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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 5̄ 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.

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 5̄ 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 5̄
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, λ, the colored
Higgs mass, MHC

, and the GUT gauge boson mass, MX,
through the matching conditions of the gauge coupling
constants at the GUT scale, αaðQGÞ (a ¼ 1, 2, 3), where
QG is the unification scale defined by α1ðQGÞ ¼ α2ðQGÞ. It
is found from the perturbativity condition on λ that
α2ðQGÞ≳ α3ðQGÞ andMHC

≲MX are favored. The former
inequality restricts the low-energy SUSY mass spectrum
since αaðQGÞ 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 MHC

and MX. 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 → Kþν̄ bound from the Super-Kamiokande
experiment [29,30], as the SUSY particles are predicted
to lie around Oð10Þ 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 λ 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: InSec. II,we review the

minimal NG-Higgs SUSYSU(5)GUTmodel 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 SUSYin Sec. IV. SectionVis 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
MSSMHiggs multiplets reside in the adjoint representation
of the SU(6), Σ̂. 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 ¼ WHiggsðΣ̂Þ þWYukawa; ð1Þ

whereWHiggsðΣ̂Þ respects the global SU(6) symmetry while
WYukawa, which includes the MSSM matter chiral super-
fields, does not. The SU(6)-symmetric part is

WHiggsðΣ̂Þ ¼
1

3
λTrΣ̂3 þ 1

2
MTrΣ̂2: ð2Þ

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

Σ̂ ¼
�
−5S=

ffiffiffiffiffi
60

p
H̄=

ffiffiffi
2

p

H=
ffiffiffi
2

p
S15=

ffiffiffiffiffi
60

p þ Σ

�
; ð3Þ

where 15 is the 5 × 5 identity matrix and Σ≡ ΣATA with
TA the SU(5) generators.1 WHiggsðΣ̂Þ is then expressed with
these component fields as

WHiggsðΣ̂Þ ¼
1

3
λTrðΣ3Þ þ 1

2
λH̄ΣH þ 1

2
MTrðΣ2Þ

þ 1

2
MH̄H −

1

3
ffiffiffiffiffi
15

p λS3 −
1ffiffiffiffiffi
15

p λSH̄H

þ 1ffiffiffiffiffi
60

p λSTrðΣ2Þ þ 1

4
MS2: ð4Þ

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 Σ̂ is assumed to have a VEV of the

form

hΣ̂i ¼ V̂ · diagð1; 1; 1; 1;−2;−2Þ; ð5Þ

where V̂ ¼ M=λ.2 This VEV spontaneously breaks the
global SU(6) symmetry into SUð4Þ ⊗ SUð2Þ ⊗ Uð1Þ; the
SU(5) gauge symmetry, which corresponds to the second to
fifth rows/columns, is broken into the SM gauge group,
SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY . The SUð3ÞC gauge group is
inside the SU(4) global group. The symmetry breaking of
SUð6Þ → SUð4Þ ⊗ SUð2Þ ⊗ Uð1Þ yields 35 − ð15þ 3þ
1Þ ¼ 16 NG bosons, among which 12 are absorbed by
the massive gauge bosons corresponding to the broken

1We normalize these generators as TrðTATBÞ ¼ δAB=2.
2This VEV can be decomposed as follows:

hΣ̂i ¼ 3

5
V̂ · diagð0; 2; 2; 2;−3;−3Þ þ 1

5
V̂

· diagð5;−1;−1;−1;−1;−1Þ: ð6Þ

The first term breaks the SU(5) gauge group. It then follows that

hΣi ¼ 3

5
V̂ · diagð2; 2; 2;−3;−3Þ; hSi ¼ −

ffiffiffiffiffi
12

5

r
V̂: ð7Þ
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generators of SUð5Þ → SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY . The
remaining four NGbosons, togetherwith their SUSYpartner
fields, appear as physical NG chiral superfields—they are
dubbed as the mixed-type superfields in Ref. [31]. As we see
below, these fourmassless chiral superfields can be identified
as the MSSM-Higgs superfields.
We now calculate the mass spectrum of the component

fields,

H ¼

0
BBBBBB@

H1
C

H2
C

H3
C

Hþ
u

H0
u

1
CCCCCCA
; H̄ ¼

0
BBBBBB@

H̄C1

H̄C2

H̄C3

H−
d

−H0
d

1
CCCCCCA
; ð8Þ

Σ ¼
� Σ8 Σð3;2Þ
Σð3�;2Þ Σ3

�
þ 1

2
ffiffiffiffiffi
15

p
�
213 0

0 −312

�
Σ24: ð9Þ

The adjoint Higgs fields Σ8 and Σ3 have the identical mass

MΣ ≡MΣ8
¼ MΣ3

¼ 3

2
λV̂: ð10Þ

The components Σð3;2Þ and Σð3�;2Þ are massless NG fields
and absorbed by the SU(5) gauge fields to be massive. The
component Σ24 mixes with the SU(5) singlet field S, whose
mass eigenvalues are found to be 3λV̂=2 and λV̂=2. The
color triplet Higgs fields HC and H̄C acquire a mass of

MHC
¼ 3

2
λV̂; ð11Þ

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

MH ¼ 1

2
M −

λffiffiffiffiffi
15

p
�
−

ffiffiffiffiffi
12

5

r
V̂

�
þ λ

2

3

5
ð−3ÞV̂ ¼ 0; ð12Þ

verifying the expectation that Hu and Hd 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

MX ¼ 3
ffiffiffi
2

p
g5V̂; ð13Þ

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 WYukawa,
Hu and Hd remain massless in the SUSY limit because of
the nonrenormalization property of superpotential; in
particular, radiative corrections to the Kähler potential,
which give multiplicative wave-function renormalization
factors to the component fields, do not generate a mass for
Hu and Hd (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

