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ABSTRACT: The SUSY SO(10) GUT is in severe tension with the experimental bounds on
proton partial lifetimes because proton decay mediated by colored Higgsinos (dimension-
five proton decay) is too rapid. In this paper, we pursue the possibility that a texture of
the Yukawa coupling matrices in a renormalizable SUSY SO(10) GUT model suppresses
dimension-five proton decay. We focus on a general renormalizable SUSY SO(10) GUT
model which contains 10 + 126 + 126 + 120 representation fields and where the Yukawa
coupling matrices of the 16 matter fields with the 10, 126, 120 fields, Yig, Y126, Y120,
provide the quark and lepton Yukawa couplings and Majorana mass of the singlet neutri-
nos. We find that if components in certain flavor bases, (Y10)uzndg: (Y126)updrs (Y10)ugsgn
(Y126)upsns Y10)urdr> (Y126)urdss (Y10)urss> (Y126)urss> (Y10)upur> (Y126)upuy, are all on
the order of the up quark Yukawa coupling, dimension-five proton decay can be suppressed
while the Yukawa coupling matrices still reproduce the realistic quark and lepton masses
and flavor mixings. We numerically obtain specific Yukawa coupling matrices satisfying the
above conditions, calculate proton partial lifetimes from them and evaluate how dimension-
five proton decay is suppressed when these conditions are met.
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1 Introduction

The SO(10) grand unified theory (GUT) [1, 2] is a viable extension of the Standard Model
(SM) for its attractive features such as the embedding of the SM gauge groups into an
anomaly-free group, the unification of one generation of the matter fields into a 16 repre-
sentation field, and the automatic realization of the seesaw mechanism [3-6] that naturally
explains the tiny neutrino mass. The supersymmetric (SUSY) SO(10) GUT can further
alleviate the gauge hierarchy problem, and achieve the gauge coupling unification without
intermediate scale. A drawback of the SUSY SO(10) GUT is that proton decay mediated
by colored Higgsinos (dimension-five proton decay) [7, 8] is too rapid to be consistent with
the current experimental bounds on proton partial lifetimes. In particular, since the unifi-
cation of the top and bottom quark Yukawa couplings implies tan 5 ~ 50, the contribution
of ECUCUCD® operators [9] to the p — KT, decay is enhanced, and since simultaneous
cancellations of E°UU°D¢ and QQQL operators’ contributions to p — K+, and QQQL



operators’ contributions to p — K1, are difficult to realize, the SUSY SO(10) GUT is in
severe tension with the experimental bound on the p — K7 partial lifetime [10].

However, there is a possibility that a texture of the Yukawa coupling matrices sup-
presses the troublesome dimension-five proton decay, because the decay amplitudes are
proportional to bi-products of Yukawa couplings. In this paper, we pursue the above
possibility and find conditions for a texture of the Yukawa coupling matrices suppressing
dimension-five proton decay. We further obtain specific Yukawa coupling matrices that
satisfy the conditions. We focus on a general renormalizable SO(10) GUT model which
contains 10 + 126 + 126 + 120 representation fields from which the Higgs fields of the
minimal SUSY SM (MSSM) originate (a broader class of renormalizable SUSY SO(10)
GUT models have been studied in refs. [11]-[37]). In the model, the 16 matter fields have
Yukawa couplings with the 10,126, 120 fields, which provide the quark and lepton Yukawa
couplings and Majorana mass of the singlet neutrinos. Note that the Yukawa couplings
with the 10,126,120 fields are most general, since 16 x 16 = 10 + 126 + 120 and they
are the only allowed renormalizable couplings involving a pair of 16 matter fields.

In the main body of the paper, we identify those components of the Yukawa coupling
matrices that are involved in dimension-five proton decay and that can be on the order
of the up quark Yukawa coupling without contradicting that they give the realistic quark
and lepton Yukawa couplings. Here the up quark Yukawa coupling is considered as the
smallest scale of the components of the Yukawa coupling matrices because it is a specially
small Yukawa coupling in the SUSY SO(10) GUT where tan 8 ~ 50. That the components
identified above be on the order of the up quark Yukawa coupling, is the desired conditions
for a texture suppressing dimension-five proton decay. Next, we obtain specific Yukawa
coupling matrices satisfying these conditions, by fitting the experimental data of quark and
lepton masses and flavor mixings with the Yukawa coupling matrices of the 10,126,120
fields under the constraint that the components identified above be on the order of the
up quark Yukawa coupling. Then we calculate proton partial lifetimes from these Yukawa
coupling matrices, and compare them with those calculated from Yukawa coupling matrices
that do not necessarily satisfy the conditions. Thereby we evaluate how dimension-five
proton decay is suppressed owing to the conditions.

Previously, suppression of dimension-five proton decay by a texture of the Yukawa
coupling matrices in the SUSY SO(10) GUT has been studied in refs. [23, 25, 37]. Those
papers deal with the case when the active neutrino mass is dominated by the contribution
of the Type-2 seesaw mechanism coming from a tiny VEV of the SU(2)-triplet component
of the 126 field. However, the dominance of the Type-2 seesaw contribution is not a general
situation, since it requires a fine-tuning of a mass term, coupling constants and VEVs of
GUT-breaking fields [37, 38| so as not to spoil the gauge coupling unification. Thus, the
present paper considers the case when the active neutrino mass is generated solely by the
Type-1 seesaw mechanism, with singlet neutrinos coming from the 16 matter fields and
their Majorana mass from the GUT-breaking VEV of the 126 field.

This paper is organized as follows: in section 2, we review the general renormalizable
SUSY SO(10) GUT model containing 10 + 126 + 126 + 120 fields, and write the formulas
for partial widths of dimension-five proton decay. In section 3, we derive conditions for a



texture of the Yukawa coupling matrices suppressing dimension-five proton decay. It will
turn out that not only the texture of the Yukawa coupling matrices, but also a certain
texture of the colored Higgs mass matrix is needed to suppress dimension-five proton de-
cay. The latter texture is studied in section 4. In section 5, we numerically obtain specific
Yukawa coupling matrices satisfying the conditions found in section 3. We further calcu-
late proton partial lifetimes from them and evaluate how dimension-five proton decay is
suppressed when these conditions are met. Section 6 summarizes the paper.

2 General renormalizable SUSY SO(10) GUT model

2.1 Model description

We consider a SUSY SO(10) GUT model that contains single 10, single pair of 126 + 126,
single 120 fields, denoted by H, A + A, ¥, respectively. The matter fields of MSSM and a
singlet neutrino of each generation are unified into a 16 representation field, denoted by
16" with i being the flavor index. The Yukawa couplings are given by

W = (Yi0)ij 16" H167 + (Yi26)ij 16"°A167 + (Yi29);; 162167, (2.1)

where )710, )7126, 17120 are Yukawa coupling matrices in the flavor space, and 1710, 17126 are
complex symmetric and Yigg is complex antisymmetric. The quark and lepton Yukawa
couplings are assumed to arise solely from eq. (2.1).

Additionally, we introduce single 210 and single 45 fields, denoted by ®, A, respec-
tively. The @, A develop vacuum expectation values (VEVs) to break SU(5) subgroup of
the SO(10) while A + A develop VEVs to break U(1) subgroup.

