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The ratio of the partial widths of some dimension-5 proton decay modes can be predicted
without detailed knowledge of supersymmetric (SUSY) particle masses, and this allows us to
experimentally test various SUSY grand unified theory (GUT) models without discovering SUSY
particles. In this paper, we study the ratio of the partial widths of the p — K°u™ andp — K*v,
decays in the minimal renormalizable SUSY SO(10) GUT, under only a plausible assumption
that the Ist- and 2nd-generation left-handed squarks are mass-degenerate. In the model, we
expect that the Wilson coefficients of dimension-5 operators responsible for these modes are
on the same order and that the ratio of p — K°u™ and p — K*v, partial widths is 0(0.1).
Hence, we may be able to detect bothp — K°u™ and p — K, decays at Hyper-Kamiokande,
thereby gaining a hint for the minimal renormalizable SUSY SO(10) GUT. Moreover, since this
partial width ratio is quite suppressed in the minimal SU (5) GUT, it allows us to distinguish the
minimal renormalizable SUSY SO(10) GUT from the minimal SU(5) GUT. In the main body
of the paper, we perform a fitting of the quark and lepton masses and flavor mixings with the
Yukawa couplings of the minimal renormalizable SO(10) GUT, and derive a concrete prediction
for the partial width ratio based on the fitting results. We find that the partial width ratio generally
varies in the range 0.05-0.6, confirming the above expectation.

Subject Index B40, B42

1. Introduction

The SO(10) grand unified theory (GUT) [1,2] is a well-motivated scenario beyond the Standard Model
(SM), since it unifies the SM gauge groups into an anomaly-free group, it unifies the SM matter
fields and right-handed neutrino of each generation into one 16 representation and it includes the
seesaw mechanism [3—6] for the tiny neutrino mass. The minimal renormalizable SO(10) GUT [7],
where the electroweak-symmetry-breaking-Higgs field stems from 10 + 126 fields and the SM
Yukawa couplings come solely from renormalizable terms Y1016 10 16+ Y 26 16 126 16, is even more
appealing because the mass and flavor mixings of quarks and leptons are derived from a restricted set
of parameters. Specifically, the up-type quark, down-type quark, charged lepton and neutrino Dirac
Yukawa matrices are derived as Y, = Y19 + Y126, Yo = r1(Y10 + Y126), Ye = r1(Y10 — 3Y126),
Yp = Y19 — 3r2 Y126, with Yig )710, Y16 5]126 and 71,7, being numbers. Also, the Majorana
mass for right-handed neutrinos and the type-2 seesaw contribution to the tiny neutrino mass are
proportional to Y12¢.
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The direct experimental signature of the minimal renormalizable SO(10) GUT is, like other GUT
models, proton decay. In supersymmetric (SUSY) GUT, proton decay through dimension-5 opera-
tors induced by colored Higgsino exchange [8,9] can be within the reach of the Hyper-Kamiokande
experiment [10] and is crucial to phenomenology.! Regrettably, SUSY particles have not been dis-
covered at the Large Hadron Collider and hence no concrete prediction is available for the partial
widths of dimension-5 proton decays, since they are inversely proportional to the soft SUSY break-
ing scale squared. In this situation, the ratio of the partial widths of different decay modes, which is
independent of the soft SUSY breaking scale, allows us to test various SUSY GUT models including
the minimal renormalizable SUSY SO(10) GUT.?

In this paper, we focus on the ratio of the partial widths of the p — K°u™ and the p — K o,
decays in the minimal renormalizable SUSY SO(10) GUT. We make only one natural assumption on
the SUSY particle mass spectrum, which is that the 1st- and 2nd-generation left-handed squarks are
mass-degenerate. In the model with the above assumption, the ratio ['(p — K°u™)/T'(p - K )
is predicted to be O(0.1). Hence, we may be able to discover both p — K%yt and p — Kt
decays at Hyper-Kamiokande [10], thereby gaining a hint for the model. Moreover, this ratio is
predicted to be suppressed by a factor of 0.002 in the minimal SU (5) GUT compared to the minimal
renormalizable SUSY SO(10) GUT, and thus observation of both p — K%u* and p — K19,
decays allows us to distinguish the latter from the former.>

In the main body of the paper, we numerically confirm that T'(p — K°u*)/T'(p — K o) is
0(0.1) in the minimal renormalizable SUSY SO(10) GUT. To this end, we determine the fundamental
Yukawa couplings Y19, Y126 through a fitting of the quark and lepton Yukawa couplings and neutrino
data, as has been performed in Refs. [12]-[30], and calculate the partial width ratio based on the
fitting results.

Previously, enhancement of partial width ratio I'(p — K°u*)/T'(p — K*9,) in SO(10) GUT
models compared to the minimal SU (5) GUT is claimed in Refs. [31,32], but only based on a qualita-
tive argument. Our paper is the first study where this ratio is predicted concretely and quantitatively in
the minimal renormalizable SUSY SO(10) GUT, with the fundamental Yukawa couplings Y19, Y126
determined through a numerical fitting.

The basic reason that T(»p — K°u*)/T(» — K*9,) is 0(0.1) in the minimal renormal-
izable SUSY SO(10) GUT is understood as follows. In the model, the ratio of the Wilson
coefficients of dimension-5 operators responsible for the p — K%u*t decay and those for the
p— K+Du decay is proportional to (Y10)u, j/(Y10)d, j or (Y126)u; j/(Y126)a; ;- Here (Y10)y, j denotes
the (1,j)-component of Yj¢ in the flavor basis where, when we write the Yukawa coupling as
Vi(Y10)ij¥;, the left-handed up-type quark component of v; has the diagonalized up-type quark
Yukawa coupling. (Y10)a; j, (Y126)u; j> (Y126)4; ; are defined in the same way. Y19, Y126 are linear
combinations of the down-type and up-type quark Yukawa matrices Yy, Y, due to the relations
Yy, = Y10+ Y126, Ya = r1(Y10+Y126)- Moreover, these linear combinations are generic, because sit-
uations where Y1¢ o Yy, Y126 o< Y4 or Y19 o Yy, Y126 o< Y, would not reproduce the correct charged

'If 45 4 16 + 16 fields are responsible for breaking SO(10) gauge group, then proton decay through
dimension-6 operators induced by GUT gauge boson exchange can also be within the reach of Hyper-
Kamiokande [11].

2 If the ratio involves a decay mode that receives contributions from both left-handed dimension-5 operators
QQQL and right-handed ones EUUD, we need information about the ratio of Wino mass and the p-term to
predict the ratio.