Lsoft ¼ −
�
1

3
AλλTrΣ̂3 þ 1

2
BMMTrΣ̂2 þ H:c:

�
− 2m2

Σ̂TrðΣ̂†Σ̂Þ; ð14Þ

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

Lsoft ¼ −
�
1

3
λAλTrðΣ3Þ þ 1

2
λAλH̄ΣH −

1

3
ffiffiffiffiffi
15

p λAλS3

−
1ffiffiffiffiffi
15

p λAλSH̄Hþ 1ffiffiffiffiffi
60

p λAλSTrðΣ2Þ

þ 1

2
BMMTrðΣ2Þ þ 1

2
BMMH̄Hþ 1

4
BMMS2 þH:c:

�
−m2

Σ̂½jSj2 þH†Hþ H̄†H̄þ 2TrðΣ†ΣÞ�: ð15Þ

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

hΣ̂i ¼ ðV̂ þΔV̂ þFΣ̂θ
2Þ · diagð1;1;1;1;−2;−2Þ; ð16Þ

with

ΔV̂ ¼ 2

λ
ðAλ − BMÞ −

4

λ2V̂
ðA2

λ − 3AλBM þ 2B2
M þm2

Σ̂Þ
þOðM3

SUSY=M
2
GUTÞ; ð17Þ

FΣ̂ ¼ ðAλ − BMÞV̂ þ 2

λ
ðAλBM − B2

M −m2
Σ̂Þ

þOðM3
SUSY=MGUTÞ; ð18Þ

where MGUT and MSUSY 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 QG 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

g21ðQGÞ
¼ 1

g25ðQGÞ
þ 1

8π2

�
2

5
ln

QG

MHC

− 10 ln
QG

MX

�
;

1

g22ðQGÞ
¼ 1

g25ðQGÞ
þ 1

8π2

�
2 ln

QG

MΣ
− 6 ln

QG

MX

�
;

1

g23ðQGÞ
¼ 1

g25ðQGÞ
þ 1

8π2

�
ln

QG

MHC

þ 3 ln
QG

MΣ
− 4 ln

QG

MX

�
;

ð19Þ

where g1 ≡
ffiffiffiffiffiffiffiffi
5=3

p
g0, g2, and g3 are the gauge coupling

constants of the SM gauge interactions. Now note that from
Eqs. (10) and (11), we haveMΣ ¼ MHC

; we can, therefore,
determine g5, MX, and MHC

¼ MΣ using the above three
equations by solving the RGEs of the gauge coupling
constants up to the scale QG for a given SUSY mass
spectrum. From Eq. (19) with MΣ ¼ MHC

, we obtain

α5ðQGÞ ¼ 3

�
−

10

α1ðQGÞ
þ 24

α2ðQGÞ
−

11

α3ðQGÞ
�
−1
; ð20Þ

MX ¼ QG exp

�
π

6

�
5

α1ðQGÞ
−

9

α2ðQGÞ
þ 4

α3ðQGÞ
��

; ð21Þ

MHC
¼ QG exp

�
5π

6

�
−

1

α1ðQGÞ
þ 3

α2ðQGÞ
−

2

α3ðQGÞ
��

;

ð22Þ

where αa ≡ g2a=ð4πÞ (a ¼ 1, 2, 3, 5). From these quantities,
we can determine the coupling λ by using Eqs. (11) and (13),

λ ¼ 2
ffiffiffi
2

p
g5

MHC

MX
: ð23Þ

Now let us choose the scale QG such that
g1ðQGÞ ¼ g2ðQGÞ. In this case, we have the relations

α5ðQGÞ ¼ 3

�
14

α2ðQGÞ
−

11

α3ðQGÞ
�
−1
; ð24Þ

MHC

MX
¼ exp

�
7π

3

�
1

α2ðQGÞ
−

1

α3ðQGÞ
��

: ð25Þ

The above equations indicate that λ, MHC
=MX, and α5 are

given as functions of α2ðQGÞ and α3ðQGÞ.
In Fig. 1, we show contour plots for these values in the

ðα−12 ðQGÞ − α−13 ðQGÞÞ − α−12 ðQGÞ plane. As we see from
Fig. 1(a), λ increases as ðα−12 ðQGÞ − α−13 ðQGÞÞ gets larger,
with little dependence on α−12 ðQGÞ, and becomes non-
perturbative for ðα−12 ðQGÞ − α−13 ðQGÞÞ≳ 0; the region
where λ >

ffiffiffiffiffiffi
4π

p
is represented by the green shade in

Fig. 1. We thus conclude that ðα−12 ðQGÞ − α−13 ðQGÞÞ≲ 0,
i.e., α2ðQGÞ ≳ α3ðQGÞ 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
α5ðQGÞ remains perturbative over the parameter region
shown in this figure.
As can be seen from Eq. (25) and Fig. 1(c),MHC

=MX is a
function of ðα−12 ðQGÞ − α−13 ðQGÞÞ only, and MHC

< MX

(MHC
> MX) for α2ðQGÞ > α3ðQGÞ (α2ðQGÞ < α3ðQGÞ).

As discussed above, the perturbativity condition on λ favors
α2ðQGÞ ≳ α3ðQGÞ, and hence MHC

≲MX. On the other
hand, if α2ðQGÞ is considerably larger than α3ðQGÞ, then
MHC

becomes much smaller than MX. 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 α−12 ðQGÞ−
α−13 ðQGÞ, which further restricts the low-energy SUSY
mass spectrum.
To see qualitatively the dependence of α−12 ðQGÞ −

α−13 ðQGÞ on the low-energy SUSY spectrum, we use the
one-loop RGEs for the gauge coupling constants to obtain
analytical expressions for αaðQGÞ (a ¼ 1, 2, 3). We have

1

α1ðQGÞ
¼ 1

α1ðmZÞ
−

1

2π

�
41

10
ln

�
QG

mZ

�
þ 1

10
ln

�
QG

mA

�
þ 2

5
ln

�
QG

mH̃

�

þ 1

5

X
i

�
1

6
ln

�
QG

mQ̃i

�
þ 4

3
ln

�
QG

m ˜̄ui

�
þ 1

3
ln

�
QG

m ˜̄di

�

þ 1

2
ln

�
QG

mL̃i

�
þ ln

�
QG

m ˜̄ei

���
; ð26Þ

1

α2ðQGÞ
¼ 1

α2ðmZÞ
−

1

2π

�
−
19

6
ln

�
QG

mZ

�
þ 4

3
ln

�
QG

mW̃

�
þ 1

6
ln

�
QG

mA

�

þ 2

3
ln

�
QG

mH̃

�
þ 1

6

X
i

�
3 ln

�
QG

mQ̃i

�
þ ln

�
QG

mL̃i

���
; ð27Þ
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1

α3ðQGÞ
¼ 1

α3ðmZÞ
−

1

2π

�
−7 ln

�
QG

mZ

�
þ 2 ln

�
QG

mg̃

�

þ 1

6

X
i

�
2 ln

�
QG

mQ̃i

�
þ ln

�
QG

m ˜̄ui

�
þ ln

�
QG

m ˜̄di

���
; ð28Þ

where mZ, mA, mH̃, mW̃ , mg̃, mQ̃i
, mL̃i

, m ˜̄ui , m ˜̄di
, m ˜̄ei are the masses of the Z boson, the heavy Higgs doublet, higgsino,

wino, gluino, and sfermions, respectively, and i ¼ 1, 2, 3 is the generation index. From the condition α1ðQGÞ ¼
α2ðQGÞ, we obtain the unification scale QG as

