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ABSTRACT: We study colored Higgsino-mediated proton decay (dimension-five proton de-
cay) in a model based on the flipped SU(5) GUT. In the model, the GUT-breaking 10, 10
fields have a GUT-scale mass term and gain VEVs through higher-dimensional opera-
tors, which induces an effective mass term between the color triplets in the 5, 5 Higgs
fields that is not much smaller than the GUT scale. This model structure gives rise to
observable dimension-five proton decay, and at the same time achieves moderate suppres-
sion on dimension-five proton decay that softens the tension with the current bound on
['(p — K*r). We investigate the flavor dependence of the Wilson coefficients of the oper-
ators relevant to dimension-five proton decay, by relating them with diagonalized Yukawa
couplings and CKM matrix components in MSSM, utilizing the fact that the GUT Yukawa
couplings are in one-to-one correspondence with the MSSM Yukawa couplings in flipped
models. Then we numerically evaluate the Wilson coefficients, and predict the distributions
of the ratios of the partial widths of various proton decay modes.
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1 Introduction

Proton decay mediated by colored Higgsinos in supersymmetric grand unified theories
(SUSY GUTs) [1, 2], called dimension-five proton decay, is a primary target in the proton
decay searches at HyperKamiokande [3], JUNO [4], and DUNE [5, 6]. This is because
the GUT gauge boson mass is predicted to be ~ 2 - 106 GeV in usual SUSY GUTs and
the corresponding partial width of GUT gauge boson-mediated proton decay is out of the
sensitivity ranges of the above experiments (however, proton decay mediated by (3,2,1/6)
gauge boson in SUSY SO(10) GUT can be accessible [7]). In non-SUSY GUTs, GUT gauge
boson-mediated proton decay can be within the experimental reach, and one can even set
upper bounds on the proton lifetime in some cases [8]. Nevertheless, dependence on the
choice of split SU(5) multiplets that assist the gauge coupling unification, is inevitable.
In contrast, if Nature favors as light SUSY particles as possible (e.g., the SUSY particle
mass spectrum is such that the p — KT partial width is narrowly above the current
experimental bound [9]) for the naturalness of the electroweak scale, there is a great chance
that dimension-five proton decay is observed in forthcoming experiments. (For study on
proton decay and the LHC bounds on SUSY particle masses and the Higgs particle mass, see
refs. [10, 11].) In this situation, it is important to study the flavor dependence of dimension-
five proton decay in various SUSY GUT models, and compare the partial widths of different
decay modes, as in ref. [12], to bridge theory and proton decay search experiments.

In this paper, we focus on dimension-five proton decay in a model based on the SUSY
flipped SU(5) GUT [13, 14].! Although the flipped SU(5) GUT by itself cannot address
the origin of the U(1) hypercharge quantization, it has attractive features such as the
realization of the doublet-triplet splitting, and the suppression of dimension-five proton
decay that allows one to lower the sfermion mass without conflicting the current bound

! A non-SUSY model has first appeared in ref. [15].



on the p — K7 decay. In pervasive models of the SUSY flipped SU(5) GUT, dimension-
five proton decay is in effect totally suppressed, because the mass term between the color
triplets in the 5, 5 Higgs fields and that between the color triplets in the GUT-breaking
10, 10 fields, are at the soft SUSY breaking scale, not at the GUT scale. However, if the
GUT-breaking 10, 10 fields are allowed to possess a GUT-scale mass term and gain vacuum
expectation values (VEVs) through higher-dimensional operators, then the color triplets in
the 5, 5 fields gain an effective mass term not much smaller than the GUT scale, which gives
rise to observable dimension-five proton decays. Meanwhile, the operators obtained after
integrating out the colored Higgsinos can be O(100) times suppressed compared to those
in non-flipped models, which mitigates the tension with the current experimental bound
on the p — K*¥ mode. We materialize the above possibility in our model of the SUSY
flipped SU(5) GUT, and investigate the flavor dependence of dimension-five proton decay
in the model. Interestingly, since the GUT Yukawa couplings for the 5, 5 Higgs fields are
in one-to-one correspondence with the Yukawa couplings of the minimal SUSY Standard
Model (MSSM), we have a strong predictive power on the flavor structure of the Wilson
coefficients of the operators relevant to dimension-five proton decay. We take advantage
of the above feature and express the Wilson coefficients in terms of diagonalized Yukawa
couplings and Cabibbo-Kobayashi-Maskawa (CKM) matrix components in MSSM, plus one
unknown unitary matrix and several unknown phases. Then we vary the unknown unitary
matrix and phases and predict the distributions of the partial width ratios of different
proton decay modes.