3 The origin of the suppression factor 0.002 is explained in Sect. 3.1.
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lepton Yukawa matrix Y,. Therefore, considering the large hierarchy y, /y; < vq/vp, we expect that
the components (Y10)y, j, (Y10)d; j» (Y126)uy j» (Y126)4; j are all on the order of the down quark Yukawa
coupling y; times the mixing angle between the right-handed down quark and a state with flavor index
J» and are not proportional to the up-quark Yukawa coupling y,. Hence, both (¥10)., j/(¥Y10)4, ; and
(Y126)u; j/ (Y126)a, j are O(1) and so is the ratio of the Wilson coefficients of dimension-5 operators for
thep - Kout andthep — K™ v, decays. The Wino-dressing diagrams give almost the same con-
tribution for the two modes, if the 1st- and 2nd-generation left-handed squarks are mass-degenerate.
As a result, the partial width ratio '(p — K°u®)/T'(p — KT,) is determined by the ratio of
baryon chiral Lagrangian parameters, which lies in the range (1 — D + F)?/(1 + D + F)? = 0.085
to(l—D+ F)z/(l —D/3+ F)? = 0.30, and thus the partial width ratio is O(0.1).

This paper is organized as follows. In Sect. 2, we describe the minimal renormalizable SUSY
SO(10) GUT and present formulas for the partial widths of the p — K*9, and p — K'u*
decays. In Sect. 3, we roughly estimate the partial width ratio I'(p — K'u*)/T'(p — K*9,) in
the minimal renormalizable SUSY SO(10) GUT without numerically determining the fundamental
Yukawa couplings Y19, Y126, and compare it to the partial width ratio in the minimal SU (5) GUT. In
Sect. 4, we numerically determine Y1, Y126 through a fitting of the quark and charged lepton Yukawa
couplings and neutrino mass matrix, and calculate I'(p — K'u®)/T(p — K *1,) based on the
fitting results. Section 5 summarizes the paper.

2. Minimal renormalizable SUSY SO(10) GUT

We consider a SUSY SO(10) GUT model that contains chiral superfields H, A and A in 10, 126, 126
representation, and three matter fields W; in 16 representation (i = 1,2, 3 denotes flavor index) [7].
The model also contains chiral superfields responsible for breaking SU (5) subgroup of SO(10), but
we do not specify them in this paper. The most general renormalizable Yukawa couplings are given by

Wyikawa = (Y10)5 Vil U) + (Y126)5 WiAY;, (1)
where (f/ 10);; and (f’ 126)j are 3 x 3 complex symmetric matrices. The Higgs fields of the minimal
SUSY Standard Model (MSSM), H,, H;, are linear combinations of (1, 2, ££1/2) components of
H, A and other fields. Accordingly, the MSSM Yukawa coupling for up-type quarks, Y, that for

down-type quarks, Y, and that for charged leptons, Y., and the Dirac Yukawa coupling for neutrinos,
Yp, are derived from Wyyiawa as

Wyakawa D (Yu)ij QiHyUf + (Ya)ij QiHaDi + (Ye)jj LiHaEY + (Yp)j LiHuNY, )

where Y,, Y4, Y., Yp are given by

Yy = Y10+ 12 Y126, 3)
Yg = r1 (Yo + Y126) “4)
Ye = r1 (Y10 —3Y126) (5)
Yp = Y10 — 32 Y26, (0)
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at a SO(10) breaking scale. Here Y19 o Y10, Y126 Y126, and r, 7 are numbers. By a phase
redefinition, we take r; to be real positive. In principle, »1, 7, are determined from the mass matrix
for (1, 2, +1/2) components [33]—[38], but in this paper we treat them as independent parameters.

Majorana mass for the right-handed neutrinos is proportional to (Y126);; V& Nl.ch" where vg denotes
A’s vacuum expectation value. Integrating out Nf yields an effective operator L;H,L;H,, which we
call the Type-1 seesaw contribution. Additionally, if the (1,3, 1) component of A mixes with that of 54
representation field, after integrating out these components, we get an effective operator L;H,L;H,,
which we call the Type-2 seesaw contribution.

H, A and other fields contain pairs of (3, 1, —1/3), (3, 1, 1/3) components, which we call “colored
Higgs fields” and denote by H, 172 (4, B are labels), respectively. Exchange of Hé, ﬁﬁ gives rise
to dimension-5 operators inducing proton decay. Those couplings of Hé,ﬁg which contribute to
such operators are

1 —A —A —A —A
Wyukawa O Z[E(Yf)g QiHEQ; + (V1) QiH oLy + (YR E{HAUS + (Y)y tJchD;], (7
A

—A —A . . . . —B
where Y LA , Y7, Y 1?, Y’ are linear combinations of Y19, Y126. After integrating out Hg,H c> we get
dimension-5 operators contributing to proton decay,

—Ws = - Czjkl ijkl

(OkON(OiLy) + Csp E{USUSDY )

(in the first term, isospin indices are summed in each bracket), where

Cll(u~Mue) = Y (Mzas { YTy — —(YA»,(YL)k, - —(YL)lk<YL>z,} O
AB M,
Y ~ M) = Z(MHC)AB [Ty - e} (10)

“’NMHC

M . denotes the mass matrix of H, ﬁg fields and My represents a typical value of the eigenvalues
of M Hc-
We concentrate on the contribution of the (QxQ;)(Q;L;) operators to the p — K +17,L and p —
KOt decays, and calculate the ratio of their partial widths,
I'p— K'ut)
IF'p—> Ky’
in the minimal renormalizable SUSY SO(10) GUT. It should be noted that the (0, 0;)(Q;L;) and the
ELUF U D5 operators contribute to the p — K *D, decay, which is experimentally indistinguishable
from the p — K*9,, decay. Hence, our prediction on I'(p — K%u*)/T'(p — K*9,) should be
regarded as the maximum of the following measurable quantity:

(11)

I'p— K'ut)
Zi:e%r I'(p— Kti)’
The maximum is attained if the (Qx O;)(Q;L;) operators’ contribution and the £}, Uf UfDJ‘? operators’

contribution to the p — K*v; decay cancel each other. This cancellation is always possible by
adjusting the ratio of the Wino mass and the p-term.