When the SO(10) is broken into the SM gauge groups SU(3)c x SU(2)r x U(1)y,
the (1,2, :l:%) components of H, A, A, ¥, ® yield the Higgs fields of MSSM. Accordingly,
Y10, Yi26, Yioo give the up-type quark, down-type quark, charged lepton and neutrino Dirac
Yukawa coupling matrices, Y, Yy, Ye, Yp, as

West = (Yu)ij QiHuUS + (Ya)ij QiHa D5 + (Ye)ij LiHaEj + (Yp)ij LiHu N7, (2.2)
where the Yukawa coupling matrices satisfy at a GUT breaking scale pgyr the following
relations:

Yy = Yio +r2 Y126 + 73 Y120, (2.3)
Yy = 71 (Y10 + Y126 + Y120) , (2.4)
Ye = 11 (Y10 — 3Y126 + 7e Yi20) (2.5)
Yp = Y10 — 3r2 Y126 + rp Y120, (2.6)

where Y19 )710, Yi96 }7126, Yi90 17120, and 7rq,7r9,73,Te,7p are complex numbers
determined from the mass matrix of the (1,2, :I:%) components. Hereafter we perform a
phase redefinition of fields to make r; real positive.

The GUT-breaking VEV of A, denoted by Tg, provides the singlet neutrinos with
Majorana mass as

1 ~
WMajorana = i(MN)zj Nzc N;’ Mpy o< Y126 UR. (27)



Integrating out N{’s, we get the Weinberg operator
1
West = §(Cy)ij L;H,L;H,, (2.8)

where the Wilson coefficient C, satisfies at the scale of the singular values of My,
C, = ~YpMy'Vy. (2.9)

Eq. (2.8) gives rise to the Type-1 seesaw contribution to the active neutrino mass. In this
paper, we assume that the VEV of the (1,3, 1) component of A is so small that the Type-2
seesaw contribution is negligible compared to the Type-1 seesaw one.

2.2 Dimension-five proton decay

The (3,1, —%) + (3,1, %) components of H, A, A, ¥, ®, which we call colored Higgs fields
and denote by H A,ﬁg (A, B are labels), induce dimension-five operators responsible for
proton decay. After the GUT breaking, the colored Higgs fields have GUT-scale mass Mg,
and Yukawa couplings with matter fields as

A
WcoloredHiggs:Z HC(MHC)ABHg (2.10)
AB
1 A A A -7A A crrArre , (A cTFA He
+> (Vi QiHEQi+(Y 1)ijQiH e L+ (YR )iy Ef HEUS+(Y )i U H o DS,
7 2

Here YL , v T YR , v r o< Y19 when HA & " C are components of H, and they are proportional
to Y196 when HC, H, are components of A. When HC, HA ¢ are components of ¥, Yukawa
couplings Y?, YR, Y’g are proportional to Yiog while YL vanishes because YL must be
symmetric. In the other cases, all the Yukawa couplings vanish. By integrating out the
colored Higgs fields, we obtain dimension-five operators responsible for proton decay

1 ijkl gkl errerre Me
W5:_§C5JL (Qe@Q)(QiL;) — Cgf” BRUSUSDS, (2.11)

where isospin indices are summed in each bracket in the first term. The Wilson coefficients
satisfy at the scale of the singular values of My,

CH = S Mty an { VD) = S V(T Dy - 50T Dh |, (212)

A,B
Ci =S (M) a { (Vi (T R)is — (Vi (VR b - (2.13)
A,B

We write the partial widths of the p — Ktv-,p — Kt p — Ktie, p — Kout,p—
K%™ decays induced by dimension-five operators (other decay modes will be commented
on in the last paragraph of section 3). The partial widths read, for 8 = e, u, [39]

+ - mn m%{ ’ 1 D sTud 2D dT us
Pp— K o) =22 (1- 2% ﬂH(uhad)f—{(ugw)cM (snaa) + =5 C17, (uhad)}
N s
2
tas () - { (14 5+ F) CHE () + 25 Cht ) } | (2.14)




5\ 2 2
- 1 D SPuw 2D us
F(p_>K+yB):Z;7]7\; (1—2%) ﬁH(Mhad)f:{(l_Fg'i'F) CL/Z d(,uhad)‘f'?czi (Mhad)} 5 (215)
9\ 2 2
1 us
L(p— K1) = 6471' (1 - :;?) 5H(uhad)f (1-D+F) CLL (Bhaa)| (2.16)
N

where the Wilson coefficients of dimension-six operators Crr,Crr,Crr, satisfy,! for o =

67 /"['7 7_’
H
CHL™ (Hhad) = ARL(tthad, MSUSY)MTiz]:'(VCkm) Yiyr CRAT| = pcusys (2.17)
mi, 167
a1 "
C ™ (pthaa) = Arr (Mhad, HsUsy) MQ —F (V™) heyr o5 | p=psusy (2.18)
m; 1672
M~
C35" (ttnaa) = ALL(tthad, Hsusy) g o3 g (C’SO‘ ud _ cue ds) [P (2.19)
q

docus MIX/
Cr1" (Mnaa) = ALL(fthad, pSUSY) 9
q

]: (Cda us Cua ds) (2‘20)

|ﬂ:NSUSY’

1672

—uf us Mﬁ/ 1 2 ufus sBuu

C (Mhad) = ALL(MhadaNSUSY)WW]:gz <—C + C ) ‘,LLZ,LLSUsya (2-21)
q

and the Wilson coefficients of dimension-five operators satisfy

CE™ (psusy) = AR (psusy, paur) 3 (M) ap {(Yg‘)ﬁ(?fé)ud—(Yé“)m(?ﬁ)m} . (2.22)
A,B H=HGUT
CH7 (ususy) = AR (ususy, pour) D _(Mph)an {(Y,fg‘)ﬂ(?ﬁ)us - (Yg‘)m(?ﬁ)m} . (2.23)
A,B H=HGUT
ngud(MSUSY) - ng s (MSUSY)
@ _ 3 — _
= AZ (psusy, paur) Y (Mpl)an f{(Y;‘)w(yf)mf(Y;‘)ds(Yf)ua} , (2.24)
A,B 2 H=KGUT
C3E " (psusy) — C5E “* (ususy)
a _ 3 — _
— A (ususspcur) 3 (MaL)an 5 { ) (FD)aa = (V)ae (V2 | . (2.25)
A,B 2 H=HGUT
CeP ™ (ususy) — Oy (ususy)
_ 3 — _
= A} (ususv, peur) Y (Mig,)as f{(Y;‘)us(yf)ugf(yf)uu(yf)s;a} . (2.26)
A,B 2 H=HGUT

where pp,q denotes a hadronic scale, ususy a soft SUSY breaking scale and pgur a
GUT- breaking scale. Here aj, 8 denote the hadronic matrix elements, D, F are pa-
rameters of the baryon chiral Lagrangian, and Crr,Crr,Crr are the Wilson coeffi-
cients of the effective Lagrangian where the SUSY particles are integrated out, —Lg =

ijl(wuLkdel)(deleL]) +C”kl(wuLkdel)(wuLlweLj) Z]kl(wl’Lkdel)(wu}#wdc ) (1/) de-
note SM Weyl spinors, and spinor indices are summed in each bracket). In egs. (2.17)-
(2.21), y¢, yr, g2 denote the top quark Yukawa, tau lepton Yukawa and weak gauge couplings

!By writing C$2 "%, we mean that Q; is in the flavor basis where the down-type quark Yukawa coupling
is diagonalized and that the down-type quark component of Q; is exactly s quark. Likewise, Q) is in the
flavor basis where the up-type quark Yukawa coupling is diagonalized and its up-type component is exactly
u quark, and @; is in the flavor basis where the down-type quark Yukawa coupling is diagonalized and its
down-type quark component is exactly d quark. The same rule applies to other Wilson coefficients.



