, on the other hand, computed as

1 A 12 . A3 N
My=-M—-——=|(—/=V ——(-3)V =0,
=2 \/15< 5 >+25( )

verifying the expectation that H, and H ,; are the NG chiral
superfields. We see that the doublet-triplet mass splitting is
naturally realized in this setup. Finally, the mass of the
SU(5) gauge bosons is found to be

(12)

My =3v2gsV, (13)
with g5 the SU(5) gauge coupling constant.

Notice that even though the SU(6) global symmetry is
explicitly broken by the gauge interactions and Wy iawas
H, and H, remain massless in the SUSY limit because of
the nonrenormalization property of superpotential; in
particular, radiative corrections to the Kihler potential,
which give multiplicative wave-function renormalization
factors to the component fields, do not generate a mass for
H, and H, (see, e.g., Ref. [11]).

Next, we consider the effect of SUSY breaking. We here
assume that the SUSY-breaking effect is mediated to the
Higgs sector such that the global SU(6) symmetry is
respected. The soft SUSY-breaking terms in the Higgs
sector, then, have the form

1 A 1 ~
Esoft = - <§Aﬂ)«Tr23 + EBMMTrZz + HC>

- Zm%Tr(i*i), (14)

where we use the same symbols for the scalar components
of the Higgs fields. In terms of the SU(5) representations,
these soft terms are expressed as

1 1 _ 1
Loy = — giAzTr(ZS) +§/1A,1H2H —JA,S

3v15

1 _ 1

V15 V60
1 U B )

—m[|S]? + H'H + H'H + 2Tr(£'%)). (15)

In the presence of the soft SUSY-breaking terms, the
VEV of £ shifts from the one in Eq. (5) [32]. The F-term is
also induced in (). We find

(£) = (V 4+ AV + F46?) - diag(1,1,1,1,-2,-2), (16)
with
A 2 4 2 2 2
AV = E(AI1 — BM) —W(A/1 —3A,By + 2By, + m):)
+ O(M3ysy/Mgur), (17)
Ao 2 2 2
Fs = (A, — By)V +Z(AABM — By —mg)
+ O(MgUSY/MGUT)’ (18)

where Mgyt and Mgygy are the GUT and SUSY-breaking
scales, and we take all of the parameters to be real just for
simplicity. As we see in the next section, these terms
generate the mass terms for the MSSM Higgs fields.

III. GUT-SCALE MATCHING CONDITIONS

A. Gauge coupling constants

The GUT-scale particles affect gauge coupling uni-
fication via threshold corrections. We can, therefore, extract
the information on the GUT-scale mass spectrum from
the mismatch of the gauge coupling constants at the GUT
scale [33—-35]. At the scale Qs near the GUT scale, the
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one-loop matching conditions for the gauge coupling
constants in the DR scheme [36] are given by [37,38]

1 1 1 [2
5 = +-—= —ln&— IOIn&},
91(Q¢)  95(Qg) 8" [5 My, Mx
1 1 1
= +-— 2ln&—61 QG]
%(Q6) 65(Qs) 82| My My
1 1 [
5 = —l——l&—l—Bl& 41&]
95(Qs)  95(Q¢) 87° My, Ms My
(19)
where g, =+/5/3¢, ¢,, and g3 are the gauge coupling

constants of the SM gauge interactions. Now note that from
Egs. (10) and (11), we have My = My,_; we can, therefore,
determine gs, My, and My _ = My using the above three
equations by solving the RGEs of the gauge coupling
constants up to the scale Qs for a given SUSY mass
spectrum. From Eq. (19) with My = My, we obtain

10 24 |-
as(Qg) =3 [_ a,(06) + a(0) 0!3(QG)} - 20
5 9 4
My =Co e"p{ <a1<QG> (Q0) a3<QG>>}’ 2

My, = Qgexp [%ﬂ (‘ al(lQG) + a2(3QG) a (2QG)>] ’
(22)

where a, = g2 /(4x) (a = 1,2, 3, 5). From these quantities,
we can determine the coupling A by using Egs. (11) and (13),

M
A =2V2gs—<. (23)
My

Now let us choose the scale Qg such that
91(06) = 92(Q¢). In this case, we have the relations

1 _ 1
al(QG) B

o (mz

1) 0o

1 1 1
a(06)  ay(my) ‘_n{

2
In
+3m(2e

At ( )i

()

) (%)

P rrs I
=3 (oo aea) @

The above equations indicate that 4, My./Mx, and as are
given as functions of a,(Qg) and a3(Qg).

In Fig. 1, we show contour plots for these values in the
(51(Q6) — a51(Qg)) — a7 (Qg) plane. As we see from
Fig. 1(a), A increases as (o' (Qg) — a3 (Qg)) gets larger,
with little dependence on a;'(Qg), and becomes non-
perturbative for (a5'(Qg) — a5'(Qg)) 2 0; the region
where 1 > \/4x is represented by the green shade in
Fig. 1. We thus conclude that (a5'(Qg) —5'(Q¢)) <O,
ie., ®(Qg) Z a3(Qg) is favored in the present setup,
which imposes a nontrivial constraint on the low-energy
SUSY spectrum. On the other hand, Fig. 1(b) shows that
as(Qg) remains perturbative over the parameter region
shown in this figure.

As can be seen from Eq. (25) and Fig. 1(c), My /My is a
function of (a3'(Qg) —a3'(Qg)) only, and My, < My
My, > My) for ay(Qg) > a3(Q¢) (@2(Qc) < a3(Q¢))-
As discussed above, the perturbativity condition on A favors
o (Q¢) 2 a3(Q¢), and hence My . < My. On the other
hand, if a,(Qg) is considerably larger than a3(Qg), then
My, becomes much smaller than My. In this case, the
proton-decay rate induced by the exchange of the color-
triplet Higgs multiplet is enhanced, making it difficult to
avoid the experimental bound. We, therefore, expect that
the proton-decay limit gives a lower limit on a;'(Qg) —
a;'(Qg), which further restricts the low-energy SUSY
mass spectrum.