(12)
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As stated in the Introduction, for the SUSY particle mass spectrum, we assume that the 1st- and
2nd-generation left-handed squarks are mass-degenerate. To be quantitative, we assume that the 1st-
and 2nd-generation left-handed squark masses in the up-quark-Yukawa-diagonal basis satisfy

imZ —m? | < 107 m . (13)

This is a natural assumption at the quantum level, since the 1st- and 2nd-generation quark Yukawa
couplings are tiny. To see this, note that the difference in the renormalization group corrections is
given in the leading-log approximation by

3 A?

Aml, = A}, =~ log ( ) 2 =32+ Ca¥Dae = ¥ Du 2. (19)
where m? represents the typical scale of soft SUSY breaking masses, and A denotes the scale at which
initial values of the squark masses are given. We have |y§ —ylzl + (Yy Y;)CLCL — (YdY;)uLuLl <1073
for tan 8 = 50 and at any renormalization scale. Hence, we get |Am§L — Am%Ll <13 x 1073 m?
even when A is the Planck scale and m is 1 TeV. The tiny mass splitting assumed in Eq. (13) does

not affect the results presented in the rest of the paper.

The contribution of the CUkI(QkQ;)(Q,L ) term to the p — K*¥, and the p — KOut decays is
given by [39]
_ ! D 2\ o 2D _apsu ?

Fp— K =¢ ‘ﬁHwhad)f— {(1 +5+ F) 1" (naa) + 5CLf whad)} . (15)

T

2

Fp— K'u™) = C|Bu(ithas) f— (1 =D+ F)Cpp " (thaa) (16)

b

where C = (my /64m) [1 — (m%( / m%,)]2 B denotes a hadronic matrix element, D, F’ are parameters
of the baryon chiral Lagrangian, and CLL, C; are Wilson coefficients of the effective Lagrangian
—L¢DC ’fkl(¢, “/fd, )(wd, 1//1), ) +C (wdkl// 1)(l// 1//6), ) (¥ denotes a SM Weyl fermion and spinor
index is summed in each bracket) We have neglected the mass splittings among nucleons and
hyperons. The Wilson coefficients Cr,Crr satisfy

d My d d
Crp " (thad) = AL (Hhad> HSUSY) —5- m2 Fg (ngu —Cs” ) lu=nsusy> (17)
q
od My d d
Cr " (had) = ALL(Mhad:MSUSY)m_gV}—g% (Csf ® -t S) | i=rsusy » (18)
q

M}L us

M
(Hhad) = ALL(1tnads HsusY) —a-F g5 (—C51™ + CI™) lumususy » (19)

m%

q

where F is a common loop function factor F = (1/x — y)[(x/1 — x) logx—(v/1 — y) logy]/1672 +
(1/x — D[(x/1 —x)logx + 1]/167? with x = |Mﬁ/|2/m§ and y = m%/mg, and my denotes the
Ist- and 2nd-generation left-handed squark masses (which are assumed to be degenerate) and m;
denotes the mass of the left-handed smuon and muon sneutrino.* A;; (Uhad»> MSUSY) accounts for
renormalization group (RG) corrections in the evolution from soft SUSY breaking scale usysy to

UL us

* When writing Cs,'*, we mean that Q; is in the flavor basis where the up-type quark Yukawa coupling Y, is
diagonal and that the up-type quark component of Q; is exactly u quark (then the down-type quark component
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a hadronic scale where the value of By is reported.5 Cs; are related to the colored Higgs Yukawa
couplings as

d d
C "“(ususy) — Cop " (ususy) =

3 — _
Ap(psusys i) Y (MyDias 5 { DD = OO0 D i (20)
AB

d d
Cs; " (ususy) — Csp “ (ususy) =

3 — _
Au(psusys i) Y (MyDuas 5 | DT Daw = COa T iz @)
A,B

Csy " (ususy) — Cof ™ (ususy) =

3 — _
Ar(psusy 1) Y (MyDuas 5 | DD = O Do} limanes 22)
A,B

where 47 (ususy., ia) accounts for RG corrections in the evolution from colored Higgs mass scale
WHe ~ My, to soft SUSY breaking scale MSUSY-6

We relate the flavor-dependent part of Egs. (20)—(22) to Y19, Y126. Since Y f, 7‘2 are proportional
to either Y1 or Y126, we can write without loss of generality

> My { O (T = i (T |
AB

= M [a {(M10)uza, Y10)sz — Y10)dps, Y10)ugper } + b {V10)uzdy YV126)s — (Y10)dpsy (Y126 0z }
C

e {(Y126)upd, Y10)sp — Y126)dps; Y10)urr |+ d { (V126D usdy Y126)s10 — (Y126)dys (Y126)ur }] »
(23)

> Mias { O an = s (V|
AB

= M [a {(Y10)urs; Y10)drer — Y10)ds, Y10)upr } + b {V10)ursy Y126)dpr — Y10)dpsy (V12601 }
C

e { (Y126 us; Y10) s — Y126)dps; Y10)upr |+ d {(V126)urs Y126)dy i, — V126D dps, (Y126)ur }] -
(24)

of O; is a mixture of d, s, b). Likewise, Oy is in the flavor basis where the down-type quark Yukawa coupling
Y, is diagonal and its down-type quark component is exactly s quark, and Q; is in the flavor basis where the
up-type quark Yukawa coupling is diagonal and its up-type quark component is exactly u quark. The same rule
applies to other Wilson coefficients.

5 RG corrections involving SM Yukawa couplings are negligible for C;%“, C/**, C** and hence their RG
corrections are approximately flavor-universal.

6 Again, RG corrections involving MSSM Yukawa couplings are negligible for C&/**, Cl*®, ¢l il
and hence their RG corrections are approximately flavor-universal.
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> Myas { Vs P = (T}
A,B

=M [a {("10)uzst V10)urir — V10)uzur Y10)sz0z | + 2 { V10)ugss Y126)uz ;. — X10Dugur (Y126) 5710, }
C

+c {(N126)ups; Y10)uiy, — Y126)uguy Y10)sp01  + d {(Y126)ups; Y126)ur iy, — Y126)ugup (Y126)s70, 1] »
(25)

where My is a typical value of the eigenvalues of My, and a, b, ¢, d are numbers common for

Egs. (23)—25). Here (Y10)y,s, denotes the (1,2)-component of Yig of the term (Y1¢); V;H ¥, in
the flavor basis where the left-handed up-type quark component of W; has the diagonalized up-type
quark Yukawa coupling, and the left-handed down-type quark component of W; has the diagonalized
down-type quark Yukawa coupling. (Y10)d, ;> (Y126)u, s, and others are defined analogously.

In principle, numbers a, b, ¢, d are determined from the colored Higgs mass matrix [33]-[38].
However, as we do not specify fields responsible for breaking the SU(5) subgroup of SO(10), we
treat a, b, ¢, d as independent O(1) parameters.