in MSSM, respectively, and Vigkm denotes (i, j)-component of CKM matrix. F', F are loop
fulnctions defined as F/' = x—iy(ﬁ log z — ﬁ logy) and F = - 1w(1fz log z — %= log w) +
L (12 log 2 + 1), where @ = |u[*/m2,, y = m, /m2 | = = [Mg[2/m2, w = m2 /m2,
and ,uH,m;R,m;R,Mﬁ/,mga,mq denote the pole masses of Higgsinos, isospin-singlet top

squark, isospin-singlet tau slepton, Winos, isospin-doublet slepton of flavor «, and 1st and
2nd generation isospin-doublet squarks, respectively. Arr, Agrr account for corrections
from renormalization group (RG) evolutions in SM from scale pugusy to pihaq. Here RG
corrections involving SM Yukawa couplings other than the top quark one are neglected and
thus AL, Agy, are flavor-universal. A7, A% account for corrections from RG evolutions in
MSSM from scale pgur to psusy-

We rewrite the flavor-dependent part of egs. (2.22)—(2.26) with the GUT Yukawa
coupling matrices Yig, Y126, Y120 as (a« = e, u, 7; B = e, )

> Mzt )as { ) e (7Rt = (Vi) (T}
A,B

1
=Vn [a{(Yi0)rptr (Y10)updr — (Y10)rrup (Y10)tpdn } +0{(Y10) rptn (Y126)undr — (Y10)rpun (Y126)tpdp }
C

+c{(Y10)rrtn (Y120 )updr = (Y10)rpun (Y120)tpdp

+d{(Y126) rptr (Y10)updp — (Y126 )rrup (Y10)tpdr F +e{(Y126)rrtr (Y126)updr — (Y126)rrur (Y126)tndy }
+ [{(Y126) 75t p (Y120)ugdp — (Y126) rpup (Y120)t pdg b

+9{(Y120) 715 (Y10)updr = (Y120)rrup (Y10)tgan } +h{(Y120)rrtr (Yi26)urdr — (Y120) rrur (Y126)tgar }
+7{(Y120)rptr (Y120)urdr — (Y120)rpur (Y120)indr ] » (2.27)

Z(M;ilc)AB {(Yf{l)ﬁ(?g)us — (Yﬁ‘)m(?g)ts} = (Above expression with exchange dg ¢ sg), (2.28)
A,B

S MiL)an {0V D)oo = () (V7 ue
A,B
1
M.
+c{(Yi0)upday (Y120)spar, —(Y10)ap sy (Y120)upay }
+d{(Yi26)upay (Y10)spar — (Yi26)ap s, (Yio)upay }+e{(Yi26)upay (Yi26)spar — (Yi26)ap s, (Yi26)upar }
+f{(Y126)upar, (Y120)s 0, — (Y126)dpsp (Y120)upap s (2.29)

Z(M;IIC)AB {(YLA)uS (Vf)da — (YLA)dS (Vf)ua} = (Above expression with exchange dr, <+ sr.), (2.30)
A,B

> (M )an { )0 = (V7)o ()5 |
A,B

1
Mn [a{(ylo)uLSL (YlO)ULBL - (YlO)ULuL (YlO)SLﬂL } +b{(Y10)uL5L (Yl%)uLﬁL - (YlO)ULuL (Yl%)SLBL}
c

+e{(Yi0)upsr, (Y120)ur 8, — (Yi0)upuy, (Y120)s, 8, }
+d{(}/126)ULSL (YEO)ULBL - (Yl?ﬁ)uLuL (KO)SLBL } +e {(YIQG)ULSL (EQG)ULBL - ()/126)“LUL (Y126)5L5L }
I {(Y126)up sy, (Y120)up 5, — (Yi26)upup (Yi20)s, 6, } s (2.31)

[a{(Y10)upa, (Yi0)spar, — (Y10)dpsy (Y10)upar } +0{(Y10)upd, (Yi26)spar, — (Yi0)dy sy, (Yi26)upar }

where Mp,, is the scale of the singular values of My, and a,b,c,d e, f,g,h,j are O(1)
numbers determined from My, as ref. [40]-[45]. Here (Y10)rptp
Y10 in the term (Yi9);; U, H ¥, that involves the right-handed tau lepton component of ¥;

denotes the component of

and the right-handed top quark component of ¥;. Other symbols are defined analogously.



3 Conditions for a texture of the Yukawa coupling matrices suppressing
dimension-five proton decay

We identify those components of the Yukawa coupling matrices Yig, Y126, Y120 that are
involved in dimension-five proton decay, namely, appear in egs. (2.27)—(2.31), and that can
be on the order of the up quark Yukawa coupling y,. Here the up quark Yukawa coupling is
considered as the smallest scale of the components of the Yukawa coupling matrices because
it is a specially small Yukawa coupling in the SUSY SO(10) GUT where tan 8 ~ 50. That
the components identified above be on the order of the up quark Yukawa coupling, is the
desired conditions for a texture suppressing dimension-five proton decay.

o We focus on the first term in each {...} of egs. (2.27), (2.28). Components (Y10)rxts
and (Y126)rpt, are almost (3, 3)-components of the symmetric matrices Y19, Y126 and
hence always on the order of the top quark Yukawa coupling 3. For other compo-
nents, at most two of (Y10)undgns (Y126)undrns (Y120)updy and at most two of (Y10)u sy,
(Y126)upsps (Y120)upsy can be on the order of the up quark Yukawa coupling y,.
However, all of them cannot be so because of the following equalities that result from

eq. (2.4):
1
(Y10)updg + (Y126 )updr + (Y120 )updr = E(Yd)uRdR (3.1)
~ %yd X (dr-up part of the mixing matrix),
b
1
(Y10)upsr + (Y126)upsr + (Y120)upsp = E(Yd)uRsR (3.2)
Yt

12

ﬁys X (sr-upg part of the mixing matrix),
where 7 is estimated to be y,/y; so that the ratio of the top and bottom quark Yukawa
couplings is reproduced. dy-upg part of the mixing matrix is estimated to be about 1
and we get (Y10)updy +(Y126)updn T (Y120)updy = Z—Zyd, which is much greater than .
Also, sp-upr part of the mixing matrix is estimated to be the Cabibbo angle A\ = 0.22
and hence we get (Y10)upsg + (Y126)upse + (Y120)upsp = 0.22 X %ys, which is much
greater than y,. Therefore, to make the entire eqs. (2.27), (2.28) proportional to ¥,
we have to tune the colored Higgs mass matrix such that some of a,b,c,d, e, f, g, h,j
are much smaller than 1. The most economical choice is to tune the colored Higgs
mass matrix to make

c=f=0 (3.3)
and at the same time consider the following texture:
Y
Y10)ugdr = OWu),  (Yi26)updn = O(Wu);  (Y120)updp = ;Zyd, (3.4)
(YEO)URSR = O(yu)7 (HQG)URSR = O(yu)7 (Yl?o)uRsR ~0.22 x %ys‘ (35)

The terms J(Y120)7ptr (Y120)ugdy and 5(Y120)rztr (Y120)upsy appear to be not propor-
tional to y,. However, since Yjgg is antisymmetric in the flavor space, (Yi20)rpts,



being a nearly diagonal component, is so small that the above terms are suppressed
compared to the other remaining terms. Note that (Y120)74t, is not exactly 0 because
the flavor basis of the isospin-singlet charged leptons (eg, g, 7r) is not identical with
that of the isospin-singlet up-type quarks (ug,cgr,tr). However, these flavor bases
are close and thus (Y120)74t, 1S suppressed.

o We focus on the second term in each {...} of eq. (2.27). Each term is estimated
to be sin? 65 2 (955™ is the (1, 3)-mixing angle of CKM matrix), since each term
contains two 1st-3rd generation flavor mixings. The value of sin? H%m y; is numeri-
cally close to y, y;. Thus, these terms are always on the same order as first terms
Y10) 70t (Y10)updr> (Y10) 70t (Y126 unsns (Y126)7mtn (Y10)updr> (Y126)7atr (Y126)unsk
with the texture of eq. (3.4).