To see qualitatively the dependence of a;'(Qg) —
a3'(Qg) on the low-energy SUSY spectrum, we use the
one-loop RGEs for the gauge coupling constants to obtain
analytical expressions for a,(Qg) (a =1, 2, 3). We have

<§:> +5n(ne)
() (o)
)
n) "

() ()
()

(27)
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“3(1QG):053(1"2) 21”{ 7 (5?) 2 (ij)

O¢
+— Z {2 In (mQ!

where myz, my, mg, my, my, My, myp., Mg, ms,

JonG) =Gl o

ms. are the masses of the Z boson, the heavy Higgs doublet, higgsino,

wino, gluino, and sfermions, respectlvely, and 1:1 2, 3 is the generation index. From the condition a;(Qg) =

a>(Q¢), we obtain the unification scale Qg as

Sn 1
-

By using this, we then have

al(mz

m = m~ em3
X 20 Z4 H{( -
my - m, - my : mQ

(29)

I 5 112 I
®(Q6) a3(Qq) Tay(mz) T ar(mz) az(mz)
1 m32 - m? . m3 1 ml, my
" n Tw o T A o 1 @ V(L) 30
T 38x < my - m? ) * 28712 n[(m% -m2 m% (30)

Note that Q;, ii;, and &; (L; and d;) come from the same
10, (5;) multiplet in SU(5). As can be seen in the last
terms in Eqs. (29) and (30), these sfermions give no
contribution if the masses of the components in the same
SU(5) multiplet are equal. We also see from Eq. (29) that
the scale Qg decreases as my,, mp, and my, increase,
with the strongest dependence on the wino mass. On the
other hand, Eq. (30) shows that o;!'(Qg) — a3'(Qg)
increases as these masses increase, whilst it decreases
as the gluino mass increases. As shown in Fig. 1, the
perturbativity condition sets an upper limit on
;' (Qg) — a5'(Qg); this then leads to upper limits on
my,, mg, and my, and a lower limit on mg.

Notice that the above analysis based on one-loop RGEs
is insufficient since the two-loop RGE effect is as large as
that of one-loop threshold corrections. We perform a
numerical computation to include the two-loop RGE effect
in the subsequent section.’

B. Higgs mass parameters

Next, we discuss the matching conditions for the MSSM-
Higgs mass terms. As seen in Eq. (12), the y term of H,, and
H ; vanishes in the SUSY limit. Once the SUSY-breaking
effect is included, the shift in () generates an effective
term, which is given by

3See Appendix A for the formulas used in this analysis.

p=—(A;—By). (31)

This shows that the size of the u term becomes O(Msgysy)
automatically. In particular, there is no “u problem” in this
model. The soft SUSY-breaking terms for H, and H, are
Esofl =

— (B Hy+ Hee.) =iy H, [ = iy [H P (32)

The matching condition for the B term is calculated as

1 1 A A 1 A~
= (A, - By)? - m2. (33)

Notice that the O(MgysyMgyr) terms cancel and therefore
Buis O(M%qy)- As shown in Ref. [39] this cancellation is
stable against renormalization. The soft mass terms are
given by

i, = My = (34

It is interesting to note that the determinant of the
Higgs mass matrix, which is the order parameter of
electroweak-symmetry breaking, vanishes at the GUT
scale; from Egs. (31), (33), and (34), we find

(miy, + [u?) (miy, + |ul?) = [Bul> = 0. (35)

This is because we have assumed that the soft SUSY-
breaking terms in the Higgs sector (14) respect the global
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a51(Qg) — a31(Qg)
(C) MHc/MX

FIG. 1. Contour plots of (a) 4, (b) a5'(Qg), and (c) My /My in the (a5'(Qg) — a5'(Qg)) — a5'(Q) plane in the minimal
NG-Higgs SUSY SU(5) GUT model. The green shaded region represents 4 > +/4z, which is ruled out by the perturbativity condition.

The blue star and red dot correspond to the model points in the constrained MSSM discussed in Sec. [V A.

SU(6) symmetry and therefore we still have four massless
NG fields, forming an SU(2), doublet, even after the SUSY-
breaking effect is included. The relation (35) is, however,
violated by radiative corrections due to the presence of the
SU(6)-breaking interactions, which results in radiative
electroweak-symmetry breaking at low energies [40—45].

Depending on the mediation mechanism, it is also
possible that the SUSY-breaking effect is transmitted in
an SU(6)-violating manner. In this case, the y and Bu terms
may receive additional contributions of O(Mgysy) and
O(M%sy ), respectively, which can violate the relation (35)
by O(Mésy)- Considering this, we do not strictly require
the condition (35) and regard y and By as free parameters in
the following analysis.

IV. RESULTS

We now calculate the masses of the GUT-scale particles,
My and My, for two SUSY-breaking scenarios. We first

consider in Sec. IV A the CMSSM, where the soft SUSY-
breaking masses of sfermions and gauginos are taken to
be universal at the GUT scale. This setup is often
regarded as a benchmark scenario of SUSY models,
and we use this to show typical values of a5, My, and
My, It is, however, found that this case is actually ruled
out by the limit on the p — K™ lifetime for the minimal
NG-Higgs SUSY SU(5). This limit can be evaded if
squarks and sleptons lie in the PeV range; motivated by
this, we consider high-scale SUSY-breaking scenarios in
Sec. IVB and show the predicted GUT-scale mass
spectrum. We also calculate the lifetimes* of p—Kv
and p — 7%* and confront them with the current bounds
and future prospects.5

*The calculation of the partial decay widths of p — K+ and
p — et is reviewed in Appendixes B 1 and B 2, respectively.
>For a recent review on proton-decay searches, see Ref. [46].
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A. Constrained MSSM