We observe that each term in Eq. (25) is given by (Y10)u,;/(Y10)a,j o (Y126)u, j/(Y126)d, j
times some term in Egs. (23),(24), as advertised in the Introduction. For example, the term
(Y10)ups; (Y10)upp, in Eq. (25) equals (Y10)uys, /(Y10)a,s, times the term (Y10)a,s; (Y10)u,p, 10
Eq. (23), and also equals (Y10)u; 0, /(Y10)d, p, times the term (Y10)u;5, (Y10) a0, 10 EqQ. (24).

3. EstimatesonT(p — K°u*)/T(p —> K*v,)

We estimate I'(p — K°u™*)/T'(p — KT7,,) in the minimal SU(5) GUT and in the minimal renor-
malizable SUSY SO(10) GUT without numerically determining Y79, Y126. In the minimal SU (5)
GUT, we assume, as usual, that the splitting between the down-type quark Yukawa coupling Y, and
the charged lepton Yukawa coupling Y, is realized by non-renormalizable terms.

3.1. Estimate in the minimal SU(5) GUT

In the minimal SU(5) GUT, we have only one pair of colored Higgs fields, and Y7 and Y, are
proportional to the Yukawa couplings for 5 and 5 Higgs fields, respectively. Hence, Eqgs. (23)—(25)
are altered to

— — 1
> Mizhuas { D T = TV} = 7= A FDusan V5Dssis = B Vs }
A.B

Hc

(26)

- - 1
> Mz { T s = VT } =

{(YS)uLsL(Yg)dLuL - (YS)dLsL(Yg)uL;LL} 5
AB He

27)

{(YS)uLSL(Yg)uL/,LL - (Y5)MLML(Y§)SL,LLL} 5
Hc

- — 1
> Mgz { P = T} =
A,B

(28)

where Y5 and Y3 denote the Yukawa couplings for § and 5 Higgs fields, respectively, and M, Hc denotes
the mass for the colored Higgs fields.

7/20

020z Jequeides 6z uo Jasn Aseiqi Asisaiun suewiys Aq $896685/1L09£60/6/0202/2101e/de)d/woo dno olwapede//:sdiy woly pspeojumoq



PTEP 2020, 093B01 N. Haba et al.

The key fact is that since Y5 is identical to the up-type quark Yukawa coupling matrix, the compo-
nents of Y5 with flavor index u;, are given by the up-quark Yukawa coupling times a mixing angle.
Hence, they are estimated to be

(YS)uLuL, (YS)uLdL ~yu(n = MHC) (29)
(YS)uLsL ~ Yu( = MHC) A, (30)

where pwy. ~ Mpy., and A denotes the Cabibbo angle A >~ |Vy5| > | V4| 22 0.22. On the other hand,
(Y5)q, 5, 1s estimated to be the second generation Yukawa coupling times a mixing angle as

(YS)dLSL ~ yC(/’LHc) - A (31)

Although the unification of down-type quark Yukawa coupling and charged lepton Yukawa coupling
is unsuccessful at the renormalizable level (but the unification can always be achieved with non-
renormalizable terms), we can estimate components of Yz as

(Y§)SL;LL Nys(/fLHc) or pr(MHC), (32)
(Yg)uLML ~ (Y§)dL;LL Nys(/fLHc) <A or yM(/'LHc) <A (33)

From formulas (15)—(22) and estimates (26)—(33), we estimate the partial widths as

. D 5 oD, ]
'p—>K"v,) =C (1+§+F)C1)» ycy,,ﬂ—Tczk Yelu (34)
Fp— K'u®) = C |1 =D+ Fesyuy| (35)
or
2
e D 5 2D,
Fp—>K"v) =C ‘(1 +§+F)cu\ ycstrTCzk Yeds (36)
F(p—K'u®) = CI(1=D+F)esyuysl (37)

where C is a common constant, cy, ¢, c3 are O(1) numbers, and y,, y¢, V., Vs are the up, charm, muon
and strange quark Yukawa couplings at scale u = ,LLHC.7 We have discarded subleading terms. The
partial width ratio is then estimated as

1—D+F\* [ 2<r(p—>1<0u+)< 1—=D+F \? /[ » \* 38)
1+D+F) \12y.) ~ Tp—K+v,) ~ \1-D/3+F) \12y.) "~

where the variation is due to unknown relative phase between c; and c¢;. Numerically, the above

estimate becomes

1—D+F\? r Kout 1—-D+F \?
SEPHERY o002 < T = Kp7) < (=217 ) L0002 (39)
1+D+F T(p— Kti,) 1—D/3+F

We find that the p — K°u™ partial width is quite suppressed compared to the p — K *, partial
width because of the factor 0.002 coming from the ratio of y,, and A2y.; namely, the large hierarchy
between the up and charm quark Yukawa couplings suppresses the partial width ratio. Also, baryon
chiral Lagrangian parameters give (1 — D + F)z/(l +D+F)2=0.085and (1 — D+ F)z/(l —
D/3 + F)? = 0.3, and they provide further suppression.

7 We neglect the small difference between hyperon masses and the nucleon mass.

8/20

020z Jequeides 6z uo Jasn Aseiqi Asisaiun suewiys Aq $896685/1L09£60/6/0202/2101e/de)d/woo dno olwapede//:sdiy woly pspeojumoq



PTEP 2020, 093B01 N. Haba et al.

3.2.  Estimate in the minimal renormalizable SUSY SO(10) GUT

In the minimal renormalizable SUSY SO(10) GUT, we can rewrite the right-hand side of Egs. (23)—
(25) using the relation Y,, = Y19 + 72 Y126, as

> Mz { TDua (TDs = s (V|

AB
1 /
= My, [a {(Y”)uLdL(Yu)SLML - (Yu)dLSL(Yu)uLILL} +b {(Yu)uLdL(YI%)SL;LL - (Yu)dLsL(YIZ6)uLp,L}
C
+c { (V26D upay Yidspig, — Y126)dys, Yduppy  + d' {(Y126)uydr YV126) s — Y126)dys Y126 up s }] »
(40)
> Mas { O T an = s (T}
A.B
1
= Y [a {(Yurs, Y drr, — Ydapsy Ydupar } 0 {Vdupsy V126D, — Yddps, Y126)up . }
C
e { (V126D upsy Yiddypr, — Y126)dysy Yduppr | + &' {(Y126) w50 Y126)dry — Y126)dysy Y126)upr }] »
(41)
Z(M;lé)AB {(Yi‘l)us(?f)uu - (Yf)uu(yﬁ)su}
A.B
= i [a {(Yu)uLSL(Yu)uLML - (Yu)uLuL(Yu)SLl,LL} + b {(Yu)uLSL(Y126)uLML — (YM)MLML(YI%)SLML}
C
+C‘/ {(Y126)uLSL(Yu)uL;LL - (Y126)uLuL(Yu)SLp,L} + d/ {(Y126)MLSL(Y126)ML[.LL - (Y126)uLuL(Y126)st,L}] 5
(42)
where
V=b—ra ¢=c—ra d=d-rb+c)+ra (43)