Previously, colored Higgsino-mediated proton decay in the SUSY flipped SU(5) GUT
has been studied in ref. [16]. However, since the mass term between the color triplets of
the 5, 5 Higgs fields and that between the color triplets of the GUT-breaking 10, 10 fields
are highly suppressed, only chirality non-flipping colored Higgsino exchange is considered,
unlike the present paper where we focus on chirality flipping colored Higgsino exchange. For
reference, GUT gauge boson-mediated proton decay in SUSY flipped SU(5) GUT models
has been investigated in refs. [17]-[24].

This paper is organized as follows. In section 2, we describe our model of the SUSY
flipped SU(5) GUT. In section 3, we present the expressions for the Wilson coefficients of
dimension-five operators obtained after integrating out colored Higgs fields and dimension-
six operators obtained after integrating out the SUSY particles which contribute to proton
decay. In section 4, we investigate the flavor dependence of the Wilson coefficients by re-
lating them with diagonalized Yukawa couplings and CKM matrix in MSSM. In section 5,
we numerically evaluate the Wilson coefficients using the values of diagonalized Yukawa
couplings and CKM matrix based on experimental data, and randomly varying the remain-
ing unknown parameters. The results are presented as a prediction for the distributions of
proton decay partial width ratios. Section 6 summarizes the paper.

2 Model

We consider a model based on SU(5) x U(1)x gauge group and the Z, matter parity.
The field content is as follows: three generations of chiral superfields in (10,1), (5, —3),



chiral superfield | SU(5) | U(1)x | R-parity
10! 10 1 —1
5, 5 -3 -1
1% 1 5 -1
H 10 +1
H 10 -1 +1
h 5 -2 +1
h 5 2 +1
by 24 0 +1
S 1 0 ~1

Table 1. Field content. ¢ labels the three generations.

(1,5) representations of SU(5) x U(1)x and with Z; matter parity —1, denoted by 10¢,
5! 4, 1L where i labels the three generations; chiral superfields in (10, 1), (10, —1) repre-
sentations and with Z matter parity +1, denoted by H, H; chiral superfields in (5, —2),
(5,2) representations and with Z matter parity +1, denoted by h, h. Additionally, we
introduce a chiral superfield in (24, 0) representation with Zs matter parity +1, denoted
by ¥, and three generations of chiral superfields in (1,0) representation with Z; matter
parity —1, denoted by S’. The field content is summarized in table 1. The fundamental
superpotential reads

W' = (Yy)i; 105 107 b+ (Y,,)i; 105 57 7o+ (Vo) 575 11 A
+punhh +XHHh+NHHh+ MHH
_ 1 1
+xkYHH + §ME »2 4+ §A2 3
. | y
+ (YS)U 1011 ST H + §Msi StSt. (2.1)

Here we assume that there are no higher-dimensional operators at this stage. The mass
terms for the 3 and S fields are assumed to originate from some Planck-scale physics and
their masses My, Mg are about the reduced Planck mass Mp = 2.4 - 10'¥ GeV. On the
other hand, py, is at the soft SUSY breaking scale, while M is about (GUT scale)?/Mp,
as shown later. The origin of the hierarchy |up| < | M| can be explained by introducing
an R-symmetry under which H, H and the matter superfields have R-charge 1 and h,h
have 0 and by assuming that the Planck-scale physics that gives rise to My, Mg: does not
respect this R-symmetry. By integrating out ¥ and S, we obtain the following effective
superpotential at scales below Mp:

W = (Yq)i; 105 10 h + (V)55 108 5 s b+ (Y2);; 5 5 12
+pupnhh +XHHh+NHHh+MHH

I oM (H10%)(H10)), (2.2)




where HHHH stands for the coupling where SU(5) indices are summed cyclically and
(H10%)(H10)) the couplings where SU(5) indices are summed separately in each bracket.
The HHHH operator, obtained by integrating out ¥, triggers GUT breaking, while the
(FlOﬁ)(FlO{) operators, obtained by integrating out S%’s, generate the Majorana mass
of the singlet neutrinos. The isospin-doublet components of h, h gain mass only from the
i hh term, while the color-triplet components additionally gain GUT-scale mass from the
ANHHR + X\ H H h terms after GUT-breaking, which achieves the doublet-triplet splitting.
Note that the effective superpotential eq. (2.2) does not contain higher-dimensional op-
erators giving rise to proton decay 10%10{10%5{ 3; proton decay occurs only through the
exchange of colored Higgsinos, colored Higgs bosons and GUT gauge bosons (the contri-
butions of the latter two can be neglected in the present model).