The CMSSM is specified by five input parameters, my,
My, Ag, tanp, and sgn(u). The soft masses, gaugino
masses, and the A-terms are set to be mg, m;,, and A,
respectively, at the GUT scale. tan = (HY)/(HY) is the
ratio between the MSSM-Higgs VEVs. The electroweak-
symmetry breaking conditions determine the magnitude of
u, but its sign is undetermined, so is an input parameter. The
soft SUSY-breaking terms at low energies are obtained by
solving RGEs, which then determine the SUSY spectrum.
Despite the limited number of input parameters, the
CMSSM is known to provide desirable SUSY spectra
which can explain the observed values of the SM-like
Higgs boson mass, m;, = 125.25(17) GeV [47], and the

|

as =0.036, 1=87.

for point (i) and

as = 0.037, A=27,

for point (ii). We also show the predictions of these two
benchmark points by the blue star and red dot in Fig. 1. In
both of these cases, 1 is predicted to be quite large; in
particular, for case (i), 4 is almost nonperturbative, so our
analysis based on one-loop threshold corrections may not
be valid. These results suggest that the requirement of the
perturbativity of the A coupling gives an important con-
straint on the SUSY mass spectrum.

In any case, as we mentioned at the beginning of this
section, the minimal NG-Higgs SUSY SU(5) with the
CMSSM is incompatible with the p — Ko bound from
the Super-Kamiokande experiment [29,30] due to relatively
light SUSY spectra and the restrictive relation among the
GUT-scale particle masses. As shown in Refs. [54,56], in
the CMSSM, the observed values of the SM-like Higgs-
boson mass and the dark matter abundance can be
reproduced with an O(10) TeV SUSY-breaking scale.
To evade the p —» K'D limit in this case, we need a
relatively large color-triplet Higgs mass, My 2 10" GeV.
In the minimal SUSY SU(5), My, is related to other GUT-
parameters as

M3My)3

My, =2y ()5721) (38)
(95/12)3

where Ay and Ay correspond to the couplings for the first
and second terms in Eq. (4), respectively. In the minimal
SUSY SU(5), these two couplings can be different,

The opposite sign of A, with respect to that adopted in
Ref. [54] is due to convention [57].

My = 4.8 x 10" GeV,

My = 7.6 x 105 GeV,

dark matter abundance, Qpyh? ~0.12 [48], without con-
flicting with the current experimental limits (see e.g.,
Refs. [49-56] for recent studies).

To show typical GUT-scale spectra for the CMSSM, we
consider the following two sets of parameters taken from
the benchmark points presented in Ref. [54]:

(1) my = 14.1 TeV, m1/2 =938 TeV, AO = —3m0,

tanf =35, u>0P°

(ii) my =279 TeV,

tanff =4, u > 0.
We use SOFTSUSY4.1.12 [58,59] to compute the SUSY
spectra and the gauge coupling constants at the GUT scale
Q. which is defined by the condition ¢,(Q¢) = 9,(Qg)-
By using Egs. (20)—(23), we then find

m1/2 =95 TCV, AO = 0,

My, =22x10" GeV,

My, = 1.1 x10'° GeV, (37)

|
whilst in the minimal NG-Higgs GUT model they are
related as

As =24y = A. (39)
The combination (M3My)i can be determined via the
GUT-scale threshold corrections [33-35,60-62] as we have
done in Sec. III A. It is found that the dependence of this
quantity on low-energy SUSY mass spectra is small, with
(M%ME)% ~ 10'® GeV (see, for instance, Refs. [60-62]).
To obtain My, % 10'7 GeV, therefore, we need Ay << Ay;
however, this is incompatible with the relation (39) in the
minimal NG-Higgs GUT model. In other words, for a
perturbative value of A, the color-triplet Higgs mass is
<10'® GeV in the minimal NG-Higgs GUT model, and this
is too low to evade the proton-decay limit if SUSY particles
lie around O(10) TeV. We thus do not explore the

CMSSM in more detail and instead consider a high-scale
SUSY scenario in what follows.

B. High-scale SUSY

SUSY models with a SUSY-breaking scale of O(1) PeV
have attracted wide attention [63-76] especially after
the discovery of the Higgs boson [77,78], since in these
models the observed value of its mass can easily be
explained by means of large threshold corrections by heavy
stops [79-83]. In addition, the PeV-scale SUSY scenario
has several attractive features from a phenomenological
viewpoint; (i) the minimal SUSY SU(5) GUT with low-
scale SUSY-breaking suffers from the rapid proton-decay
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problem [84,85], which can be evaded with PeV-scale
sfermions [86-89]; (ii) the SUSY flavor/CP problems
are alleviated [90-94]; (iii) the cosmological gravitino
problem [95-112] is highly relaxed. In particular, the
feature (i) is desirable for the minimal NG-Higgs GUT,
given that the proton lifetime limit is problematic in the
case of the CMSSM as we have seen in Sec. IVA.

A concrete realization of the high-scale SUSY scenario
is provided by the assumption that there is no gauge-singlet
SUSY-breaking field in the hidden sector. In this case, the
soft masses of SUSY particles are induced via gravity
mediation and their size is O(ms,), where m; /2 18 the
gravitino mass. The gaugino masses are, on the other hand,
generated only radiatively and thus suppressed by a loop
factor compared with mj3,,. A famous mechanism for such
quantum effect is anomaly mediation [113,114]. In addition
to this, threshold corrections by heavy Higgs fields [115],
vectorlike matter fields [116—-122], or GUT-scale fields [89]
give rise to gaugino masses. The Higgsino mass parameter,
u, is given by Eq. (31) in the current model, and in the
absence of the singlet SUSY-breaking field, A, = 0 at the
classical level, whilst the B-term can be O(m; ;) because of
the Giudice-Masiero mechanism [123,124]—we, therefore,
expect = O(my)5).