We still have b',¢’,d’ = O(1), since we have |r;| = O(1) to fit the charged lepton Yukawa cou-
pling. The right-hand sides of Eqgs. (40)—(42) contain terms analogous to Egs. (26)—(28) [note that
Y, in Egs. (40)—(42) corresponds to Y5 in Egs. (26)—(28)], plus non-analogous terms in the form
(Y126)ij(Y126) u- Each component is estimated as follows. (Y,), .., 1s estimated to be the charm quark
Yukawa coupling and (Y, s, 1s estimated to be the charm quark Yukawa coupling times the Cabibbo
angle,

(YM)SL/LL ~ yC(/-’LHC)a (44)
(Yu)dLSL ~ yc(//LHc) <A (45)

The components of Y, with flavor index u; are always given by the up Yukawa coupling y, times a
mixing angle, and hence we get

(Yu)uLuLa (Yu)uLdL ~ yu(/fLHc), (46)
(Yu)uLsL: (Yu)uLp,L ~ yu(MHc) <A 47)
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In contrast, the components of Y174 do not follow the rule and are estimated as

1

(Y126)upuy» Y126)upd; ~ ZJ’d(MHc)a (48)
1

(Y126)uzsp> (Y126)drsy> (Y126 uppy ™~ Zys(lLHc) - A, (49)
1

(Y126)sp 01 ™~ ZJ’S(MHC)- (50)

We have estimated (Y126)s, 1, to be ys(tn)/r1, because we empirically have y,, /y;| u=1016 GeV = 4
and this factor 4 is mostly explained by the factor 3 in Eq. (5). We have estimated (Y126)y,4, to be
Ya((re)/r1, not y, (p.-), based on the following argument: Recall that components of Y19 and Y126
reproduce the up and down Yukawa couplings as

(Y10)uguy, + 72(Y126)upu, = Yu(ihae)s (51)
1 ((Y10)dgd, + (Y126)dga;) = va(itre)- (52)

Since the unification of the top and bottom Yukawa couplings requires tan 8/ry >~ m;/mp =~ 50, we
get

(YIO)uRuL+V2(Y126)uRuL — _)ﬁ _ r & ~ nﬁ& ~ 0.01. (53)

=7
(Y10)aga, + (Y126)dra; Vd tan 8 my m; mg

(Y10) upuy / (Y10)dpa; and (Y126)uguy / (Y126)dra; are estimated to be 1 — A% ~ 1. Then, the only way
to realize Eq. (53) is to take

1 m

(Y10)dga, = —12(Y126) dpd, = — Ya(re) (54)
rirp—1

and impose a fine-tuning between (Y10)upy, and 72(Y126)uzu, to realize the small value 0.01 in

Eq. (53). Here we cannot assume 7, =~ 0 because we need || = O(1) to reproduce the charged

lepton Yukawa coupling, as will be confirmed numerically in Fig. 1. From Eq. (54), we find

)
M10)uguy = —12(Y126) uguy, = — Ya(me). (55)
rir—1
Using |rp| = O(1), we estimate (Y10)u;u;> (Y126)u,u; @S
1
M0 ugur> Y126)ugur, ™~ Eyd(MHc)- (56)

From formulas (15)—(22) and estimates (44)—(50), we estimate the partial widths as

—— D / 2 / 2 fa 232,02
F'p—K"v,) =C |1+ 3 + F)aPi yuye + b Bo yeysA=[r1 + ' B3 yeysh™[r1 +d Ba yi A7 /rT)

2
2D
+5 (an uyer2 + by yeys kP + vy yeyshtr +d v v )| (57)

2
F(p— K'u™) = C (1 = D+ F)a8) yuye + b'82 yuys/r1 + /83 yeysd? fri + d 84 y7 22 /D],

(58)
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Fig. 1. Distribution of 7, [defined in Eq. (3)] in the fitting results satisfying the constraints of Table 2.

where C is a common constant, y,, ys, ¥, are the up, strange and charm quark Yukawa couplings at
scale u = up., and By, B2, B3, Ba, V1, V2, V3, V4, 01, 62,83, 84 are O(1) numbers. We have used the
empirical relation msA? ~ my and let y;A? represent both A2 and y,.

In Egs. (57) and (58), ysA2/ r% and y.ysA2/r1 are much larger than the other terms containing y,.
Hence, in generic cases where d’ = O(1) and/or ¢’ = O(1), the partial width ratio is estimated as

(59)

1-D+F 2<F(p—>K0M+) . (1-D+F 2
1+D+F) ~ T'(p—K+*ti,) ~ \I-D/3+F

[in minimal renormalizable SO(10) GUT with ' = O(1) and/or ¢’ = O(1)],

where the variation is due to unknown relative phases among S5, B3, B4, 12, V3, ¥4. We find that
the suppression factor of 0.002 in Eq. (39) is absent in Eq. (59). This means that in the minimal
renormalizable SUSY SO(10) GUT with &’ = O(1) and/or ¢ = O(1), T'(p — K°u™)/T(p —
K", is highly enhanced compared to the minimal SU (5) GUT.

In the non-generic case where ¢’ and d’ are both fine-tuned to 0, the partial width ratio is quite
suppressed as

1-D+F\*/( y 2<F(p—>KO/,L+)< 1-D+F \? [ v \? (60)
1+D+F) \12y.)] ~ Te—>K*tv) ~ \1-D/3+F) \ A2y

[in minimal renormalizable SO(10) GUT with ¢/ = d’ = 0],

which is the same as in the minimal SU (5) GUT. This is reasonable because when ¢’ = d’ = 0
the contribution of (3, 1, —1/3) fields to dimension-5 proton decay is dictated by the up-type quark
Yukawa matrix, just as in the minimal SU (5) GUT.