Likewise the second term in each {...} of eq. (2.28) is estimated to be
sin 0§5™ sin 055™ y2.  These terms contribute to the proton decay amplitude al-
ways by a similar amount to the second terms in {...}’s of eq. (2.27) because
they enter the proton decay amplitude in the form V™ (Y4)rpup(YB)tpa, and
V(Y4 rpun (YB)tgsy and the CKM matrix components satisfy |V, &m| ~ sin 955

and |V,5™| ~ sin 975,

o We proceed to egs. (2.29), (2.30). It is impossible to suppress (Ya)s,ar: (Ya)dpaps
(Y4)u,a, for all flavors o = e, u, 7 to the order of y,,. Therefore, we do not consider
a texture where some of them are O(y,). For other components, at least one of
(Y10)ugss, (Y10)d,s,» (Y126)ups,, (Y126)d,s, is on the order of |Vccdkm|%ys because of
two equalities below,

(Y10)s,c, +(Y126)s,c +(Y120) 5,0, %ysx(cL—sR part of the mixing matrix), (3.6)

(Y10)dgsr+(Yi26)dgsr = Vied ™ {(Y10)ug s + (Y126 )up s, }
VCkm (YlO)CLSL (}/126)CL5L}+‘/tkm{(Y10)tL5L (HQG)tLSL}7 (37)

and by the facts that cp-sgr part of the mixing matrix is about 1 because ¢y and
sgp are 2nd generation flavors, and that (Yi20)s,c, is suppressed compared to
(Y10)ep s, > (Y126)c s, because it is nearly (2,2)-component of the antisymmetric ma-
trix Y120.2 As a result, at least one of (Y10)u;s;, (Y10)drsy, (Y126)upsy> (Y126)dy sy
cannot be on the order of y,. Still, it is possible to make the entire egs. (2.29), (2.30)
proportional to g, by tuning the colored Higgs mass matrix such that a, b, d, e satisfy

a(Yi0)a, s, +d(Y126)a,s, =0, b(Y10)d, s, +€(Y126)d.s, =0 (3.8)

and at the same time considering the following texture:

(Ylo)uLsL = O(yu)a (Y126)uLsL = O(yu) (39)

2The situation that the term Vt‘fikm {(Y10)¢ps, + (Yi26) e, s, } cancels the term
V™ L(Yio)e, sy, + (Yi26)e, s, } is incompatible with the correct quark Yukawa couplings.



o Finally, we focus on eq. (2.31). The only components that do not appear in
eqs. (2.29), (2.30) are (Y10)upuys (Y126)u u,, and there is no obstacle in consider-
ing the following texture:

(Ylo)uLuL = O(yu)a (YIQG)ULuL = O(yu) (310)

To summarize, dimension-five proton decay is suppressed if the components below are
all on the order of the up quark Yukawa coupling y,,,

(}/IO)URdRa (}/126)uRdRa (Ylo)uRsRa (Y126)unga
Yi0)urd,,  Yi26)updrs  (Y1i0)upsp,  (Y126)upsrs  (Y10)upur, (Y126)upug, (3.11)

and at the same time the colored Higgs mass matrix is tuned such that a,b,c,d, e, f, g, h, j
in egs. (2.27)-(2.31) satisfy

c=f=0, (3.12)
a(Y10)d, s, +d(Y126)a,s, = 0, b(Y10)d, s, +e(Y126)d, s, =0. (3.13)

That the components of eq. (3.11) be on the order of the up quark Yukawa coupling, is the
desired conditions for a texture of the Yukawa coupling matrices suppressing dimension-five
proton decay.

For reference, below we summarize the estimates on crucial Yukawa coupling compo-
nents involved in dimension-five proton decay other than eq. (3.11),

(Y10)rntr ~ (Y126)rgtn ~ Yt (Y120) rptr < Yts
(Y120)updn ~ oy, (Y120)upsp ~ ALy,
Yb Y
(Ya)rpup ~ (Ya)tgdy ~ ¢ sin O55™ for A =10,126,120,
(Yi0)aps, ~ (Y126)dps, ~ )\%ys, (3.14)

where A = 0.22 and sin #§5™ = 0.004.

We comment on nucleon decay modes other than egs. (2.14)(2.16). The partial widths
of the N — #fT and p — nB* decays (8 = e,u) involve the same Yukawa coupling
components as the p — K°31 except that sy, is replaced by dr. Hence, once we consider
the texture where (Y10)u,uy > (Y126)u,u, are on the order of the up quark Yukawa coupling,
the N — 73" and p — 13" decays are also suppressed. Constraints on the rest of the
decay modes are relatively weak [46] and are not in tension with the SUSY SO(10) GUT.

4 Texture of the colored Higgs mass matrix

We present a texture of the colored Higgs mass matrix that gives ¢ = f = 0 and a/d = b/e.
Here a/d = b/e is a necessary condition for eq. (3.13). We utilize the result of ref. [42],
and use the same notation of fields, coupling constants and VEVs except that 120 field is
written as X in our paper. The definitions of the couplings, coupling constants and masses
are summarized in appendix A.



The desired texture of the colored Higgs mass matrix is obtained from the following
relations of the coupling constants and VEVs:

A A
A1g =0, Ao = 0, 22 g2l

A19 A6’
. 1 A1 V3 A1
Al = ———"0 Ay = ———q) . 4.1
1 Ay 6oy i Aa 6 Ay 22 (4.1)

The above relations are obtained by fine-tuning, which is natural at the quan-
tum level thanks to the non-renormalization theorem. The VEV configuration of
eq. (4.1) can be consistent with the F-flatness conditions of the six SM-gauge-
singlet components @1, Py, P3, A1, Ao, vp when six model parameters, for example
A5/ A2, Ag/A2, A7/Aa, mi,ma, my, are tuned appropriately.

When eq. (4.1) holds, the colored Higgs mass matrix has the following texture:

H(3,1,—%)
(3717_%)
(6,171) :
1_,
G B A(6,1,1)
. 3 l (3a ’ (3a R ,1 (3a17 ) (371al) 5
Weotoraries > (HO18) K1) Al aged) e08) s@1) sEid) ) Mo A§§01132 ’
(31,-3)
4,
Z(16’113
(4.2)
where
AL D ms/\ s )\522 : /\\Zg; /\4\/%1 B /\\;% —\/ P /\f/agR 0 0
R o0 0
_)\3<I>1 _ )\3‘1> 0 m2 _Z>\21 )\6<I>2 )\2@‘3 _AQ’UR O 0
V10 V30 A19 30V/2 152 103
Mube=1| — /\12*5)\3‘1’3 0 1\%{2 "/\166 *A;\;g 0 0 (4.3)
3V 2V 2V
—A7 0 ' Aozt FAE M TG
—y/ 217 P2 0 /\21 350 /\213% ’\;\1/%? 2A1§¢3 m33
D D, ) A1 AePa
meg = Mo+ A —f— 4.4
oo 2<1of 30v2) Ao 30v2 (4.4)
o Dy 2‘I>3> 21 V2A7 P,
mar=mi+ A | e+ 2 4.5
- 11<f3f peslias (4.5)
1
m22m6+3\/g>\15@1 (4.6)
V2
m33:m6+?)\15¢)2- (4.7)

The dimension-five operators responsible for proton decay eq. (2.11) satisfy at the scale of
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the colored Higgs mass,