Let us write the Standard Model (SM) gauge-singlet, color-triplet and color-anti-triplet
components of H as N, Qu, D%, and the SM gauge-singlet, color-anti-triplet and color-
triplet components of H as ng, Qy, bil, respectively. N, Nfg develop VEVs as

(Ni)(Ny) = 2M My /w2, [(NED| = [(N ) (2.3)

and break SU(5) x U(1)x into the SM gauge group. The Qp,Qp fields are would-be
Nambu-Goldstone modes eaten by the GUT gauge boson. Along the GUT breaking, h is
decomposed into isospin-doublet H; and color-triplet EZ, and h into isospin-doublet H,
and color-anti-triplet Dj. The H,4, H, fields are identified with the MSSM down-type and
up-type Higgs fields, respectively. The 52, E;,, D5, D§; fields constitute the colored Higgs
fields. Along the GUT breaking, 10}, 5° 5, 1% fields are decomposed as

10} — Q°, D°%, N, 5, = U L, L B

where Q!, U¢!, D¢, L}, E°!, N¢ are identified with the MSSM quark doublets, up-type
quark singlets, down-type quark singlets, lepton doublets, charged leptons, and the singlet
neutrinos, respectively. Couplings (Yg)ij, (Yu)ij, (Ye)i; are identified with the down-type
quark, up-type quark and charged lepton Yukawa couplings of MSSM, respectively.

The tiny active neutrino mass is generated via the Type-1 seesaw mechanism [25]-[29].
The Majorana mass term for the singlet neutrinos is generated from the second term of
the third line of eq. (2.2) along the GUT breaking as

(Ys)ir(Ys) jk

O (2.4)

W D _ L yeipyed
2
Since the Dirac mass for N¢? and L7 is given by (Yu)ijvu/ﬂ with v, = sin 5-246 GeV,
the active neutrino mass matrix is obtained as

2
M, = YIYIMevgty, i (2.5)
(N)

where Mg = diag(Mg1, Mg2, Mgs). We estimate the scale of the components of Yg.
Consider a special case where Mg = Mpdiag(1,1,1) and Y, is given by

Y, = diag(Yu, Ye» 1) Ul ng (2.6)



in the basis where the lepton-doublet components of 5i_3 diagonalize the charged lepton
mass matrix. Here Up;yg denotes Maki-Nakagawa-Sakata matrix [30]. In this case, we get

Y — diag(yu/ /75, Yo/ /5, 91/ /i75) ﬁ (27)

where m1,mg, m3 are the active neutrino masses. For [(N%;)| ~ 3-10'0 GeV, v, ~ 246 GeV,

and for the normal hierarchy with mo > my, the following numerical values reproduce the
measured neutrino mass differences:

Ys = diag(a, 0.006, 0.9)  with a > 107%. (2.8)

We expect that in general cases suppression of some components of Yg at O(10~3) suffices
to reproduce the measured neutrino mass differences.

3 Wilson coefficients contributing to proton decay

We focus on proton decay mediated by colored Higgsinos. The mass matrix for the colored
Higgs fields reads

W > (D5, D) M, <5Z> . My, = <A<%ﬁ1> A <]\JZH>> . (3.1)

The colored Higgs fields couple to the matter fields as

W D (Yq)i;Q'Q’ Dy, + (Yy)i; DN Dy, + (Ya,)i; Q'L D§
+(Y,)i; DU D§ + (Ye)i;U'EI D,. (3.2)

Integrating out the colored Higgs fields, we obtain the following dimension-five opera-
tors responsible for proton decay:

~Ws = SO (QQN(Q'LY) + O3 EFUlUe DY (3.3)

where in the first term isospin indices are summed in each bracket, and the Wilson coeffi-
cients satisfy

CHM = ne) = (Mton { (FDu(Ya)s; — 5oy - 50D (¥ay |

)
W=HHq

CoM (= pre) = Myt {(Ve)u(Ya)ji — (Ye)in (Yt} umpu, (3.4)

where p denotes the renormalization scale and pp,, is about the colored Higgs mass eigen-
values. The effective inverse of the D§, D, fields, (/\/l[}lc)n, is obtained from eq. (3.1) as

M= M (35)
He/WL = TAN(NE W (Ny) 20N My '




where we have used the fact that uy is negligible compared to the GUT-scale, and used
eq. (2.3) in the second equality. When |x?/(2A\)| = 1 and My, = Mp, the Wilson coeffi-
cients Céijl, C’é%f ! are about 100 times suppressed compared to non-flipped models, where
(Mﬁlc)ll is given by the inverse of the colored Higgs mass ~ 2-10'6 GeV. The resulting 10*
suppression on proton decay partial widths allows the model to evade the current stringent
experimental bound on the p — KT decay without enormously raising sfermion masses.
Still, the suppression is not strong, and leaves the possibility of observing proton decay in
near-future experiments.