In the next section, we numerically confirm the estimates Egs. (59) and (60) through a fitting of
the quark and lepton masses and flavor mixings in terms of Y19, Y126.
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4. Numerical analysis
4.1. Overview

Our first task is to fit the MSSM Yukawa matrices with Y1¢, Y126, 71, 72 through Egs. (3)—(5), and
fit the neutrino mass matrix with Y19, Y126, 72. When calculating the Type-1 seesaw contribution
to the Weinberg operator L;H,L;H,, we have to integrate out each right-handed neutrino N{ at its
respective mass scale. This requires information on the eigenvalues of Y56, but that is obtained
only after the fitting is complete. Hence, it is technically difficult to integrate out each right-handed
neutrino separately. In this paper, therefore, we make an approximation that the three right-handed
neutrinos are integrated out at one scale. Accordingly, the neutrino mass matrix M,, is related to Y126
and Yp in Eq. (6) as

Moy o Rig {re(Yiao)us + Y)ion (V30w (Yo )i | Rit

where 77 is a complex number that parametrizes the ratio of the Type-1 and Type-2 seesaw con-
tributions, and R;; denotes the flavor-dependent RG correction to the coefficient of the Weinberg
operator L;H,L;H, when it evolves from a SO(10) breaking scale to electroweak scale. Since the
flavor-dependent RG correction R;; is at most 3% (see Table 1) while the errors of the neutrino
data we employ are much larger (see Table 2), we expect that the approximation of integrating out
right-handed neutrinos at one scale does not affect the results.

We repeat the above fitting analysis many times and obtain as many fitting results. We compute
T'(p — K*v,)and T (p — KOu™) from each fitting result of Y19, Y126, 71, 72, 1, using Egs. (15)~(22)
and Egs. (40)—(42), with coefficients a, b’, ¢, d’ treated as independent O(1) parameters. The fitting
results are plotted with respect to the ratio I'(p — K°u™*)/T'(p — K*9,). From the plot, we read
out the range of the ratio I'(p — K%u)/T'(p - K *1,,) predicted by the minimal renormalizable
SO(10) GUT.

We assume a benchmark SUSY particle mass spectrum to evaluate the MSSM Yukawa couplings
ata SO(10) breaking scale as well as R;;, and to compute the individual partial widths I'(p — K*,,)
and I'(p — K°ut). However, we emphasize that the purpose of this paper is to predict the ratio
'p— Kut)y/I'(p — K+ V), which is not very dependent on the SUSY particle mass spectrum
due to the cancellations of the RG corrections and the factors coming from Wino-dressing.

4.2.  Procedures

First, we numerically calculate the MSSM Yukawa matrices Y,, Yy, Y, at scale u = 2 x 106 GeV
in a DR scheme, and the flavor-dependent RG correction to the coefficient of the Weinberg operator
Rj;. Specifically, we calculate R;; for the evolution from p = 2 x 10'® GeV to 1 = Mz. We assume
a high-scale split SUSY particle mass spectrum below for concreteness;

my =my=myo = mp+ = my = 2000 TeV, Mz = Mj = uy =100 TeV, tanf = 50.
(61)

For the calculation of the quark Yukawa couplings, we adopt the following input values for quark
masses and Cabibbo—Kobayashi-Maskawa (CKM) matrix parameters: The isospin-averaged quark
mass and strange quark mass in MS scheme are obtained from lattice calculations in Refs. [40—45]
as 1/2(my, 4+ mg)(2 GeV) = 3.373(80) MeV and m;(2 GeV) = 92.0(2.1) MeV. The up and down
quark mass ratio is obtained from an estimate in Ref. [46] as m, /my; = 0.46(3). The MS charm
and bottom quark masses are obtained from quantum chromodynamics (QCD) sum rule calculations
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Table 1. The singular values of MSSM Yukawa couplings Y,, Y;, Y., and the mixing angles and charge
conjugation parity (CP) phase of CKM matrix, at & = 2 x 10'® GeV in the DR scheme. Also shown is
the flavor-dependent RG correction R; for the Weinberg operator [defined in Eq. (61)] in the evolution from
n =2 x 10'° GeV to u = My, in the flavor basis where Y, is diagonal (R; is also diagonal in this basis).
For each singular value of the quark Yukawa matrices, we present the 1o error that has propagated from
experimental error of the corresponding input quark mass, and for the CKM parameters we present 1o errors
that have propagated from experimental errors of the input Wolfenstein parameters.

Value at u = 2 x 10'° GeV in DR scheme

Y 2.74(14)x 10~
7, 0.001407(14)
v, 0.4620(84)
Va 0.0002998(94)
v, 0.00597(14)
s 0.3376(19)
Ve 0.00012486
Y 0.026364
¥, 0.50319
cos O55™ sin OF3™ 0.22475(25)
cos O™ sin O53™ 0.0421(11)
sin O%km 0.00372(22)
S (rad) 1.147(33)
R, 1.00
R, 1.00

R.: 0.974

in Ref. [47] as mc(3 GeV) = 0.986 — 9(a!> (Mz) — 0.1189)/0.002 £ 0.010 GeV and my(mp) =
4.163 + 7(a (Mz) — 0.1189)/0.002 £ 0.014 GeV. The top quark pole mass is obtained from 7-+et
events measured by ATLAS [48] as M; = 171.1 & 1.2 GeV. The CKM mixing angles and CP phase
are calculated from the Wolfenstein parameters in the latest CKM fitter result [49].3 For the QCD and
quantum electrodynamics gauge couplings, we use ozs(s)(Mz) =0.1181 and «® (My) = 1 /127.95.
For the lepton and W, Z, Higgs pole masses, we use the values from the Particle Data Group [50].

The results are given in terms of the singular values of Y,,, Yy, Y, and the CKM mixing angles and
CP phase at . = 2 x 10'® GeV, as well as Rj; in the flavor basis where Y, is diagonal (R;; is also
diagonal in this basis), tabulated in Table 1. For each singular value of Y,, Y;, we present the 1o
error that has propagated from experimental error of the corresponding input quark mass. For the
CKM mixing angles and CP phase, we present 1o errors that have propagated from experimental
errors of the input Wolfenstein parameters.

To facilitate the fitting analysis, we rearrange Egs. (3)—(5) as follows. We fix the flavor basis such
that the left-handed up-type quark components in both W; and W; have the diagonalized up-type
quark Yukawa matrix with real positive components. Y, which is still symmetric, is then written as

1 0 0 ya e2h 0 0 1 0 0
Yu=10 e o | V| 0 w2 o | Vi,lo e o |, (62
0 0 €= 0 0 ypetihs 0 0 €

8 Updated results and plots are available at http: //ckmfitter.in2p3.fr.
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where ay, a3, b1, by, b3 are unknown phases.9 In the same flavor basis, Y, is written from Egs. (3)—(5)

as
1 P L R T
Rl e I I e (©3)
1 2\lo o ” 271
with Y, given in Eq. (62). We can also write
| v 0 0
Y126 X I’_Yd - 0 Ye 0 ) (64)
! 0 0 y
Yp=10 y. 0 1 —Y: =10 y. O ) (65)
-nl\r
0 0 y *\M 0 0 y

Finally, we perform the singular value decomposition of Y, as

ye 0 0
Ye=Us |0 yu 0 |UL (66)
0 0 y;

and calculate the active neutrino mass matrix (up to overall constant) as
(My)eer o< Ree [ U (r1 Yiz + YpYiog Y5 Uet Jew Rews 6,8 = e, o, 7, (67)

where ¢, ¢’ denote flavor indices for the left-handed charged leptons. From Eq. (67), we derive the
three neutrino mixing angles 9{3 ;n s 9{3 ;n ns 9;;“ "® and the ratio of the neutrino masses mj : my : m3.