We perform an analysis similar to that in the previous
subsection for this type of mass spectrum. In the present
case, there is a large mass hierarchy between the gauginos
and other SUSY particles. We, therefore, take an effective-
theoretical approach, rather than just using SOFTSUSY, in
order to avoid large logarithmic corrections. Between the
GUT and electroweak scales, we introduce two threshold
mass scales—the gaugino and SUSY scales. Below the
gaugino mass scale, Qqauginos the theory is just the SM,
while above the SUSY scale, Qgygy, the theory is the
MSSM. Between Q,ueino and Qsusy, the effective theory
consists of the SM plus gauginos. We use two-loop
RGEs for the gauge coupling constants and one-loop
RGEs for the Yukawa couplings,” which we summarize
in Appendix A 3. The values of input parameters and the
expressions for matching conditions are given in Sec. A 1
and Sec. A 4, respectively.

Figure 2 shows the contour plots of (a) 4, (b) a5'(Qg),
(¢) My, and (d) M in the M,—M3 plane, where we set the
masses of sfermions, heavy Higgs bosons, and Higgsinos to
be 1 PeV and tanff =3. M, and M5 are soft SUSY-
breaking wino mass and gluino mass, respectively. As seen
from Fig. 2(a), the value of 4 can be much larger than unity
for a large wino mass and/or a small gluino mass; this
behavior can be understood from Fig. 1(a) and Eq. (30). In
the green shaded regions in Fig. 2, the coupling 4 is

"Since the Yukawa couplings enter into the gauge coupling
RGE:s at the two-loop level, the one-loop RGEs are sufficient for
the Yukawa couplings.

nonperturbative (4 > V/47). On the other hand, as seen in
Fig. 2(b), the SU(5) gauge coupling is predicted to be
perturbative over the parameter region shown in this figure.
The purple-dotted region is excluded by the ATLAS
disappearing track search; my > 660 GeV [125]. The
red vertical-dashed line corresponds to the wino mass
(my ~ 2.8 TeV [126,127]) with which the observed dark
matter density is reproduced with the thermal relic abun-
dance of the wino dark matter. If my > 2.8 TeV, the wino
relic is overabundant and we need some nontrivial cos-
mological history to dilute it.

To satisfy the perturbativity condition for the 4 coupling,
we need a small wino mass and a relatively large gluino
mass, where the color-triplet Higgs mass is predicted to be
<10'® GeV. With this size of My, , the proton-lifetime
limit can be relevant even in the high-scale SUSY scenario.
In Fig. 3, we show contour plots of the proton lifetime of
the dominant decay modes 7(p — K*7) and 7(p — e*2")
in the M,—Mj5 plane with Mgysy = 100 TeV, 300 TeV, and
1 PeV, the common masses of sfermions, heavy Higgs
bosons, and higgsino. The phase factors ¢, and @5 of the
Yukawa couplings, which are defined in Sec. B 1, are set to
be 0. The blue and yellow shaded areas are ruled out by the
current limits, 7(p = K*0) > 6.6 x 10% years [29,30] and
7(p = etn%) > 2.4 x 10** years [128], respectively, from
Super-Kamiokande experiments. The expected 90% CL
limits from the 10-year run of Hyper-Kamiokande [129]
are shown as the blue and yellow dotted lines, which
are 7(p - K'0) > 3.2 x 10* years and 7(p — e*2°) >
7.8 x 103 years, respectively.® As in Fig. 2, the purple
dotted region is excluded by the ATLAS disappearing track
search and the red vertical-dashed line corresponds to the
mass of the thermal-wino dark matter. We find that the
perturbativity condition on 4 and bound from z(p — e*z°)
give upper and lower limits on the wino and gluino
masses, respectively. On the other hand, the bound from
7(p — K'D) gives restrictions on small wino mass and
large gluino mass. Consequently, they together give a belt
of allowed parameter space in Fig. 3. The boundary of the
belt depends on Mgygy; when Mgygy gets larger, the
limit from 7(p — K7) becomes weaker, while the limits
from 7(p — e*2%) and the perturbativity condition on 1
get stronger. For Mgygy = 100 TeV, a large part of the
region motivated by the wino dark matter scenario,
M, < 2.8 TeV, has already been excluded by these limits,

¥Let us comment on the sensitivities of other future proton
decay experiments [46]. The sensitivity of the JUNO experiment
to p — K+ is estimated to be 7(p — K1) = 8.34 x 10% years
for 10-years running [130], while that of DUNE is z(p —
K*0) = 1.3 x 103 years [131]. A relatively new proposal called
THEIA [132,133] envisions a sensitivity of 7(p — K*0) > 3.8 x
10** years with 800 kton-yrs data. For p — e*z°, the Hyper-
Kamiokande experiment will offer much better sensitivity than
those of the other experiments [46,134].
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FIG. 2. Contour plots of (a) 4, (b) agl (Qg), M He» and (d) M in the M,—M3 plane in the minimal NG Higgs SUSY SU(5) GUT
model. The masses of the SUSY scalar particles and Higgsino are set to be 1 PeV and tan f to be tan f# = 3. The green shaded region
represents A > v/4z, which is ruled out by the perturbativity condition. The purple-dotted region is excluded by the ATLAS
disappearing track search [125]. The yellow-shaded area is excluded by the current experimental limit on z(p — e*z°) from Super-
Kamiokande [128]. The red vertical-dashed line corresponds to the wino mass with which the observed dark matter density is
reproduced with the thermal relic abundance of the wino dark matter.

and most of the allowed region can be probed by the
Hyper-Kamiokande experiment. In addition, the perturba-
tivity bound on 4 gives a lower limit on the gluino mass,
M5 z 4 TeV, which is stronger than the current LHC
limit [135,136]. For Mgygy = 1 PeV, on the other hand,
a sizable region of the parameter space is still allowed,
mainly because the 7(p — K*7) bound is fairly weak in
this case. A part of this allowed region can be probed at the
Hyper-Kamiokande through the 7(p — e*7%) channel.
Notice that the gluino mass M5 needs to be smaller than
the SUSY-breaking scale by at least an order of magni-
tude in the present scenario since it is supposed to be
generated by radiative corrections. This theoretical require-
ment imposes a limit M3 < 100 TeV for Mgygy = 1 PeV.’