QG ¼ mZ · exp

�
5π

14

�
1

α1ðmZÞ
−

1

α2ðmZÞ
��

×

 
m25

Z

m20
W̃
·m4

H̃
·mA

! 1
84Y

i

��m4
˜̄ui
·m3

˜̄ei

m7
Q̃i

� 1
84

�m ˜̄di

mL̃i

� 1
84

�
:

ð29Þ
By using this, we then have

1

α2ðQGÞ
−

1

α3ðQGÞ
¼ −

5

7

1

α1ðmZÞ
þ 12

7

1

α2ðmZÞ
−

1

α3ðmZÞ

þ 1

28π
ln

�
m32

W̃
·m12

H̃
·m3

A

m19
Z ·m28

g̃

�
þ 1

28π

X
i

ln

�� m7
Q̃i

m5
˜̄ui
·m2

˜̄ei

��m3
L̃i

m3
˜̄di

��
: ð30Þ

Note that Q̃i, ˜̄ui, and ˜̄ei (L̃i and
˜̄di) come from the same

10i (5̄i) 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 mW̃ , mH̃, and mA increase,
with the strongest dependence on the wino mass. On the
other hand, Eq. (30) shows that α−12 ðQGÞ − α−13 ðQGÞ
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
α−12 ðQGÞ − α−13 ðQGÞ; this then leads to upper limits on
mW̃ , mH̃, and mA, and a lower limit on mg̃.
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.3

B. Higgs mass parameters

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

μ ¼ −ðAλ − BMÞ: ð31Þ

This shows that the size of the μ term becomes OðMSUSYÞ
automatically. In particular, there is no “μ problem” in this
model. The soft SUSY-breaking terms for Hu and Hd are

Lsoft ¼ −ðBμHuHd þH:c:Þ−m2
Hu
jHuj2 −m2

Hd
jHdj2: ð32Þ

The matching condition for the B term is calculated as

Bμ ¼ 1

2
λFΣ̂ −

1

2
λAλðV̂ þ ΔV̂Þ þ 1

2
λBMV̂

¼ −ðAλ − BMÞ2 −m2
Σ̂: ð33Þ

Notice that the OðMSUSYMGUTÞ terms cancel and therefore
Bμ isOðM2

SUSYÞ. As shown in Ref. [39] this cancellation is
stable against renormalization. The soft mass terms are
given by

m2
Hu

¼ m2
Hd

¼ m2
Σ̂: ð34Þ

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 Eqs. (31), (33), and (34), we find

ðm2
Hu

þ jμj2Þðm2
Hd

þ jμj2Þ − jBμj2 ¼ 0: ð35Þ
This is because we have assumed that the soft SUSY-
breaking terms in the Higgs sector (14) respect the global3See Appendix A for the formulas used in this analysis.
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SU(6) symmetry and therefore we still have four massless
NG fields, forming an SUð2ÞL 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 μ and Bμ terms
may receive additional contributions of OðMSUSYÞ and
OðM2

SUSYÞ, respectively, which can violate the relation (35)
by OðM4

SUSYÞ. Considering this, we do not strictly require
the condition (35) and regard μ and Bμ as free parameters in
the following analysis.

IV. RESULTS

We now calculate the masses of the GUT-scale particles,
MX and MHC

, for two SUSY-breaking scenarios. We first

consider in Sec. IVA 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 α5, MX, and
MHC

. It is, however, found that this case is actually ruled
out by the limit on the p → Kþν̄ 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. IV B and show the predicted GUT-scale mass
spectrum. We also calculate the lifetimes4 of p → Kþν̄
and p → π0eþ and confront them with the current bounds
and future prospects.5

FIG. 1. Contour plots of (a) λ, (b) α−15 ðQGÞ, and (c) MHC
=MX in the ðα−12 ðQGÞ − α−13 ðQGÞÞ − α−12 ðQGÞ plane in the minimal

NG-Higgs SUSY SU(5) GUT model. The green shaded region represents λ >
ffiffiffiffiffi
4π

p
, 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. IVA.

4The calculation of the partial decay widths of p → Kþν̄ and
p → π0eþ is reviewed in Appendixes B 1 and B 2, respectively.

5For 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, m0,
m1=2, A0, tan β, and sgnðμÞ. The soft masses, gaugino
masses, and the A-terms are set to be m0, m1=2, and A0,
respectively, at the GUT scale. tan β≡ hH0

ui=hH0
di is the

ratio between the MSSM-Higgs VEVs. The electroweak-
symmetry breaking conditions determine the magnitude of
μ, 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, mh ¼ 125.25ð17Þ GeV [47], and the

dark matter abundance, ΩDMh2 ≃ 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]:

(i) m0 ¼ 14.1 TeV, m1=2 ¼ 9.8 TeV, A0 ¼ −3m0,
tan β ¼ 5, μ > 0.6

(ii) m0 ¼ 27.9 TeV, m1=2 ¼ 9.5 TeV, A0 ¼ 0,
tan β ¼ 4, μ > 0.