(}710)kz
(Y126) ki
0
W5 =— ((1710)1']' 0 (Yi26)ij (Yi26)ij 0 (Yi20)s (57120)@') M;Ilc 0 EUSUR D}
0
(5:/120)kz
(Y120) ke
(}710)kz
(Y126) 11
0
- ((5710)1‘;‘ 0 (Yi26)ij (Y126)ij 00 0) Mf_{lc 0 (QiQ5)(QrLy), (4.8)
0
(3:/120)k1
(Yi20)

where the inverse of the colored Higgs mass M;Ilc has the following properties resulting
from eq. (4.3):

e The upper-right 5 x 2 part of MI_{IC is zero because the upper-right 5 x 2 part of
My, is zero. Thus, the coefficients proportional to (}710)15 (17120)kl or (?126>z'j(?120>kl
are zero, namely, we get ¢ = f = 0 in egs. (2.27)—(2.31).

e The upper-left 5 x 5 part of M;IL is given by the inverse of the upper-left 5 x 5
part of My, since the upper-right 5 x 2 part of Mp,, is zero. Then the equalities
(Mug)z2 = (Mpug)a2 = (Mpug)s2 = 0 lead to the relation (M;Ilc)u : (M;Ilc)gl :
(/}/11910)4} = (Mj_flc)l?j (./\/l;llc)~32 : (./\/lj{lc)@. Si?ce the~coefﬁcients proportional to
(Y10)i5(Y10)kt5 (Y10)i5(Y126) k1, (Y126)i5(Y10)kt or (Y126)i5(Y126) 11 are given by

(/\/1;110)11 (Y10)i5(Yi0)k + {(M;[lc)m + (Mﬁlc)zn} (Yi26)ij(Y10) ki
+ (Mﬁé)m (Y10)i; (Y126 )kt + {(Mﬁlc):az + (Ml}é)zm} (Y126)ij (Y1261t (4.9)

the equality (Mﬁlc)n/ {(M]_'{lc)?,l + (M;flc)zu} =

(Mﬁé)m/{(/\/lﬁlc)gz—i—(MI_{lC)@} leads to the desired relation a/d = b/e in
egs. (2.27)-(2.31).

We still have to check that eq. (4.1) is consistent with the situation that a/d satis-
fies a (Y10)a, s, +d (Yi26)d, s, = 0, that only one pair of (1, 2, i%) fields (corresponding
to the MSSM Higgs fields) have almost zero mass compared to the GUT scale, and that
r1,72,73, e, 'p take values that reproduce the realistic quark and lepton masses and fla-
vor mixings. With eq. (4.1), and with the tuning of \5/A2, A¢/A2, A7/A2, m1, ma, my to
satisfy the F-flatness conditions, the colored Higgs mass matrix and the mass matrix of
the (1, 2,:&%) components still have free parameters @1, ®o, @3, vr, m3, Aa1/A19, A21/ A2,
A1 /A2, A3/A2, Aa/A2, A5/ A2, Ai7/A2. These free parameters are sufficient to make one pair
of (1, 2, :l:%) fields nearly massless and realize any values of a/d, r1,7r2,73,7¢,7D.
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5 Yukawa coupling matrices satisfying the conditions

5.1 Procedures of the analysis

We will obtain specific Yukawa coupling matrices Yig, Y126, Y120 which give the realistic
quark and lepton masses and flavor mixings and which satisfy the conditions found in
section 3 that the components of eq. (3.11) be on the order of the up quark Yukawa coupling
Yu- To this end, we fit the experimental values of the quark and lepton masses and flavor
mixings with Y19, Yi26, Y120 and numbers r, 73,73, 7, 7p based on egs. (2.3)—(2.9) and at
the same time minimize the following quantity:

1
Z ‘(YA)URdR|2 + |(YA)URSR|2 + |(YA)uLdL ’2 + ’(YA)ULSL ’2 + ‘(YA)'U«LUL ’2 : (51)

22
Yu a=10,126

The procedures are as follows: we adopt the following experimental values of the quark
and charged lepton masses, quark flavor mixings and gauge coupling constants: we use
the results of lattice calculations of the individual up and down quark masses, the strange
quark mass, the charm quark mass and the bottom quark mass in MS scheme reviewed
in ref. [47], which read m, (2 GeV) = 2.14(8) MeV, mg4(2 GeV) = 4.70(5) MeV [48, 49],
ms(2 GeV) = 93.40(57) MeV [48, 50-52], m.(3 GeV) = 0.988(11) GeV [48, 50, 52-54],
mp(mp) = 4.203(11) GeV [48, 52, 55-58]. We use the top quark pole mass measured by CMS
in ref. [59], which reads M; = 170.5(8) GeV. We calculate the CKM mixing angles and CP
phase from the Wolfenstein parameters in ref. [60]. The lepton pole masses and W, Z, Higgs
boson pole masses are taken from Particle Data Group [46], and the QCD and QED gauge
coupling constants in 5-quark-flavor QCDxQED theory are fixed as ags)(M z) = 0.1181
and a®) (M) = 1/127.95. The above data are translated into the values of the quark and
lepton Yukawa coupling matrices and gauge coupling constants at scale y = My in MS
scheme with the help of the code [61] based on refs. [62]-[68].

We calculate the two-loop RG equations [69]-[71] of SM from scale ;1 = My to the soft
SUSY breaking scale ugusy. The results are matched to the Yukawa coupling matrices and
gauge couplings of MSSM in DR scheme. Here the one-loop threshold corrections of SUSY
particles, which are important for the down-type quark and charged lepton Yukawa cou-
plings as tan 3 is large, are included as ref. [72]. Then we calculate the two-loop RG equa-
tions of MSSM from scale pgysy to the GUT scale ugur. We assume a degenerate SUSY
particle mass spectrum where the pole masses of SUSY particles and tan g are given by

Mgsfermion — M yo = Mg+ = MA = 1500 TeV,
|M5| = [My| = |pm| = 1500 TeV, tan 8 = 50 (5.2)

and all the A-terms are 0. We set ugusy = 1500 TeV and pgur = 2-10'° GeV. The values of
the Yukawa coupling matrices at scale u = pguT are shown in table 1, in the form of the sin-
gular values of the matrices and the parameters of the CKM matrix at this scale. The errors
of the quark Yukawa couplings, propagated from the experimental errors of the correspond-
ing masses, and the maximal errors of the CKM parameters, obtained by assuming maximal
correlation of the experimental errors of the Wolfenstein parameters, are also displayed.
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Value with eq. (5.2)
Yu 2.81(11)x1076
Ye 0.001433(16)
Y 0.4722(58)
Ya 0.0003141(33)
Ys 0.006243(38)
Y 0.3557(16)
Ye 0.0001261
Yu 0.02662
Yr 0.5095
cos 5™ sin H5k™ 0.22500(24)
cos K™ sin HSE™ 0.04171(70)
sin O§5™ 0.00367(20)
Okm (rad) 1.148(33)

Table 1. The singular values of the Yukawa coupling matrices and the CKM mixing angles and
CP phase in MSSM at i = pugur = 2 - 1019 GeV. Also shown are the errors of the quark Yukawa
couplings, propagated from the experimental errors of the corresponding masses, and the maximal
errors of the CKM parameters, obtained by assuming maximal correlation of the experimental
errors of the Wolfenstein parameters.