For instance, in the anomaly mediation, |M;|=~
3a3MSUsy/(4ﬂ), and thus |M3| ~ 30 TeV for MSUSY =1 PeV.

This entire region can be probed if (far) future experiments
can have sensitivities to the lifetime of O(10¢) years in
both the p — K*o and p — e*z° channels.

Let us finally comment on the uncertainty in our
calculation of proton lifetimes resulting from those of
the SM parameters. It turns out that the uncertainty of
as gives the largest influence on our results. It can induce a
factor of 2 difference to 4 and an O(1) difference to proton
decay widths. The uncertainties resulting from the hadron
matrix elements are (O(0.1) (cf. Appendix B), and the
effects of other parameters’ uncertainties are found to be
less than O(1072), which are subdominant. For example,
for the point at M, =1 TeV and M; =50 TeV with
Mgysy = 1 PeV in Fig. 3(e), a3 = 0.1179 4+ 0.0009 gives
A =086"03, 7(p —» KT0) = 22777 x 10% years, and
7(p = e*7%) = 4.177] x 10% years. In addition, the com-
plex phases ¢, and @5 in the GUT Yukawa coupling, which
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are defined in Eq. (B3) in Appendix B 1, can also change
the lifetime of proton decay mode p — K. For the
model point (M,,M;,Mgysy)=(1TeV,50TeV,1PeV) in
Fig. 3(e), the lifetime varies 7(p - K*0) = (2.18-2.32) x
10% years for ¢,,¢3; =0 —2x. For the model point
(M2’M37MSUSY) = (2 TCV,ZO TCV, IOOTCV) in Flg 3(3),
the lifetime varies 7(p — K*0) = (3.1-9.2) x 10** years
for @,, p3 = 0—2x. As we see, the uncertainty from the
GUT-Yukawa phases reduces for larger Mgysy. This is
because for large Mgysy = 4, the Higgsino exchange
contribution dominates the wino contribution since
u> M,, and in this case the decay amplitude depends
mainly on the overall phase factor ¢/(2t#3) making the
decay rate almost independent of the GUT phases.

V. CONCLUSIONS AND DISCUSSION

In this paper, we have studied the minimal NG-Higgs
SUSY SU(5) GUT model, which can naturally lead to light
Higgs doublets and solve the doublet-triplet splitting
problem. The model is more restrictive than the usual
SU(5) models and has sharper predictions. We determine
all the GUT parameters by using the matching conditions
for the SM gauge coupling constants at the GUT scale. We
then find that the perturbativity condition on the coupling A
sets constraints &;' (Q¢) 2 a5' (Qg) and My, < My. The
former constraint restricts the allowed pattern of the low-
energy SUSY mass spectrum through RGEs; we see that
this gives upper limits to the wino mass my;, Higgsino mass
mp;, and heavy Higgs doublet mass m, and a lower limit to
the gluino mass m;.

To see the implications of these constraints for the low-
energy SUSY spectrum, we have studied two concrete
SUSY scenarios; the CMSSM and high-scale SUSY.
For the CMSSM, we have found that the perturbativity
condition on A leads to a limit on the color triplet-Higgs
mass, My, < 10'® GeV, and this is too low to evade the
experimental limit on p - KD, as the SUSY scale is
predicted to be O(10) TeV in this scenario. This problem
can be evaded in the high-scale SUSY scenario. We have
seen that the present bound on p — K™ gives a lower
(upper) limit on the wino (gluino) mass. On the other
hand, the perturbativity condition on 4, as well as the
bound on p — e*z°, gives an upper (lower) limit on M,
(M3). As aresult, we found an allowed band in the M,—M;
plane for a given value of Mgygy. For Mgygy = 100 TeV,
most of the remaining parameter space can be explored at
the Hyper-Kamiokande. For a higher SUSY-breaking
scale, the constraints from proton decay searches are
relaxed and a considerable part of the parameter space
is beyond the reach of the Hyper-Kamiokande experi-
ments. To cover the whole allowed region in the case of
Mgysy = 1 PeV, for instance, we need sensitivities to the
proton lifetimes of (O(10%°) years for both p — K*o
and p — et 0.

The high-scale SUSY scenario in the minimal NG-Higgs
SUSY SU(5) GUT can also be tested at future colliders.
As we have seen, a relatively light wino mass is favored in
this setup and thus can be a good target for future collider
experiments. The HL-LHC is expected to probe the wino
mass up to ~850 GeV [137]. This reach can be extended
significantly at FCC-hh, which is expected to exceed the
thermal wino dark matter mass my ~2.8 TeV [138].
The FCC-hh can also probe gluinos with a mass
<13 TeV [139]. The discovery (or exclusion) of these
gauginos offers another way of checking the validity of our
model; for instance, if their masses are measured,]o we can
predict the proton-decay lifetimes as functions of Mgygy,
which can be tested in future proton-decay experiments.

Although we have focused on the minimal NG-Higgs
SUSY-SU(S5) GUT in this paper, the same analysis can also
be performed in other nonminimal NG-Higgs GUT scenar-
ios, such as the SU(6) GUT model with an SU(6) ® SU(6)
global symmetry [13,15-19]. We expect that the presence
of a global symmetry again gives nontrivial relations
among the GUT parameters and thus makes the model
highly predictive. We note in passing that NG-Higgs
GUT models may be related to extradimensional GUT
models (see e.g., Refs. [141-145] for such examples), as
suggested by the AdS/CFT correspondence [146], and
therefore we may indirectly explore these extradimensional
GUT models by probing NG-Higgs GUT models in future
experiments.
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APPENDIX A: RENORMALIZATION GROUP
ANALYSIS

1. Input parameters

We summarize the values of the input parameters in
Table I, which we take from Ref. [47]. The bottom and
charm quark masses are the MS masses renormalized at m,,
and m,., respectively, and the up, down, and strange quark
masses are the MS masses at 2 GeV. The other masses are
the pole masses. a, is in the MS scheme renormalized
at my.