We use SOFTSUSY4.1.12 [58,59] to compute the SUSY
spectra and the gauge coupling constants at the GUT scale
QG, which is defined by the condition g1ðQGÞ ¼ g2ðQGÞ.
By using Eqs. (20)–(23), we then find

α5 ¼ 0.036; λ ¼ 8.7; MX ¼ 4.8 × 1015 GeV; MHC
¼ 2.2 × 1016 GeV; ð36Þ

for point (i) and

α5 ¼ 0.037; λ ¼ 2.7; MX ¼ 7.6 × 1015 GeV; MHC
¼ 1.1 × 1016 GeV; ð37Þ

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, λ is predicted to be quite large; in
particular, for case (i), λ 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 λ 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 → Kþν̄ 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 Oð10Þ TeV SUSY-breaking scale.
To evade the p → Kþν̄ limit in this case, we need a
relatively large color-triplet Higgs mass,MHC

≳ 1017 GeV.
In the minimal SUSY SU(5), MHC

is related to other GUT-
parameters as

MHC
¼ λH

ðM2
XMΣÞ13

ðg25λΣÞ
1
3

; ð38Þ

where λΣ and λH 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,

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

λΣ ¼ 2λH ¼ λ: ð39Þ

The combination ðM2
XMΣÞ13 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
ðM2

XMΣÞ13 ≃ 1016 GeV (see, for instance, Refs. [60–62]).
To obtain MHC

≳ 1017 GeV, therefore, we need λΣ ≪ λH;
however, this is incompatible with the relation (39) in the
minimal NG-Higgs GUT model. In other words, for a
perturbative value of λ, the color-triplet Higgs mass is
≲1016 GeV in the minimal NG-Higgs GUTmodel, and this
is too low to evade the proton-decay limit if SUSY particles
lie around Oð10Þ 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 ofOð1Þ 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

6The opposite sign of A0 with respect to that adopted in
Ref. [54] is due to convention [57].
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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 Oðm3=2Þ, where m3=2 is the
gravitino mass. The gaugino masses are, on the other hand,
generated only radiatively and thus suppressed by a loop
factor compared with m3=2. 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,
μ, is given by Eq. (31) in the current model, and in the
absence of the singlet SUSY-breaking field, Aλ ¼ 0 at the
classical level, whilst the B-term can beOðm3=2Þ because of
the Giudice-Masiero mechanism [123,124]—we, therefore,
expect μ ¼ Oðm3=2Þ.
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, Qgaugino, the theory is just the SM,
while above the SUSY scale, QSUSY, the theory is the
MSSM. Between Qgaugino 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,7 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) λ, (b) α−15 ðQGÞ,

(c)MHC
, and (d)MX in theM2–M3 plane, where we set the

masses of sfermions, heavy Higgs bosons, and Higgsinos to
be 1 PeV and tan β ¼ 3. M2 and M3 are soft SUSY-
breaking wino mass and gluino mass, respectively. As seen
from Fig. 2(a), the value of λ 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 λ is

nonperturbative (λ >
ffiffiffiffiffiffi
4π

p
). 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; mW̃ > 660 GeV [125]. The
red vertical-dashed line corresponds to the wino mass
(mW̃ ≃ 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 mW̃ > 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 λ coupling,

we need a small wino mass and a relatively large gluino
mass, where the color-triplet Higgs mass is predicted to be
≲1016 GeV. With this size of MHC

, 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 τðp → Kþν̄Þ and τðp → eþπ0Þ
in theM2–M3 plane withMSUSY ¼ 100 TeV, 300 TeV, and
1 PeV, the common masses of sfermions, heavy Higgs
bosons, and higgsino. The phase factors φ2 and φ3 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, τðp → Kþν̄Þ > 6.6 × 1033 years [29,30] and
τðp → eþπ0Þ > 2.4 × 1034 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 τðp → Kþν̄Þ > 3.2 × 1034 years and τðp → eþπ0Þ >
7.8 × 1034 years, respectively.8 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 λ and bound from τðp → eþπ0Þ
give upper and lower limits on the wino and gluino
masses, respectively. On the other hand, the bound from
τðp → Kþν̄Þ 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 MSUSY; when MSUSY gets larger, the
limit from τðp → Kþν̄Þ becomes weaker, while the limits
from τðp → eþπ0Þ and the perturbativity condition on λ
get stronger. For MSUSY ¼ 100 TeV, a large part of the
region motivated by the wino dark matter scenario,
M2 ≤ 2.8 TeV, has already been excluded by these limits,

7Since the Yukawa couplings enter into the gauge coupling
RGEs at the two-loop level, the one-loop RGEs are sufficient for
the Yukawa couplings.

8Let us comment on the sensitivities of other future proton
decay experiments [46]. The sensitivity of the JUNO experiment
to p → Kþν̄ is estimated to be τðp → Kþν̄Þ ¼ 8.34 × 1033 years
for 10-years running [130], while that of DUNE is τðp →
Kþν̄Þ ¼ 1.3 × 1034 years [131]. A relatively new proposal called
THEIA [132,133] envisions a sensitivity of τðp → Kþν̄Þ > 3.8 ×
1034 years with 800 kton-yrs data. For p → eþπ0, the Hyper-
Kamiokande experiment will offer much better sensitivity than
those of the other experiments [46,134].
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and most of the allowed region can be probed by the
Hyper-Kamiokande experiment. In addition, the perturba-
tivity bound on λ gives a lower limit on the gluino mass,
M3 ≳ 4 TeV, which is stronger than the current LHC
limit [135,136]. For MSUSY ¼ 1 PeV, on the other hand,
a sizable region of the parameter space is still allowed,
mainly because the τðp → Kþν̄Þ bound is fairly weak in
this case. A part of this allowed region can be probed at the
Hyper-Kamiokande through the τðp → eþπ0Þ channel.
Notice that the gluino mass M3 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 limitM3 ≲ 100 TeV forMSUSY ¼ 1 PeV.9

This entire region can be probed if (far) future experiments
can have sensitivities to the lifetime of Oð1036Þ years in
both the p → Kþν̄ and p → eþπ0 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
α3 gives the largest influence on our results. It can induce a
factor of 2 difference to λ and an Oð1Þ difference to proton
decay widths. The uncertainties resulting from the hadron
matrix elements are Oð0.1Þ (cf. Appendix B), and the
effects of other parameters’ uncertainties are found to be
less than Oð10−2Þ, which are subdominant. For example,
for the point at M2 ¼ 1 TeV and M3 ¼ 50 TeV with
MSUSY ¼ 1 PeV in Fig. 3(e), α3 ¼ 0.1179� 0.0009 gives
λ ¼ 0.86þ0.50

−0.31 , τðp → Kþν̄Þ ¼ 2.2þ2.2
−1.1 × 1036 years, and

τðp → eþπ0Þ ¼ 4.1þ2.7
−1.7 × 1035 years. In addition, the com-

plex phases φ2 and φ3 in the GUT Yukawa coupling, which

FIG. 2. Contour plots of (a) λ, (b) α−15 ðQGÞ, (c) MHC
, and (d) MX in the M2–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 β to be tan β ¼ 3. The green shaded region
represents λ >

ffiffiffiffiffi
4π

p
, 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 τðp → eþπ0Þ 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.