Also, we evaluate one-loop RG corrections to the Wilson coefficient of the Weinberg
operator. We write the Weinberg operator in MSSM as eq. (2.8) and that in SM as
—L = %(CL)U Yr, Y, HH where 11, denote the lepton doublets and H the Higgs field. We
express the one-loop RG corrections in MSSM and SM as O, (1) = R(u)C, (ususy) R (1),
C!(n) = R'(n)C!(Mz)R'™ (1), respectively, and perform the matching as C,(usysy) =
C!(ususy), since tan 8 > 1. We solve the one-loop RG equations and calculate the product
of R(pgur) and R'(ususy). Here we approximate the scale of the Majorana mass (M)
to be pgur. The product of R(ugur) and R'(ugysy) in the flavor basis where the lepton
doublets have a diagonal Yukawa coupling matrix, is calculated as

109 0 0
R(ucur)R (psusy) = | 0 1.09 0 |. (5.3)
0 0 114

We fit the quark and charged lepton Yukawa couplings and the CKM parameters
at 4 = pgur in table 1 with the Yukawa coupling matrices Yig, Y126, Y120 and numbers
r1,72,73, T based on eqgs. (2.3)—(2.5). Also, we calculate the neutrino mass matrix up to
the overall constant, which is proportional to C/,(Myz), from Yig, Y126, Y120 and ro, rp using
egs. (2.6)—(2.9), (5.3), and with it we fit the neutrino oscillation data in NuFIT 5.1 [73, 74].
Meanwhile, we minimize eq. (5.1).

We restrict the parameter space to the region with r3 = 0, since it is easier to minimize
eq. (5.1) when r3 = 0. This is because when 73 = 0, Y,, = Y9 + r2Y726 holds and we get
|(Y10)uri + 72(Y126)uri|l = |(Ya)uril < yu and [(Y10)ugi + 72(Y126)upil = |(Ya)ugi| < yu for
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any flavor index ¢. Under the restriction of r3 = 0, we parametrize the Yukawa coupling
matrices as follows: we go to the flavor basis where the isospin-doublet down-type quark
components of 16° matter fields have a diagonal Yukawa coupling matrix. Since Y, =
Y10 + r2Y196 is symmetric, Y, in this basis can be written as

Yu 0 0
Yy =V&ar | 0 yee2id 0 VeKRM, (5.4)
0 0 Yt e2ids

where Vogy denotes the CKM matrix and ds, d3 are undetermined phases. In the same
flavor basis, Y; can be written as

ya 0 0
Yg=1|0 ys 0| Var, (5.5)
0 0wy

where Vg is an undetermined unitary matrix. From egs. (2.3)-(2.6), Ye and Yp are written
in terms of Y,,, Yy as

7"11Y€ =Y, — (3+1m2)Yi26 + TeTll; (Yd — YdT) 7 (5.6)
Yp = Y, — 4ryYis6 + rD:l; (Ya—vF) (5.7)

with 1 11
Yi26 = 1y {7“12 (Yd + YdT> - Yu} : (5.8)

The Majorana mass eq. (2.7) is found to satisfy
MN X }/126- (59)

The analysis of fitting and minimization proceeds with the above parameterization as
follows: we fix 9y, ¥yc, v+ and the parameters of the CKM matrix at the central values in
table 1. Then we randomly generate yq/r1, ys/r1, yp/71, phases da, d3, unitary matrix Vyg,
and complex numbers r9,7¢,7p, and calculate the singular values of %Ye. We determine
r1 by requiring that the smallest singular value of Y, equal the value of 4. in table 1. Then
we require that the values of y4,ys, yp be within the 30 ranges in table 1, and the first
and second largest singular values of Y, respectively be within +0.1% ranges of the values
of yT,y”.?’ Because the active neutrino mass matrix M, is proportional to C!(My), we
calculate M, up to the overall constant as

M, « (R(ucur)R (ususy))” " YoYioeYh (R(pcur)R (ususy))” . (5.10)

Then we calculate from eq. (5.10) the three neutrino mixing angles sin? f1, sin? fa3, sin? 613
and the ratio of the neutrino mass squared differences Am3, /Am3,, and require them to be

3Since the experimental errors of the charged lepton Yukawa couplings are negligibly small, here we
loosen the fitting criteria.
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within the 30 ranges of NuFIT5.1 results (with SK atmospheric data). Here we assume the
normal mass hierarchy, because it is almost impossible to realize the inverted mass hierarchy
from Yp, Y196 as these matrices have hierarchical structures. Finally, we select sets of values
of ya/r1, ys/r1, yp/71, d2,ds, Var, 72,7e, 7p that meet the above fitting criteria, calculate
eq. (5.1) from the sets, and minimize the value of eq. (5.1).

5.2 Result

From the analysis of section 5.1, we have obtained the values of the Yukawa coupling
matrices Yio, Y126, Y120 and numbers rq,7r9, 7., rp in appendix B. There, components of
Yl(), Y126 satisfy

|()/10)URdR|/yU:1'4’ ‘(Y126)uRdR|/yU:1'9’ |(Y10)URSR|/yU:2'O7 |(Y126)URSR|/yU:2'O?
|(Ylo)uLdL|/yu:1'9v ‘(Y126>U«LdL|/y’U«:1‘8? ‘(YlO)ULSLl/yU:O'Sg? |(Yl26)uLSL|/yu:O-34v
|(Y10)upur |/Yu=0.45,  [(Y126)upuy |/yu =0.87. (5‘11)

Clearly, the conditions that the components of eq. (3.11) be on the order of the up quark
Yukawa coupling are satisfied.

We evaluate how dimension-five proton decay is suppressed when the conditions are
met. To this end, we compare “minimal proton partial lifetimes” calculated from the
Yukawa coupling matrices of appendix B, with those calculated from results of “fitting
without minimizing eq. (5.1)” where we only fit the quark and charged lepton Yukawa
couplings, CKM parameters and neutrino oscillation data as section 5.1 but do not minimize
eq. (5.1) so that the conditions are not necessarily satisfied. Here the “minimal proton
partial lifetimes”, 1/Tax(p — KT0), 1/Timax(p — K°u™), 1/Tmax(p — K%™), are defined
as (6 =e,p)

2\ 2
_ my m
T ox Ktp)=—"(1-—K 12
ma (p_> V) 64n ( m%\[) (5 )
% (| Amax(p = K 72) P+ [ Amax (0= K¥ 51 + [Amax(p = K1 2)[?)
2 2
m m
Fmax(p_>K05+) :647]7\[1' (1_7715;> ’Amax(p%KO/B—F)‘Qa (5‘13)

where

Amax(p — K+777') - ‘Amax(p — K+DT)from C’5R’ + ’Amax<p — K+DT)from C5L‘ (514)
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and

1 1

_ 1 HH / Tt
Amax(p—= K0 ) tvom Cap =an (phad) 7 ARL(fhad, HSUSY) —5— F'yyr AR (psusy, pcur) ——
S mg, 1672 Mu,,

xmax{ | (1424 F) (V™) (Va) o (V) = (Vo) (Vi)

22 V™) ()t (V8Duar = (V)i (Vdemen) 1 (5:19)

1 M= 1 1

Amax(P—= KT ) trom = —A ad, W~ _FglAT , _—

nax (D Uz )from Csp, ﬁH(,uhacl)f7r oL (Hhad, HSUSY) m2 1672 92 A7 (psusy MGUT)MHC
2D

D
X g}aé(, {‘ <1+§+F) (YA’)uLdL (YB’)SLTL +?(YA/)UL5L (YB’)dL‘FL

}, (5.16)

Amax(p— K 0p)=pu (Mhad)iALL(/J/had MSUSY)% !
fr ’ mg 1672

1
My

c

Fgs A% (ususy,pcur)

D 2D
XE}&;{‘ <1+§+F) (YA’)ULdL (YB’)SLBL_"?(YA’)“LSL (YB/)dLﬂL
1 Mgy 1
Amax KO + = a —A a v
(p— K" B7)=Pu(in d)ﬁr L (Mhad, HSUSY) m? 1672 M,

X(A=D+F) max{|(Ya)upar Vo )ursr = (Yadupu, (Yor)speel}, (5.18)

}, (5.17)

Fgs A[z (nsusy,pcuT)

where A, B in eq. (5.15) run as (A, B) = (10,10), (10,126), (126,10), (126,126), (120,10),
(120,126), (120,120), and A’, B/ in egs. (5.16)~(5.18) run as (A’, B') = (10,10), (10,126),
(126,10), (126,126). We assume the SUSY particle spectrum of eq. (5.2) and take My, =
2-10'6 GeV in the calculation. Note that eqs. (5.15)—(5.18) take into account the texture of
the colored Higgs mass matrix satisfying eqs. (3.12), (3.13). An implication of egs. (5.14)—
(5.18) is that we estimate the maximal values of the amplitudes without specifying the O(1)
numbers a, b, d, e, g, h,j in eqgs. (2.27)—(2.31) and the relative phase between the Higgsino
mass and Wino mass. The “minimal proton partial lifetimes” calculated from the Yukawa
coupling matrices of appendix B are?