By using the input parameters in Table I, we obtain the
MS couplings at the scale of m,. For the gauge couplings ¢/,

1%See Ref. [140] for the prospects of gaugino mass measure-
ments at a 100 TeV pp collider.
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TABLE I. Input parameters [47].

Fermi constant G

Strong coupling constant a;
Z boson mass my

W boson mass my,

Higgs boson mass m,

Top quark mass m,

Bottom quark mass m,

Tau lepton mass m,

1.1663788(6) x 107> GeV~2
0.1179(9)
91.1876(21) GeV
80.377(12) GeV
125.25(17) GeV
172.69(30) GeV
418709 GeV
1.77686(12) GeV

Charm quark mass m,. 1.27(2) GeV
Strange quark mass m; 93,4j§:§ MeV
Muon mass m, 105.658 MeV

Up quark mass m,,
Down quark mass my,
Electron mass m,

2.16703¢ MeV
4677015 MeV
0.511 MeV

g, and g3 and the top Yukawa coupling y,, we use the
results given in Ref. [147].

We extract the quark Yukawa couplings except for y,
from the MS masses at the scale of 1,, which are obtained
with the QCD RGEs at the two-loop level. For quark
masses, we use

dm(Q) az a3
= = , Al
dln 0 Vm(1) 4r + Ym(2) (471_)2 m(Q) ( )
where
97 10
Ym() = —6Cp,  ¥mp) = —Cp <3CF + ?Nc - ?Nf>’
NZ-1
Cr=-—° , A2
FEON (A2)

with the number of colors N, = 3, the number of effective
quark flavors N, and the quadractic Casimir invariant Cp.
The RGE for the strong coupling constant is

das a3 a%
= (2b))—=+ (2b A3
dan ( ])4ﬂ'+( 2)(472')2’ ( )
with
_1IN.-2N,
1 — 3 s
34 10

On the other hand, we determine the lepton Yukawa
couplings from their pole masses using the tree-level
relations.

2. Renormalization scheme transformation

We convert the MS couplings into the DR couplings at
the scale of Q = m,. For the gauge coupling constants, we
use the one-loop relations [148]

a,(0)|pg = a.(Q) |M_S<1 * Cl(g:)

au<Q>M—s), (A3)

where C(G,) is the quadratic Casimir invariant with
C(G,) =0,2,3 fora =1, 2, 3, respectively. On the other
hand, we do not perform the scheme transformation for the
Yukawa couplings since they appear in the RGEs of the
gauge coupling constants only at the two-loop level.

3. RGEs

We use the two-loop RGEs to evolve the gauge coupling
constants, which have the form

dg,

L0
dlnQ 16x2 g
g [0
a 1
+ (16n2)2 [Z babglz7 - Z Cak Tr(kak)},
b=1 k=u.d,e

(A6)

where y; is the Yukawa matrix. Above the electroweak
scale and below the gaugino mass scale, Qguygino =

/M>Ms3, the coefficients are

41/10 199/50 27/10 44/5
b= -19/6 |. b= 9/10 35/6 12 |,
—7 11/10  9/2 -26
17/10 1/2 3/2
cw=| 3/2 3/2 12 (A7)
2 2 0

Above the gaugino mass scale Qgqueino and below the
SUSY scale Qgysy, we have additional contributions to the
gauge coupling beta functions by gauginos,

0 0 o 0

Ab =43 . A =[0 64/3 0 (A8)
2 0 0 48

Above the SUSY scale OQgysy, the coefficients

in Eq. (A6) are
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33/5 199/25 27/5 88/5 26/5 14/5 18/5
b= 1 |, b= 95 25 24 |. cu=]| 6 6 2 (A9)
-3 /5 9 14 4 4 0

For the Yukawa couplings, on the other hand, we use one-loop RGEs since they appear in the gauge-coupling RGEs only
at the two-loop level. Below the SUSY scale Qqygy, we have

dy, 13, . . 17, 9
dan:@ E(yuyu_ydyd)+Y2_%g%_Zg%_Sg%:|yw
dy, 1 3, . . 1, 9
dan:W E()’dyd—)’u}’u)+Y2—19%—19%—89%]Yd7
dy 13 9, 9
e _ = ! Y _2_~2.2 , AIO
din0 162 277 +Y—og 492}% (A10)
where
Yy = Te(3y,yh + 3yayh + yeyd). (A1)
Above the SUSY scale Qgysy, the RGEs are
df, 1T 13 16
10~ 1622 3Te(fifu) + 3fufh + fufh — 1591739 —?gﬁ]fu,
df 1T . . .7 16
dlndQ:@ Tr(3f;rlfd+fife)+3fdfli+fufu_Eg%_Sg%_?gg]fd»
af, 1 [ .9
e = v [T+ 110 435502 =362 5. (A12)

The relation between the Yukawa couplings above and
below the SUSY scale, i.e., f; and y,, are given in Sec. A 4.

4. Matching Conditions

There are two mass thresholds between the electroweak
and GUT scales; the gaugino mass scale, Qgygino» and the
SUSY scale, Qgysy- At the gaugino mass scale, we use the
one-loop matching conditions for the gauge coupling
constants,

1 1
g%(anugino) B g%( ;augino) ’

1 _ 1 1 (4> In <anugino>
g%(Q;augino) g%(anugino) 871-2 3 M2 ,
1 1 1 Q augino
= — ——(2)In <g7 ,
g%( ;Laugino) g%( gaugino) 87 M3
(A13)

where the gauge couplings in the left(right)-hand side are
those above (below) the gaugino mass scale.