9For instance, in the anomaly mediation, jM3j≃
3α3MSUSY=ð4πÞ, and thus jM3j ∼ 30 TeV for MSUSY ¼ 1 PeV.
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FIG. 3. Contour plots of proton lifetime for decay modes τðp → Kþν̄Þ and τðp → eþπ0Þ in the M2–M3 plane in the minimal NG-
Higgs SUSY SU(5) GUT model. The masses of the SUSY scalar particles and higgsino, MSUSY, are set to be 100 TeV, 300 TeV, and
1 PeV for (a)(b), (c)(d), and (e)(f), respectively, and tan β to be tan β ¼ 3. The phases φ2 and φ3 are set to be 0. The blue-shaded area is
excluded by the current experimental limit on τðp → Kþν̄Þ from Super-Kamiokande [29,30] while the yellow-shaded area is excluded
by the experimental limit on τðp → eþπ0Þ [128]. The dotted lines show the sensitivities of Hyper-Kamiokande [129].
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are defined in Eq. (B3) in Appendix B 1, can also change
the lifetime of proton decay mode p → Kþν̄. For the
model point ðM2;M3;MSUSYÞ¼ð1TeV;50TeV;1PeVÞ in
Fig. 3(e), the lifetime varies τðp → Kþν̄Þ ¼ ð2.18–2.32Þ ×
1036 years for φ2;φ3 ¼ 0 − 2π. For the model point
ðM2;M3;MSUSYÞ¼ð2TeV;20TeV;100TeVÞ in Fig. 3(a),
the lifetime varies τðp → Kþν̄Þ ¼ ð3.1–9.2Þ × 1034 years
for φ2;φ3 ¼ 0—2π. As we see, the uncertainty from the
GUT-Yukawa phases reduces for larger MSUSY. This is
because for large MSUSY ¼ μ, the Higgsino exchange
contribution dominates the wino contribution since
μ ≫ M2, and in this case the decay amplitude depends
mainly on the overall phase factor eiðφ2þφ3Þ, 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 λ
sets constraints α−12 ðQGÞ≳ α−13 ðQGÞ and MHC

≲MX. 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 massmW̃ , Higgsino mass
mH̃, and heavy Higgs doublet massmA, and a lower limit to
the gluino mass mg̃.
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 λ leads to a limit on the color triplet-Higgs
mass, MHC

≲ 1016 GeV, and this is too low to evade the
experimental limit on p → Kþν̄, as the SUSY scale is
predicted to be Oð10Þ TeV in this scenario. This problem
can be evaded in the high-scale SUSY scenario. We have
seen that the present bound on p → Kþν̄ gives a lower
(upper) limit on the wino (gluino) mass. On the other
hand, the perturbativity condition on λ, as well as the
bound on p → eþπ0, gives an upper (lower) limit on M2

(M3). As a result, we found an allowed band in theM2–M3

plane for a given value of MSUSY. For MSUSY ¼ 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
MSUSY ¼ 1 PeV, for instance, we need sensitivities to the
proton lifetimes of Oð1036Þ years for both p → Kþν̄
and p → eþπ0.

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 mW̃ ≃ 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,10 we can
predict the proton-decay lifetimes as functions of MSUSY,
which can be tested in future proton-decay experiments.
Although we have focused on the minimal NG-Higgs

SUSY-SU(5) 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 SUð6Þ ⊗ SUð6Þ
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 atmb
and mc, respectively, and the up, down, and strange quark
masses are the MS masses at 2 GeV. The other masses are
the pole masses. αs is in the MS scheme renormalized
at mZ.
By using the input parameters in Table I, we obtain the

MS couplings at the scale ofmt. For the gauge couplings g0,

10See Ref. [140] for the prospects of gaugino mass measure-
ments at a 100 TeV pp collider.
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g2, and g3 and the top Yukawa coupling yt, we use the
results given in Ref. [147].
We extract the quark Yukawa couplings except for yt

from the MS masses at the scale of mt, which are obtained
with the QCD RGEs at the two-loop level. For quark
masses, we use

dmðQÞ
d lnQ

¼
�
γmð1Þ

α3
4π

þ γmð2Þ
α23

ð4πÞ2
�
mðQÞ; ðA1Þ

where

γmð1Þ ¼ −6CF; γmð2Þ ¼ −CF

�
3CF þ 97

3
Nc −

10

3
Nf

�
;

CF ≡ N2
c − 1

2Nc
; ðA2Þ

with the number of colors Nc ¼ 3, the number of effective
quark flavors Nf, and the quadractic Casimir invariant CF.
The RGE for the strong coupling constant is

dα3
d lnQ

¼ ð2b1Þ
α23
4π

þ ð2b2Þ
α33

ð4πÞ2 ; ðA3Þ

with

b1 ¼ −
11Nc − 2Nf

3
;

b2 ¼ −
34

3
N2

c þ
10

3
NcNf þ 2CFNf: ðA4Þ

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 ¼ mt. For the gauge coupling constants, we
use the one-loop relations [148]

αaðQÞjDR ¼ αaðQÞjMS

�
1þ CðGaÞ

12π
αaðQÞjMS

�
; ðA5Þ

where CðGaÞ is the quadratic Casimir invariant with
CðGaÞ ¼ 0, 2, 3 for a ¼ 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

dga
d lnQ

¼ 1

16π2
bð1Þa g3a

þ g3a
ð16π2Þ2

�X3
b¼1

bð2Þab g
2
b −

X
k¼u;d;e

cak Trðy†kykÞ
�
;

ðA6Þ

where yk is the Yukawa matrix. Above the electroweak
scale and below the gaugino mass scale, Qgaugino ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
M2M3

p
, the coefficients are

bð1Þa ¼

0
B@

41=10

−19=6
−7

1
CA; bð2Þab ¼

0
B@

199=50 27=10 44=5

9=10 35=6 12

11=10 9=2 −26

1
CA;

cak ¼

0
B@

17=10 1=2 3=2

3=2 3=2 1=2

2 2 0

1
CA: ðA7Þ

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

Δbð1Þa ¼

0
B@

0

4=3

2

1
CA; Δbð2Þab ¼

0
B@

0 0 0

0 64=3 0

0 0 48

1
CA: ðA8Þ

Above the SUSY scale QSUSY, the coefficients
in Eq. (A6) are

TABLE I. Input parameters [47].