Now we perform the fitting with Y19, Y126, 71,72, 7. It proceeds as follows. We fix y,, v,y and
the CKM matrix by the values in Table 1, while we vary yy/r1, ys/r1, y»/71, unknown phases
az,a3,b1,by,b3 in Eq. (62) and complex number ;. Here we eliminate »; by requiring that the
central value of the electron Yukawa coupling y, be reproduced. In this way, we try to reproduce the
correct values of y4, Vs, Vi, Ve, 0{);1 s Qf;n s an " and neutrino mass difference ratio Am% 1/ Am%z.
Specifically, we require y;, ys to fit within their respective 3o ranges, while we do not constrain
Vp because yp can receive sizable SUSY particle and GUT-scale threshold corrections. Since the
experimental errors of y,, y; are tiny, we only require that their reproduced values fit within 0.1%
ranges of their central values. We require sin’ 9});1 S sin? Hfgn "5 sin? an s, Am%1 / Am%2 to fit within
their respective 3o ranges reported by NuFIT 4.1 [51,52]. However, we do not constrain the Dirac
CP phase Spmps, since its measurement is still at a primitive stage. We only consider the normal
mass hierarchy case, because we cannot obtain a good fitting with the inverted mass hierarchy. We
have confirmed that our fitting analysis always gives small values for m; that are not in tension with
cosmological observations or searches for neutrinoless double-beta decay, and hence no constraint
is imposed on «y, a3, m1. The constraints are summarized in Table 2.

We collect sets of values of Y19, Y126, 71,72, 71 that satisfy the constraints of Table 2. From these

values, we reconstruct the MSSM Yukawa couplings Y, ¥y, Y., perform flavor basis changes and

? Note that Y, in Eq. (2) is the complex conjugate of ¥, in SM defined as —L = q; Y dr ior H*.
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Table 2. Allowed ranges of quantities in the analysis.

Quanitity

Allowed range

yll
Ye
Vi

2.74x107% (fixed)
0.001407 (fixed)
0.4620 (fixed)

Ya
Vs
Vb

0.0002998 + 0.0000094 - 3
0.00597 £ 0.00014 - 3
Unconstrained

Ve
Yu
Ve

0.00012486 (used to fix ;)
0.026364 + 0.1%
0.50319 £ 0.1%

cos O™ sin O73™
cos OFX™ sin O5x™
sin gk

(Skm (rad)

0.22475 (fixed)
0.0421 (fixed)
0.00372 (fixed)
1.147 (fixed)

sin® @5
sin” Of;"™
.2 Hpmns
sin 2023 .
Amy, [ Ams,

[0.275, 0.350]
[0.02044, 0.02435]
[0.433, 0.609]
[0.0267, 0.0339]

Spmns> Q2, O3, My Unconstrained
az, as, by, by, bs Unconstrained
7 Eliminated in favor of y,
) Unconstrained

calculate the following components:

(Yu)uLdLa (Yu)SL/LLa (Yu)dLsL, (Yu)uL;,LLa
Y26)updy> Y126)sp0  (Y126)drs;> (Y126 ugpuy -

From the values above, we calculate I'(p — K*9,) and T'(p — K°u") through Eqgs. (15)~(22) and
Eqgs. (40)—(42), by considering various O(1) values for coefficients a, b’, ¢’, d’ in Egs. (40)—(42). Here
we take My, = 2 x 10'® GeV and assume the SUSY particle mass spectrum of Eq. (61). We employ
the following data and formulas. For the hadronic matrix element 87, we adopt the value in Ref. [53],
which reads ;7 = 0.0144 GeV? at u = 2 GeV in the MS scheme. The baryon chiral Lagrangian
parameters are given by D = 0.804, F' = 0.463, and we include the mass splittings among nucleon
and hyperon masses found in Particle Data Group [50]. When computing RG corrections to the
dimension-5 operators and the dimension-6 operators after Wino-dressing, we choose pusysy =
2000 TeV and pp, =2 x 10' GeV, and use one-loop formulas in Ref. [54].

4.3.  Results

We have obtained 158 sets of values of Y1¢, Y126, 71, 2, 7z, that satisfy the constraints of Table 2.

Before presenting the main results, we show in Fig. 1 the distribution of 7; in the fitting results, to
confirm the relation || = O(1) used in Sect. 3.

Now we plot the sets of values of Y1, Y126, 71, 72, 71 satisfying Table 2, on the plane of p — K+ U
partial lifetime versus the ratio of the partial widths of p — K°u™* and p — K *1,,. From the plots,
we read out the range of the partial width ratio predicted by the model.

We first study the contribution of individual terms in Egs. (40)—(42) by taking (a,b’,c,d") =
(1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1). The plots are in Fig. 2. We caution that although some
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= = 0.0010
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Fig.2. p — K*v, partial lifetime versus the ratio of the partial widths of p — K°u* and p — K*9,.
Each dot corresponds to a set of values of Y, Y126, 71, 72, 7, that satisfy the constraints of Table 2. We take
(a,b,c,d) = (1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1) in Egs. (40)—(42). Note that the vertical scale of
the panel of (a,b,c’,d") = (0,1,0,0) is different because the partial width ratio is quite suppressed in this
case. Also, the horizontal scale is different for the four panels, due to the large hierarchy of p — K*v, partial
lifetime in the four cases. Although some points are apparently excluded by the current 90% CL experimental
bound 1/T'(p — K*v) > 5.9 x 103 yr [55], these points are revived if (a, b’, ¢, d’) are reduced due to the
mixing of (3, 1, —1/3), (3, 1, 1/3) components of fields other than H, A, or if SUSY particles are slightly
heavier than the spectrum of Eq. (61).

points are apparently excluded by the current 90% confidence limit (CL) experimental bound
1/T(p — Ktv) > 5.9 x 103 yr [55], these points are revived if (a,?,c,d’) are reduced due
to the mixing of (3, 1, —1/3), (3, 1, 1/3) components of fields other than H, A, or if SUSY particles
are slightly heavier than the spectrum of Eq. (61) by factor O(1).