At the SUSY scale, we do not have threshold corrections
for the gauge coupling constants since we have assumed

that all of the SUSY particles except for gauginos have the
same mass.'’ For the Yukawa couplings, we use the tree-
level matching conditions,

1

Fu(Qsusy) = wyu(QgUSY)’
1
fa(Qsusy) = @yd(QEUSY)v
1
fe(Qsusy) = @%(Q@w)- (A15)

"t is straightforward to relax this assumption. For instance, if
Higgsinos have a different mass from the other SUSY masses,
the matching conditions for the gauge coupling constants are
given by

1 _ 1 _L(§>IH(M>
91 (Qdusy)  91(Qsusy) 87° \5 my )’

1 _ 1 b (g) ln<Q5U5Y>
% (Qdusy)  93(Qsusy) 877 \3 my )’
1 1
B(Qdusy)  B(Qsusy)”

(A14)
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TABLE II. Additional input parameters for proton decay
calculation [47]. We use the Wolfenstein parameters (see Ref. [47]
for their definition) to obtain the CKM matrix elements.

Proton mass m,,
Pion mass m,
Kaon mass mg

938.27208816(29) MeV
134.9768(5) MeV
493.677(13) MeV

Wolfenstein parameter 4 0.22500 £ 0.00067
Wolfenstein parameter A 0.8261018
Wolfenstein parameter p 0.159 +0.010
Wolfenstein parameter 7 0.348 £ 0.010

APPENDIX B: PROTON DECAY CALCULATION

In this section we review the calculation of proton life-
times in SU(5). We consider p — K™ and p — etz in
Sec. B 1 and Sec. B 2, respectively, which are the dominant
decay channels in our setup. See Refs. [49,54,84,87,149]
for more detailed discussions. We summarize the additional
input parameters for proton decay calculation in Table II.

1.p > K*p
The p — K0 decay process is induced by the exchange
of the color-triplet Higgs multiplet, whose effect can be
described by the dimension-five effective operators,
(B1)

eff _ ikl HSL ijkl ASR
L5 =Csp Oijkl + Csp Oijkl +Hec.,

with

d Ccik _ 1
dlnQ L 16x2
d g 1 12
dlnQ F " 16x2| 5

— [— =@ —8G +2f2 212 2% + Zfi] Cy-

1
SL 2 am ybn NP 1 49
Oijkl = /d Hieabcemnepqui O

Oﬁf—/d%w“wnwﬂ@nwmw (B2)

where i, j,... denote the generation indices, a, b, ¢ the
color indices, and p, ¢ the SU(2), indices; €, and €, are
the Levi-Civita symbols. The Wilson coefficients at the
GUT scale are given by

ij 1 i0: 51 (V/*
Cstkl(QG) = M, fui€e'?67(V )klfdz,
C
1

C' (Qc) = o FuVI (V) e, (B3)

Hc

where f,; and f; are the up- and down-type quark Yukawa
couplings'” at the GUT scale and V¥ are the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. The phase
factors ¢;, which are defined such that they satisfy the
condition ), ¢; =0, cannot be determined from low-
energy observables. The uncertainty in the proton-lifetime
calculation stemming from our ignorance of these phases is
discussed in Sec. IV B. It is found that only the operators
O}ff;and O3, withi = 2,3, j=1,2,3 and k = 1,2 have
sizable contributions.

From the GUT scale down to the SUSY scale, the RGEs
for the Wilson coefficients are

2 .
2R -6R -8R+ S+ 1+ B4 S 4+ 13| G

(B4)

At the SUSY breaking scale Qgysy, sfermions are integrated out via the wino or Higgsino exchange processes at one-loop,
and these coefficients are matched onto the coefficients of the following effective operators

£ = C?Ou% + CjWk@Ijjk + CjWk@jljk + C}?‘]i@jjlk’

(BS)

withi=1,2, j=2, 3, and k = 1, 2, 3, where the effective operators have the form

Ojju = €abc(”1aeid§j)(Qik “Lyy),

7 — 7 b :
Ojjit = €apc€?e(0F,,07;,)(Of 15l Lip)-

We have

"2We could have used the lepton Yukawa couplings f,; instead of f,, since they are identical in SU(5). In practice, however, we
obtain different values for f4 and f,;, running them from the electroweak scale up to the GUT scale. This difference may be accounted
for by the effect of Planck-scale suppressed operators [150—154]. The uncertainty in the proton-decay calculation resulting from the
choice of these Yukawa couplings is discussed in Ref. [54]. It is found that our choice leads to a conservative estimate for the proton
decay rate.
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3 ffr * i
C:H(QSUSY) = (4’”)2 Cs?gl (QSUSY)F(ﬂ’m%R’m%R)’

~ a .
Ch(Qsusy) = ﬁcgfk(QSUSY)[F(Mz, , ) + F(My,m X m3 it
_ 3a
CR(Qsusy) = =3 72 CH (Qsusy) [F (Mo, m?y .m? ) + (Mo, mgl mi )l (B)

where"?
M m} m? m3 m3
F(M,m3,m3) = e [m% e In <A42> - 7’%% — In (Mzﬂ (B9)

From the SUSY-breaking scale to the electroweak scale, the RGEs of Wilson coefficients are [155]

d 5 1 [ 11, 9 i
CH: 2 2_42 Z 2 CH,
ding " 1622 | 1091727 g3+2y,} ,
d 1% 1 1 W 2 W W
din 0 Ok = Teg2 | 591 39 495 + v | Cli = 4 2C) + Tl
d W 1 [ 1 W 2 W
Ting Ok = Tom |75 3% —4gt 403 | O -4z el + O (B10)

At the electroweak scale, these coefficients lead to the coefficients of the dimension-six operators