Fermi constant GF 1.1663788ð6Þ × 10−5 GeV−2

Strong coupling constant αs 0.1179(9)
Z boson mass mZ 91.1876(21) GeV
W boson mass mW 80.377(12) GeV
Higgs boson mass mh 125.25(17) GeV
Top quark mass mt 172.69(30) GeV
Bottom quark mass mb 4.18þ0.03

−0.02 GeV
Tau lepton mass mτ 1.77686(12) GeV
Charm quark mass mc 1.27(2) GeV
Strange quark mass ms 93.4þ8.6

−3.4 MeV
Muon mass mμ 105.658 MeV
Up quark mass mu 2.16þ0.49

−0.26 MeV
Down quark mass md 4.67þ0.48

−0.17 MeV
Electron mass me 0.511 MeV
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bð1Þa ¼

0
B@

33=5

1

−3

1
CA; bð2Þab ¼

0
B@

199=25 27=5 88=5

9=5 25 24

11=5 9 14

1
CA; cak ¼

0
B@

26=5 14=5 18=5

6 6 2

4 4 0

1
CA: ðA9Þ

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 QSUSY, we have

dyu
d lnQ

¼ 1

16π2

�
3

2
ðyuy†u − ydy

†
dÞ þ Y2 −

17

20
g21 −

9

4
g22 − 8g23

�
yu;

dyd
d lnQ

¼ 1

16π2

�
3

2
ðydy†d − yuy

†
uÞ þ Y2 −

1

4
g21 −

9

4
g22 − 8g23

�
yd;

dye
d lnQ

¼ 1

16π2

�
3

2
yey

†
e þ Y2 −

9

4
g21 −

9

4
g22

�
ye; ðA10Þ

where

Y2 ≡ Trð3yuy†u þ 3ydy
†
d þ yey

†
eÞ: ðA11Þ

Above the SUSY scale QSUSY, the RGEs are

dfu
d lnQ

¼ 1

16π2

�
3Trðf†ufuÞ þ 3fuf

†
u þ fdf

†
d −

13

15
g21 − 3g22 −

16

3
g23

�
fu;

dfd
d lnQ

¼ 1

16π2

�
Trð3f†dfd þ f†efeÞ þ 3fdf

†
d þ fuf

†
u −

7

15
g21 − 3g22 −

16

3
g23

�
fd;

dfe
d lnQ

¼ 1

16π2

�
Trð3f†dfd þ f†efeÞ þ 3fef

†
e −

9

5
g21 − 3g22

�
fe: ðA12Þ

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

4. Matching Conditions

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

1

g21ðQþ
gauginoÞ

¼ 1

g21ðQ−
gauginoÞ

;

1

g22ðQþ
gauginoÞ

¼ 1

g22ðQ−
gauginoÞ

−
1

8π2

�
4

3

�
ln

�
Qgaugino

M2

�
;

1

g23ðQþ
gauginoÞ

¼ 1

g23ðQ−
gauginoÞ

−
1

8π2
ð2Þ ln

�
Qgaugino

M3

�
;

ðA13Þ

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.11 For the Yukawa couplings, we use the tree-
level matching conditions,

fuðQþ
SUSYÞ ¼

1

sin β
yuðQ−

SUSYÞ;

fdðQþ
SUSYÞ ¼

1

cos β
ydðQ−

SUSYÞ;

feðQþ
SUSYÞ ¼

1

cos β
yeðQ−

SUSYÞ: ðA15Þ

11It 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

g21ðQþ
SUSYÞ

¼ 1

g21ðQ−
SUSYÞ

−
1

8π2

�
2

5

�
ln

�
QSUSY

mH̃

�
;

1

g22ðQþ
SUSYÞ

¼ 1

g22ðQ−
SUSYÞ

−
1

8π2

�
2

3

�
ln

�
QSUSY

mH̃

�
;

1

g23ðQþ
SUSYÞ

¼ 1

g23ðQ−
SUSYÞ

: ðA14Þ
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APPENDIX B: PROTON DECAY CALCULATION

In this section we review the calculation of proton life-
times in SU(5). We consider p → Kþν̄ and p → eþπ0 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 + ν̄

The p → Kþν̄ decay process is induced by the exchange
of the color-triplet Higgs multiplet, whose effect can be
described by the dimension-five effective operators,

Leff
5 ¼ Cijkl

5L O5L
ijkl þ Cijkl

5R O5R
ijkl þ H:c:; ðB1Þ

with

O5L
ijkl ¼

Z
d2θ

1

2
ϵabcϵmnϵpqQam

i Qbn
j Qcp

k Lq
l ;

O5R
ijkl ¼

Z
d2θϵabcðuci ÞaecjðuckÞbðdcl Þc; ðB2Þ

where i; j;… denote the generation indices, a, b, c the
color indices, and p, q the SUð2ÞL indices; ϵabc and ϵpq are
the Levi-Civita symbols. The Wilson coefficients at the
GUT scale are given by

Cijkl
5L ðQGÞ ¼

1

MHC

fuieiφiδijðV�Þklfdl;

Cijkl
5R ðQGÞ ¼

1

MHC

fuiVijðV�Þklfdle−iφk ; ðB3Þ

where fui and fdl are the up- and down-type quark Yukawa
couplings12 at the GUT scale and Vij are the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. The phase
factors φi, which are defined such that they satisfy the
condition