1/Thax(p — KT0) = 7.4 x 10*® years, (5.19)
1/Tmax(p — K°uT) = 1.0 x 1037 years, (5.20)
1/Tmax(p — K%T) = 3.6 x 10%? years. (5.21)

On the other hand, the “minimal proton partial lifetimes” calculated from multiple results
of “fitting without minimizing eq. (5.1)” are distributed as figure 1.

In figure 1, we overlay the values calculated from the Yukawa coupling matrices of
appendix B in eqgs. (5.19)—(5.21). Also, the current bounds on the p — K*v [10], p —
KOt [78], p — K% [79] partial lifetimes, and the 30 discovery reach of 2 years running
of Hyper-Kamiokande [80] are shown.

Comparing egs. (5.19)—(5.21) with figure 1, we see that the proton partial lifetimes
calculated from the Yukawa coupling matrices of appendix B are on the upper edge of the
distributions of proton partial lifetimes calculated from results of “fitting without minimiz-
ing eq. (5.1)”. This confirms that the texture of the Yukawa coupling matrices satisfying the

4These values are consistent with the current experimental bounds on the p — K& partial lifetime [10]
and on the p — K°u"/e™ partial lifetimes [78, 79], which justifies our choice of the benchmark SUSY
particle mass spectrum eq. (5.2).
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Figure 1. Distributions of the “minimal proton partial lifetimes” calculated from multiple re-
sults of “fitting without minimizing eq. (5.1)”. The upper two panels show the distribution of
1/Tmax(p — K10), where the upper-right panel magnifies the right tail of the upper-left one.
The blue dot-dashed line indicates the current bound on the p — K partial lifetime [10], the
red solid line the value of 1/Tyax(p — K17) calculated from the Yukawa coupling matrices of
appendix B in eq. (5.19), and the blue dashed line the 30 discovery reach of 2 years running of
Hyper-Kamiokande [80]. The lower-left panel shows the distribution of 1/Tyax(p — K%u™), where
the blue dot-dashed line indicates the current bound on the p — K%u* partial lifetime [78] (part
of the line is hidden behind the histogram), and the red solid line the value of 1/T . (p — K°u™)
calculated from the Yukawa coupling matrices of appendix B in eq. (5.20). The lower-right panel
shows the distribution of 1/T ax(p — K%eT), where the blue dot-dashed line indicates the current
bound on the p — K%e* partial lifetime [79], and the red solid line the value of 1/Tyax(p — K% ™)
calculated from the Yukawa coupling matrices of appendix B in eq. (5.21).

conditions that the components of eq. (3.11) be on the order of the up quark Yukawa cou-
pling, contributes to suppressing dimension-five proton decay. Specifically, the benchmark
SUSY particle mass spectrum eq. (5.2), where the SUSY particle masses are all at 1500 TeV
and tan 8 = 50, is consistent with all the experimental bounds on proton partial lifetimes
if the above conditions are satisfied. On the other hand, if these conditions are not met,
this benchmark almost always violates the bound on the p — K1 partial lifetime. We
also see that for this benchmark mass spectrum, when the above conditions are satisfied,
we expect to discover the p — K7 decay with 2 years running of Hyper-Kamiokande.
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In addition to the texture of the Yukawa coupling matrices, we have required that the
colored Higgs mass matrix be tuned such that egs. (3.12), (3.13) hold. Now we examine
the degree of tuning of the colored Higgs mass matrix necessary to suppress dimension-five
proton decay. To this end, we consider non-zero ¢, f and deviations of a/d and b/e from the
relations of eq. (3.13), and evaluate maximum values of |¢|, | f| and maximum deviations of
a/d and b/e that reduce 1/T ax(p — KT0) from eq. (5.19) by at most 20% (with the same
Yukawa coupling matrices). Here the phases of ¢, f,a/d,b/e are chosen such that they
reduce 1/Tax(p — KT7) maximally, and the contributions of ¢, f, a/d, b/e are studied
separately. We numerically find that the maximum values of |c|, | f| are

lc] = 0.14, If| = 0.14, (5.22)

and the maximum deviations of a/d and b/e are

Y; Y;
ot g2 )diss | _ 0.0097, b e 120)diss | g (5.23)
(Y10)dy s, (Y10)dy s,
Interestingly, the requirement of ¢ = f = 0 is not so severe, while the conditions of

a(Y10)d, s, +d(Y126)a,s, = 0 and b(Yi0)a,s, + € (Y126)a,s, = 0 must be satisfied with
1% precision. For the other decay modes, the deviations of a/d and b/e do not affect
1/Timax(p — K°u™) and 1/Tax (p — K% ™). Non-zero ¢, f whose absolute values are below
eq. (5.22) do not alter 1/Tax(p — K%u™) and 1/Tax(p — K%™T) because the products of
Yukawa coupling components associated with ¢ or f in eq. (2.31) are numerically smaller
than 0.14 times the largest product of Yukawa coupling components in eq. (2.31).

We comment that the Yukawa coupling matrices and coefficients in appendix B give a
prediction on poorly or not measured neutrino parameters, which are the Dirac CP phase
of the neutrino mixing matrix, the sum of the neutrino mass, and the effective neutrino
mass for neutrinoless double 8 decay. The prediction is shown in appendix C.

We comment on other nucleon decay modes. The N — 73" and p — 3" decays are
subdominant compared to the p — K°3% decays, because the amplitudes of N — 73+ and
p — 0BT involve the same Yukawa coupling components as those of p — K°3% except that
sy, is replaced by dy,. Nevertheless, observation of N — 73" and p — 73" along with p —
K9B8% may provide an experimental clue to the texture of the Yukawa coupling matrices.
Hence, we present in appendix D the “minimal partial lifetimes” of these modes calculated
from the Yukawa coupling matrices of appendix B through the formulas in ref. [39].