We find that the predictions for I'(p — K*9,) in the cases with (a,b',c’,d") = (1,0,0,0),
(0,1,0,0), (0,0,1,0), (0,0,0, 1) exhibit the following hierarchy:

[Case with (1,0,0,0)] <« [Case with (0,1,0,0)] < [Case with (0,0,1,0)] <« [Case with (0,0,0, 1)].

On the other hand, the predictions for the partial width ratio T'(p — K°u™)/T'(p — K*9,,) follow
the following pattern:

[Case with (0,1,0,0)] « [Case with (1,0,0,0)] ~ [Case with (0,0,1,0)] ~ [Case with (0,0,0, 1)].

From the above hierarchy patterns, we infer I'(p — K°u™)/T'(p — K*,,) for general values of
(a,b',c’,d") as follows.

© When d’ = O(1), the partial width I'(p — K*v,,) is dominated by the contribution from the
term with coefficient d’. Since the partial width ratio I'(p — K°u*)/T(» — K*v,) with
(a,b',c',d") = (0,0,0,1) is comparable to or larger than in the other cases, we expect that
I'(p — K%u*) is also dominated by the contribution from the term with @’. Therefore, we
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Fig.3. Same as Fig. 2 except that we take (a,d’,c¢’,d’) = (0,1,1,0), (0,4,1,0), (0,—1,1,0), (0,—i,1,0) in
Egs. (40)—(42).

conclude that when d' = O(1), irrespectively of the values of a,b’,c’, the prediction on the
partial width ratio is given by the lower right-hand panel of Fig. 2, where the partial width ratio
mostly varies in the range 0.05-0.6. This result is consistent with our estimate (59).

© When d’ = 0, the partial width I'(p — K79, receives comparable contributions from the

terms with ¢’ and »’. On the other hand, since the partial width ratio I'(p — K°u*)/T'(p —
K*tv,) with (a,b',’,d") = (0,1,0,0) is much smaller than that with (a, ¥, ¢,d’) = (0,0,1,0),
I'(p — K°u™h) receives contribution solely from the term with ¢’. Hence, when ¢/ = O(1)
and »’ = O(1), the partial width ratio T'(p — K°u™)/T'(p — K*9,) is suppressed if the
contributions of the terms with ¢’ and »" to I'(p — K*,) interfere constructively, and the
partial width ratio is enhanced if they interfere destructively. To examine these possibilities, we
present plots for cases with (a,b’,c’,d") = (0,1,1,0), (0,4,1,0), (0,—1,1,0), (0,—i,1,0) in
Fig. 3.

We observe that whend’ = 0, ¢’ = O(1) and b’ = O(1), the prediction on the partial width ratio
varies considerably with the relative phase of b’ and ¢’ and with different fitting results. Still,
we can assert that the ratio is above 0.01. The absence of strong suppression factor 0.3 - 0.002
is consistent with our estimate (59).

© Whend' = b =0,both '(p — KTv,) and I'(p — K°u") are dominated by the contribution

from the term with ¢’. We thus conclude that when d’ = b’ = 0, irrespectively of the value of a,
the prediction on the partial width ratio is given by the lower left-hand panel of Fig. 2, where
it varies in the ranges 0.03—0.2 and 0.4-0.8.

© Whend' = ¢’ = 0, the partial width I'(p — K*v,,) is dominated by the contribution from the

term with 5". On the other hand, since the partial width ratio T'(p — K°u)/T'(p — K*9,) is
much larger with (a, ¥, ¢/, d’) = (1,0,0,0) than with (a,4’,¢’,d") = (0,1,0,0),'(p — K'u™t)
might receive a larger contribution from the term with @ than from the term with »’. However, we
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have inspected cases with (a,?’,c',d") = (1,1,0,0), (i,1,0,0), (—1,1,0,0) and (—i,1,0,0)
and found that the distribution in these cases is almost identical to that with (a,d’,c’,d") =
(0,1,0,0). We thus conclude that when d' = ¢’ = 0, irrespectively of the value of a, the
prediction on the partial width ratio is given by the upper right-hand panel of Fig. 2, where it
is mostly suppressed below 0.0005. This result agrees with our estimate (60).

© Only in the very special case with d’ = ¢/ = b’ = 0 do we obtain the distribution of the upper
left-hand panel of Fig. 2, where the ratio is above 0.05.

To summarize, if &’ = O(1), the partial width ratio I'(p — K°u*)/T'(p — K*1,) is mostly in
the range 0.05-0.6. If d’ = 0, ¢’ = O(1) and ¥’ = O(1), the partial width ratio varies in a wide
range, still it is above 0.01. If d’ = b’ = 0 and ¢/ = O(1), it is in the ranges 0.03-0.2 and 0.4-0.8. If
d =c =b =0,itis above 0.05. Only when d’ = ¢/ = 0 and ' = O(1) is the partial width ratio
mostly highly suppressed below 0.0005.

Because there is no particular reason to believe d’ = 0, our most important result is the lower
right-hand panel of Fig. 2, which covers the case with d’ = O(1). Accordingly, our main prediction
is

r KO +

06 > PR LD s (68)
F'p—> K*tv,)

Considering the current 90% CL bound 1/T'(p — Ktv) > 59 x 10?3 yr [55], we can at best

observe the p — K°u™ decayatarate 1/T(p — K'ut) =1 x 10°* yr.

5. Summary

The ratio of the partial widths of some dimension-5 proton decay modes can be predicted without
knowledge of SUSY particle masses, and thus serves as a probe for various SUSY GUT models
even when SUSY particles are not discovered. We have focused on the partial width ratio I'(p —
K%uT)/T'(p — K*i,) inthe minimal renormalizable SUSY SO(10) GUT. In the model, the Wilson
coefficients of dimension-5 operators responsible for the p — K%ut and thep — K *v, decays are
on the same order, and I'(p — K°ut)/T(p — K *1,,) is largely determined by the ratio of baryon
chiral Lagrangian parameters and is estimated to be O(0.1). This is in striking contrast to the minimal
SU(5) GUT, where this partial width ratio is further suppressed by a factor of y2/(1%y.)? =~ 0.002.
To confirm that I'(p — K°u™*)/T'(» — K*9,) = 0(0.1) in the minimal renormalizable SUSY
SO(10) GUT, we have numerically determined Y19, Y126 through a fitting of the quark and charged
lepton Yukawa couplings and neutrino mass matrix, and calculated the partial width ratio based on
the fitting results. Our most important finding is that the partial width ratio generally varies in the
range 0.6 > T'(p — K'u*)/T'(p — K*9,) > 0.05 in the most generic case where &’ = O(1) in
Egs. (40)—(42).
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