P
i φi ¼ 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
O5L

ii1j andO
5R
331k with i ¼ 2, 3, j ¼ 1, 2, 3 and k ¼ 1, 2 have

sizable contributions.
From the GUT scale down to the SUSY scale, the RGEs

for the Wilson coefficients are

d
d lnQ

Cijkl
5L ¼ 1

16π2

�
−
2

5
g21 − 6g22 − 8g23 þ f2ui þ f2di þ f2uj þ f2dj þ f2uk þ f2dk þ f2el

�
Cijkl
5L ;

d
d lnQ

Cijkl
5R ¼ 1

16π2

�
−
12

5
g21 − 8g23 þ 2f2ui þ 2f2ej þ 2f2uk þ 2f2dl

�
Cijkl
5R : ðB4Þ

At the SUSY breaking scale QSUSY, 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

Leff
SM ¼ CH̃

i O1i33 þ CW̃
jkÕ1jjk þ CW̃

jkÕj1jk þ C̄W̃
jkÕjj1k; ðB5Þ

with i ¼ 1, 2, j ¼ 2, 3, and k ¼ 1, 2, 3, where the effective operators have the form

Oijkl ≡ ϵabcðuaRidbRjÞðQc
Lk · LLlÞ;

Õijkl ≡ ϵabcϵ
αβϵγδðQa

LiαQ
b
LjγÞðQc

LkδLLlβÞ: ðB6Þ

We have

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

Proton mass mp 938.27208816(29) MeV
Pion mass mπ 134.9768(5) MeV
Kaon mass mK 493.677(13) MeV
Wolfenstein parameter λ 0.22500� 0.00067
Wolfenstein parameter A 0.826þ0.018

−0.015
Wolfenstein parameter ρ̄ 0.159� 0.010
Wolfenstein parameter η̄ 0.348� 0.010

12We could have used the lepton Yukawa couplings fel instead of fdl, since they are identical in SU(5). In practice, however, we
obtain different values for fdl and fel, 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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CH̃
i ðQSUSYÞ ¼

ftfτ
ð4πÞ2 C

�331i
5R ðQSUSYÞFðμ; m2

t̃R
; m2

τ̃R
Þ;

CW̃
jkðQSUSYÞ ¼

α2
4π

Cjj1k
5L ðQSUSYÞ½FðM2; m2

Q̃1
; m2

Q̃j
Þ þ FðM2; m2

Q̃j
; m2

L̃k
Þ�;

C̄W̃
jkðQSUSYÞ ¼ −

3

2

α2
4π

Cjj1k
5L ðQSUSYÞ½FðM2; m2

Q̃j
; m2

Q̃j
Þ þ FðM2; m2

Q̃1
; m2

L̃k
Þ�; ðB7Þ

where13

FðM;m2
1; m

2
2Þ≡ M

m2
1 −m2

2

�
m2

1

m2
1 −M2

ln

�
m2

1

M2

�
−

m2
2

m2
2 −M2

ln

�
m2

2

M2

��
: ðB9Þ

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

d
d lnQ

CH̃
i ¼ 1

16π2

�
−
11

10
g21 −

9

2
g22 − 4g23 þ

1

2
y2t

�
CH̃
i ;

d
d lnQ

CW̃
jk ¼

1

16π2

�
−
1

5
g21 − 3g22 − 4g23 þ y2uj

�
CW̃
jk − 4

g22
16π2

½2CW̃
jk þ C̄W̃

jk�;

d
d lnQ

C̄W̃
jk ¼

1

16π2

�
−
1

5
g21 − 3g22 − 4g23 þ y2uj

�
C̄W̃
jk − 4

g22
16π2

½2CW̃
jk þ C̄W̃

jk�: ðB10Þ

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

Lðp → Kþν̄iÞ ¼ CRLðusdνiÞ½ϵabcðuaRsbRÞðdcLνiÞ� þ CRLðudsνiÞ½ϵabcðuaRdbRÞðscLνiÞ�
þ CLLðusdνiÞ½ϵabcðuaLsbLÞðdcLνiÞ� þ CLLðudsνiÞ½ϵabcðuaLdbLÞðscLνiÞ�; ðB11Þ

with

CRLðusdντ;mtÞ ¼ −VtdCH̃
2 ðmtÞ;

CRLðudsντ;mtÞ ¼ −VtsCH̃
1 ðmtÞ;

CLLðusdνk;mtÞ ¼
X
j¼2;3

Vj1Vj2CW̃
jkðmtÞ;

CLLðudsνk;mtÞ ¼
X
j¼2;3

Vj1Vj2CW̃
jkðmtÞ: ðB12Þ

These coefficients are further run down to the hadronic scale Qhad ¼ 2 GeV, and the running effects are given by
AL ¼ CðQhadÞ=CðmtÞ as follows, where we use the two-loop QCD result given in Ref. [156]:

AL ¼

8>><
>>:
h
α3ðQhadÞ
α3ðmbÞ

i 6
25

h
α3ðmbÞ
α3ðmtÞ

i 6
23

h
α3ðQhadÞþ50π

77

α3ðmbÞþ50π
77

i
− 2047
11550

h
α3ðmbÞþ23π

29

α3ðmtÞþ23π
29

i
−1375
8004; for CLL;h

α3ðQhadÞ
α3ðmbÞ

i 6
25

h
α3ðmbÞ
α3ðmtÞ

i 6
23

h
α3ðQhadÞþ50π

77

α3ðmbÞþ50π
77

i
−173
825

h
α3ðmbÞþ23π

29

α3ðmtÞþ23π
29

i
− 430
2001; for CRL:

ðB13Þ

The partial decay widths of p → Kþν̄i are now computed as

13Notice

FðM;m2; m2Þ ¼ M

�
1

m2 −M2
−

M2

ðm2 −M2Þ2 ln
�
m2

M2

��
;

Fðm;m2; m2Þ ¼ 1

2m
: ðB8Þ
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Γðp → Kþν̄iÞ ¼
mp

32π

�
1 −

m2
K

m2
p

�
2

jAðp → Kþν̄iÞj2; ðB14Þ

wheremp andmπ denote the masses of the proton and pion,
respectively, and

Aðp → Kþν̄iÞ ¼ CRLðusdνi;QhadÞhKþjðusÞRdLjpi
þ CRLðudsνi;QhadÞhKþjðudÞRsLjpi
þ CLLðusdνi;QhadÞhKþjðusÞLdLjpi
þ CLLðudsνi;QhadÞhKþjðudÞLsLjpi:

ðB15Þ

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

hKþjðusÞLdLjpi ¼ 0.0284ð30Þð17Þð12Þ GeV2;

hKþjðudÞLsLjpi ¼ 0.1006ð80Þð60Þð46Þ GeV2;

hKþjðusÞRdLjpi ¼ −0.0398ð31Þð20Þð52Þ GeV2;

hKþjðudÞRsLjpi ¼ −0.109ð10Þð8Þð14Þ GeV2; ðB16Þ

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.