6 Summary

We have pursued the possibility that dimension-five proton decay is suppressed by a tex-
ture of the Yukawa coupling matrices in the general renormalizable SUSY SO(10) GUT
model where Yukawa coupling matrices of 16 representation matter fields with 10,126, 120
fields Y1g, Y126, Y120 give the quark and lepton Yukawa couplings and Majorana mass of the
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singlet neutrinos. We have derived conditions for a texture of the Yukawa coupling ma-
trices suppressing dimension-five proton decay, which state that components (Y10)uzdg:
(Y126)updr> (Y10)ugsr: (Y126)ursrs (Y10)updr s (Y126)urds s (Y10)urur > (Y126)ururs (Y10)upsy -
(Y126 )u, s, Should be all on the order of the up quark Yukawa coupling y,,. Additionally, the
colored Higgs mass matrix should satisfy egs. (3.12), (3.13). We have obtained the values
of the Yukawa coupling matrices that satisfy the above conditions and that are consistent
with the experimental data of quark and lepton masses and flavor mixings. By comparing
the “minimal proton partial lifetimes” calculated from the Yukawa coupling matrices that
meet the conditions and those that do not necessarily so, we have confirmed that the tex-
ture of the Yukawa coupling matrices satisfying the conditions contributes to suppressing
dimension-five proton decay. Specifically, we have found that a SUSY particle mass spec-
trum where the SUSY particle masses are all at 1500 TeV and tan 8 = 50 is consistent with
all the experimental bounds on proton decay if the above conditions are satisfied. Also,
for this mass spectrum, when the conditions are met, we expect to discover the p — KTv
decay with 2 years running of Hyper-Kamiokande.
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A Superpotential

We review our definition of the coupling constants and masses for H, A, A, &, ®, A fields in
10, 126, 126, 120, 210, 45 representations, which follows eq. (2) of ref. [42]. The couplings
are defined in the same way as eq. (3) of ref. [42]. Note that 120 representation field is
written as D in ref. [42], while we write it as ¥. The coupling constants are defined as

1 _ 1
W = 5m1<1>2 + maAA + 5mgH?
—l—lm A%+ 1m 2

9 276 B
+A D% + M PAA + (A3A + \A)HD
1A A2D — iNGAAA + %gm?

FA155%
+E{>\16HA + N7 H® + ()\18A + )\193)14 + ()\QOA + )\21Z)<I)} (Al)

where ¢ denotes the antisymmetric tensor in SO(10) space.

B Values of Yiq, Yi26, Y120 and 71,72, 7., Tp

We present the values of the Yukawa coupling matrices Yig, Y126, Y120 and numbers
r1,T9,Te, p Obtained from the analysis of section 5.1. Yig, Y126, Y120 are shown repeatedly
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in three different flavor bases. For reference, the central value of the up quark Yukawa

coupling at scale 4 = puguT = 2 - 10' GeV in DR scheme is y,, = 2.81 - 1075,

(Yi0)updr (Y10)unspy (Y10)upbn 3.92.107 %226 561-10 %1257 0.00168¢ °-21*
(Yio)epar (Yio)epsp (Yio)emsr | = | 0.00187e7+22%  0.00810e~ 1% 0.0194e 04 (B.1)
(Yio)tndn (Yio)insn (Yio)tpbr 0.00592e¢~2:5%%  (0.0202¢ %8¢ 0.230€0-46¢
(Y126)uRdR (Y126)UR5R (YiQG)uRbR 5.23'1076672'?8i 5.70~107660'8?i 0.0015862'01%
(Yi26)eran (Yi26)epsn (Yi2e)epby | = | 0.00198¢'2"  0.00856¢" %" 0.0182¢' %" (B.2)
(Yi26)tpar (Yi26)tnsn (Y126)tpbn 0.00618¢%°7"  0.0197¢%%'"  0.228¢ %%
(Yi20)updn (Yi20)unsn (Yi20)upbp 0.000365 0.00159  0.000457¢***"
(Yi20)epdr (Y120)epsn (Yi20)eppr | = [ 0.00159e*1%% 0.000366¢™" 0.000454¢~ "% (B.3)
(Y120)tparn (Y120)tgsn (Y120)tnvp 0.000328 9% 0.000539€!55¢ 1.71-1075 *9¢
(Y10 updr, (Yi0)ugsy (Y10)ugby 5.45-107%e 197 0.920-10%€"**" 0.00168¢"°%
(Y10)era, (Yio)ersy, (Yio)eps, | = 0.00187e*2%"  0.00810€%%°" 0.0194¢~ %27 (B.4)
(Yio)itza, (Yio)ipsy (Yio)epn, 0.00385¢'%%"  0.0208¢~"7"  0.230€"%
(Yi26)upa;, (Yi26)upsy (Y126)upby 5.10.10*%0'4# 0.961-1076672‘0‘” 0.00158e2-80f
(Y126)epd;, (Y126)eps, (Yi26)ep s, | = 0.00198e°-055 0.00856,(3'1_0’ 0.0182e1<97f (B.5)
(Yioo)t,a, (Yize)ers, (Yi26)epby 0.00395e¢~ 1937 0.0206e244 0.228 0331
(Yi20)upda, (Yi20)upsy (Yi20)upby 0.000365¢~ %" 0.00159¢**"  0.000459 >
(Yi20)epdy (Yizo0)epsy (Yi20)eps, | = | 0.00159€™"°°" 0.000369¢ 1" 0.000452¢™>" | (B.6)
(Yi20)tpar, (Yi20)trs;, (Y120)e0y, 0.000523¢€%%%% 0.000353e~>°!* 1.90-10° e~ 51"
(Yi0)upur, (Yio)uper (Yio)upts 1.27-107%" 8% 7.11-107°%%%% 0.00168 %787
Yio)eper (Yio)epty | = 0.00870e%™"  0.0192¢7°2-27¢ (B.7)
LCL LtL .
(Yio)tp ey, 0.230¢"2%"
(Yi26)urur, (Yize)uper (Yi26)uper 2.45-107%¢~ 1" 6.69-1077 ™" 0.00158 >
(Yize)eper, (Yiz6)erty | = 0.00907¢>'*  0.0181e"%" (B.8)
(Yi26)tp ¢, 0.2280-32¢
(Yi20)upuy (Yi20)upe, (Yi20)up ey, 0 0.00164 991 0.000435e*2'91f
(Yi20)epep, (Yizo)ept, | = 0 0.000457 054 (B.9)
(Yi20)t, ¢, 0
1 =0.871, ro=1.06e""" r.=1.01e""" rp=0482e %" (B.10)

In egs. (B.7)—(B.9), we do not display some off-diagonal components because in this flavor
basis, Y10, Y126 are symmetric and Yio is antisymmetric.

C Prediction on neutrino parameters

The result of the analysis of section 5.1, shown in appendix B, gives the following prediction

on the Dirac CP phase of the neutrino mixing matrix, dcp, the sum of the neutrino mass,

3, my, and the effective neutrino mass for neutrinoless double § decay, |mee|:

ocp = 1.35 rad, (C.1)
3
> m; =0.0630 eV, (C.2)
=1
[Mee| = 0.000263 V. (C.3)

We caution that there is no clear correlation between the prediction on dcp, Z?:l My, [Meel
and the degree of suppression of dimension-five proton decay, as seen in figure 2 where we
plot the results of “fitting without minimizing eq. (5.1)” on the planes of 1/Tax(p — K1)
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Figure 2. Results of “fitting without minimizing eq. (5.1)” on the planes of 1/Tax(p — K1)

versus dcp, Zle m;, |Mee| in the upper, lower-left and lower-right panels, respectively.

versus Ocp, Z?:l M, |Mee|. Similar figures are obtained for 1/Tyax(p — K%u™) and
1/Tmax(p — KY%T). Therefore, the prediction of egs. (C.1)-(C.3) is not a consequence of
the texture of the Yukawa coupling matrices suppressing dimension-five proton decay.

D Other nucleon decay modes

The “minimal partial lifetimes” of the N — 73" and p — 13" modes (3 = e, ) defined
analogously to eq. (5.13) and calculated from the Yukawa coupling matrices of appendix B
through the formulas in ref. [39] are

5 x 10%7 years,

1/Tmax(p — ﬂ'ou+

1/Thax(p — Ot

)

) 2 x 103 years,
1/Tiax(n — 7 ™)

)

)

1
7.
4.

9 x 1037 years,

2.4 x 10%? years,
1/Thax(p — np™) = 3.9 x 1037 years,

1/Thax(n — 7 e™

SSTTBT

o T T T T T
S Ot W N =
— Y ~— Y ~— ~—

1/Timax(p = ne™) = 1.9 x 100 years.
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