L(p = K™0;) = Cpp (usdv; ) [€ape (ufsy) (div;)] + Cry (udsv;)[€ape (updy) (s5v:)]
+ Crp(usdvy)leape(uf s7)(d5v;)] + Cpp(udsv;) e ape (uf d7 ) (s ;)] (B11)

with

CRL(MSdl/T;mt) = —thcgl(m,),
Crr(udsv;m,) = —V,SC{{(m,),

Crr(usdym,) = Z ViViaClim,),
=25

Cpr(udsvy;m,) = Z ,2C]k m,). (B12)
Jj=23

These coefficients are further run down to the hadronic scale Q). =2 GeV, and the running effects are given by
A = C(Qpaa)/C(m,) as follows, where we use the two-loop QCD result given in Ref. [156]:

|:a3(Qhad):| % |: as(my, )i| 3 |:a3(thd) 77} 2 [m(m/;)#“z;—ﬂ —500 for C;

az(my) as(m;) as(my,)+0E as (m,)+55

|:(13(Qhad):| % |: as(my, )} 23 [W(de) S } -2 |:‘13<mb)+223_9ﬂ:| —er

az(my,) as(m;) as(m,)+22 as(m)+5E

Ap = (B13)

s for CRL'

The partial decay widths of p — K'D; are now computed as

BNotice

1 M? m?
F(M. %% = M {mz M (m? - MZ)21r1 <—)]

1
F(m,mz,m2) :ﬁ' (B8)
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2
(o= &'5) = ot (1-25) LG = K0P, (B14)
p

where m,, and m, denote the masses of the proton and pion,
respectively, and

A(p = K70;) = Crp(usdvi; Opaa) (K| (us)gdL|p)
+ Cre(udsvi; Onaa) (K" |(ud)gsL|p)
+ Crp(usdvy; Onag) (K[ (us) dL|p)
+ Cpp (udsvy; Onaa) (K" |(ud) s, | p).-
(B15)

For the hadron matrix elements, we use the values obtained
with QCD Iattice simulations [157]

(K*|(us), dy|p) = 0.0284(30)(17)(12) GeV2,
(K*|(ud), s, |p) = 0.1006(80)(60)(46) GeV2,
(K*|(us) gdy |p) = —0.0398(31)(20)(52) GeV?,
(K*+|(ud)gs|p) = —0.109(10)(8)(14) GeV?2, (B16)

where the first, second, and third parentheses show the
statistical error, the systematic error caused by excited states,
and the uncertainty due to the continuum extrapolation.

2p—>e+0

The p — e*n° decay mode is induced by the SU(5)
gauge boson exchange, whose contribution can be

described by the dimension-six operators
|

ikl A6(1) ijkl ~6(2)
L = Cy O + Csl(z) Oiji

A (B17)

where
O = [ 0 Beupeem )5 e (000 L.

6(2 Ve am ybn L3¢ - ctye et
Oij(kl) _ /dztgngeabceani Qﬁ’ eng(e 293Guk”f) e,
(B18)

with G and B the SU(3). and U(1), gauge vector super-
fields, respectively. The Wilson coefficients are given by

2
ij g io: ik <i
Cél(ﬁl)(QG) = __M5§( ek,

ij G g sik (1
Cit)(Qo) = = e d™ (v)l. (B19)

X

The one-loop RGEs'* from the GUT scale down to the
SUSY-breaking scale are [159]

d ijkl |01 11 (29) a3 8 ijkl
d1nQC6<1>_ 4z\"15) Tag 3)+4_ ~3) | Cotry
a

d i a 23 a 8
ijkl _ “1 20 “3 ° ijkl
danC6<2> {471( 15)+ ( 3)+4 ( 3)]C 62)°
(B20)

which give

CH (o) = [a3(QSUSY)} {az(qusy)] [%(qusy)]l i (0).

a3<QG)

az(QG)

a1(QG>

lkl(QSUSY) [a3<QSUSY):| {aza(zQ(sQUGs;()] |:a1(QSUSY>] 5 Ukl(QG).

013(QG)

a1(QG> (BZI)

Below the SUSY-breaking scale, the RGEs of Wilson coefficients are given by [160]

d ijkl |01 11 a 9 as ijkl
aing “0 = [ar\710) Tar\72) T 7Y S

LCU"I _ |2 _2
dinQ °@ |4z \ 10

a 9 as ijkl
—= == — (-4 I
i < 2) + 4;;( )] Coc

(B22)

From the SUSY scale to the gaugino-mass scale, these RGEs give the renormalization factors as

ljkl (anugmo) = |:

a3(QSUSY)

a3 (anugino):| % |:a2(anugin0):| % |:(,¥1 (anugino)

az(QSUSY)

] P (Ousy)

al(QSUSY)

I Qi) = [

a3(Qsusy)

"“The two-loop RGEs are also available in Ref. [158].

a3 (anugino):| % |:a2(anugino):| % |:a1 (anugino)

o (Osusy)

] P (Ousy) (B23)

o (QSUSY)
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while from the gaugino-mass scale to the electroweak scale, we have

ay(m,)

2 27 1
CM () = { az(m,) ]7{ ]38[ a;(m,) ] 82Cijkl Ovasing ).
6(1>( t) a3(anugin0) GZ(anugino) al(anugino) 6(1)( se )

Z e o e IEEEE w2
At the electroweak scale, these Wilson coefficients are matched onto the coefficients of the operators
L(p = 2°¢) = Crp(udut’;) e (ugdp) (i 1:)] + Cor(udut)|eape (uidy) (uzt i), (B25)
as
Cre(udut’; mz) = Cé(lf)i(mz),
Crr(udut;m,) = Vi [Cely) (mq) + Clyy) (my)]. (B26)

These coefficients are run down to the hadronic scale according to the QCD RGEs. The renormalization factor is given in
the second row in Eq. (B13). By using the Wilson coefficients at the scale Q.4 = 2 GeV, we compute the partial decay
width of p — 7% as

m m2\ 2
D(p = n%e®) =5 (1= ) [AL + [P, (B27)
32z m,
where
Ay = Crp(udut'; Qpaa) (7°| (ud) gu |p),
Ag = Crr(uduty; Qnog) (7°|(ud) gu | p), (B28)
and the matrix element is given by [157]
(7% (ud) gur | p) = —0.112(11)(14)(18) GeV>. (B29)
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