2. p → e +π0

The p → eþπ0 decay mode is induced by the SU(5)
gauge boson exchange, whose contribution can be
described by the dimension-six operators

Leff
6 ¼ Cijkl

6ð1ÞO
6ð1Þ
ijkl þ Cijkl

6ð2ÞO
6ð2Þ
ijkl ; ðB17Þ

where

O6ð1Þ
ijkl ¼

Z
d2θd2θ̄ϵabcϵmnðuc†i Þaðdc†j Þbe−2

3
g0Bðe2g3GQm

k ÞcLn
l ;

O6ð2Þ
ijkl ¼

Z
d2θd2θ̄ϵabcϵmnQam

i Qbn
j e

2
3
g0Bðe−2g3Guc†k Þcec†l ;

ðB18Þ

with G and B the SUð3ÞC and Uð1ÞY gauge vector super-
fields, respectively. The Wilson coefficients are given by

Cijkl
6ð1ÞðQGÞ ¼ −

g25
M2

X
eiφiδikδjl;

Cijkl
6ð2ÞðQGÞ ¼ −

g25
M2

X
eiφiδikðV�Þjl: ðB19Þ

The one-loop RGEs14 from the GUT scale down to the
SUSY-breaking scale are [159]

d
d lnQ

Cijkl
6ð1Þ ¼

�
α1
4π

�
−
11

15

�
þ α2
4π

ð−3Þ þ α3
4π

�
−
8

3

��
Cijkl
6ð1Þ;

d
d lnQ

Cijkl
6ð2Þ ¼

�
α1
4π

�
−
23

15

�
þ α2
4π

ð−3Þ þ α3
4π

�
−
8

3

��
Cijkl
6ð2Þ;

ðB20Þ

which give

Cijkl
6ð1ÞðQSUSYÞ ¼

�
α3ðQSUSYÞ
α3ðQGÞ

�4
9

�
α2ðQSUSYÞ
α2ðQGÞ

�
−3
2

�
α1ðQSUSYÞ
α1ðQGÞ

�
− 1
18

Cijkl
6ð1ÞðQGÞ;

Cijkl
6ð2ÞðQSUSYÞ ¼

�
α3ðQSUSYÞ
α3ðQGÞ

�4
9

�
α2ðQSUSYÞ
α2ðQGÞ

�
−3
2

�
α1ðQSUSYÞ
α1ðQGÞ

�
− 23
198

Cijkl
6ð2ÞðQGÞ: ðB21Þ

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

d
d lnQ

Cijkl
6ð1Þ ¼

�
α1
4π

�
−
11

10

�
þ α2
4π

�
−
9

2

�
þ α3
4π

ð−4Þ
�
Cijkl
6ð1Þ;

d
d lnQ

Cijkl
6ð2Þ ¼

�
α1
4π

�
−
23

10

�
þ α2
4π

�
−
9

2

�
þ α3
4π

ð−4Þ
�
Cijkl
6ð2Þ: ðB22Þ

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

Cijkl
6ð1ÞðQgauginoÞ ¼

�
α3ðQgauginoÞ
α3ðQSUSYÞ

�2
5

�
α2ðQgauginoÞ
α2ðQSUSYÞ

�27
22

�
α1ðQgauginoÞ
α1ðQSUSYÞ

�
−11
82

Cijkl
6ð1ÞðQSUSYÞ;

Cijkl
6ð2ÞðQgauginoÞ ¼

�
α3ðQgauginoÞ
α3ðQSUSYÞ

�2
5

�
α2ðQgauginoÞ
α2ðQSUSYÞ

�27
22

�
α1ðQgauginoÞ
α1ðQSUSYÞ

�
−23
82

Cijkl
6ð2ÞðQSUSYÞ; ðB23Þ

14The two-loop RGEs are also available in Ref. [158].
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while from the gaugino-mass scale to the electroweak scale, we have

Cijkl
6ð1ÞðmtÞ ¼

�
α3ðmtÞ

α3ðQgauginoÞ
�2

7

�
α2ðmtÞ

α2ðQgauginoÞ
�27

38

�
α1ðmtÞ

α1ðQgauginoÞ
�
−11
82

Cijkl
6ð1ÞðQgauginoÞ;

Cijkl
6ð2ÞðmtÞ ¼

�
α3ðmtÞ

α3ðQgauginoÞ
�2

7

�
α2ðmtÞ

α2ðQgauginoÞ
�27

38

�
α1ðmtÞ

α1ðQgauginoÞ
�
−23
82

Cijkl
6ð2ÞðQgauginoÞ: ðB24Þ

At the electroweak scale, these Wilson coefficients are matched onto the coefficients of the operators

Lðp → π0lþ
i Þ ¼ CRLðuduliÞ½ϵabcðuaRdbRÞðucLlLiÞ� þ CLRðuduliÞ½ϵabcðuaLdbLÞðucRlRiÞ�; ðB25Þ

as

CRLðuduli;mtÞ ¼ C111i
6ð1ÞðmtÞ;

CLRðuduli;mtÞ ¼ Vj1½C1j1i
6ð2ÞðmtÞ þ Cj11i

6ð2ÞðmtÞ�: ðB26Þ

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 Qhad ¼ 2 GeV, we compute the partial decay
width of p → π0eþ as

Γðp → π0eþÞ ¼ mp

32π

�
1 −

m2
π

m2
p

�
2

½jALj2 þ jARj2�; ðB27Þ

where

AL ¼ CRLðudul1;QhadÞhπ0jðudÞRuLjpi;
AR ¼ CLRðudul1;QhadÞhπ0jðudÞRuLjpi; ðB28Þ

and the matrix element is given by [157]

hπ0jðudÞRuLjpi ¼ −0.112ð11Þð14Þð18Þ GeV2: ðB29Þ
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