Integrating out the SUSY particles, we obtain the following operators responsible for

proton decay:

Lo = CPF el ) (6, ) + R 08 ), 0, ) + C () (ke 0 Y(3.6)

where 9 denotes a SM Weyl spinor and spinor index is summed in each bracket. Those
Wilson coefficients which contribute to proton decay are C§qud Csqud  Cdaus, C’uBUd
C’uB e C“de C’ﬁ%” C“”d with o = e, u, 7 and 8 = e, u. They satisfy, at the soft SUSY

breakmg scale i = psUsy,>

C’daud(MSUSY) = m—vg}“ (]MVT/IZ/mé, ml%a/mé) g% (Cdo‘“d C’”O‘dd) |l i=psusy s (3.7)
q
soud MIX/ 2 2 2 2 2 saud uo ds
Cr1" (psusy) = m2 }—(’Mﬁ/’ /mqa M ja mq) 92 (C ) >|M:,U«SUSY’ (3.8)
q
M~
il (ususy) = — 5 F (Mg " fm3, m3. /m3) g5 (C45"° = G342 %) lumpsvsrs  (3.9)
q
M~
Bud d d
@Lu (NSUSY) = mg/ F (’MVT/IZ/mé’ m%ﬂ/m@ g%( CgLBu +C Buu) |M:MSUSY7 (3‘10)
q
M~
B
T (nsusy) = — 5 F (1M */m3, m3y/m3) g3 (~Cap ™ + C32™) humpsusys (3:11)
q
Bh £ m
CHi (ususy) = L5 F (lunf*/m, m, /m3 ) (V™) gy O3 limsvss (312)
tR
Cude K I 27,2 2 2 J/ckm Cudrt 3.13
(,UfSUSY) mg (|/14h‘ /m{Ra mz m£R> ( ts ) YtyYr |,u HSUSY )’ ( . )
tr
Mh
CHi ™ (nsusy) = Lo F (lunl /m3, . m2, fm? ) (V™) wryr Ci sy (3:14)
tr
Here F,F are loop functions given by F(z,y) = xi (1% logz — ﬁlogy)/l&r2
Iil( —logz + 1)/167% and Flz,y) = —= y( —logx — —10gy)/167r2, and Mg, pp, mg,

Mo, M, Miy respectively denote the Wino mass, p-term, mass of 1st and 2nd generation

When writing C:2%?, we mean that Q; is in the flavor basis where the down-type quark Yukawa
coupling is diagonal and that the down-type quark component of Q; is exactly s quark (the up-type quark
component of @Q; is a mixture of u, ¢,t). Likewise, Qy is in the flavor basis where the up-type quark Yukawa
coupling is diagonal and its up-type component is exactly v quark, and @Q); is in the flavor basis where the
down-type quark Yukawa coupling is diagonal and its down-type quark component is exactly d quark. The
same rule applies to C¥* % and others.



isospin-doublet squarks (assumed degenerate), mass of isospin-doublet slepton of flavor «,
mass of isospin-singlet top squark, and mass of isospin-singlet tau slepton (mixings between
isospin-doublet and singlet sfermions are neglected). w:, yr, VK™ denote the top quark
and tau lepton Yukawa couplings and CKM matrix, respectively.

Finally, Cdaud csaud cdaus guiud Gubus cudrd cudrs custd gt 5 hadronic scale

[t = Hhad determine proton decay amphtudes.

4 Flavor dependence of Wilson coefficients

We investigate the flavor dependence of the Wilson coefficients C¢gud Cyqud — (Cdaus,
Cuﬁud 6“6“8 cudrd cudrs oustd (o = e, u,7 and B = e,pu) by relating them with
diagonalized Yukawa couplings and the CKM matrix in MSSM. We can write

C1%" (haa) = Clra {(V)urdy (Yo)dpar — (Yaddrar (Va)usar oy, (4.1)
Ci5" (had) = Cpa A(Vaurdr Ydssar = (Ydapsr Yidupar sy, (4.2)
C13" (haa) = CLra A(Yadups, YVidarar = (Yadaysy (Yo)urar My, (4.3)
O (mad) = CLps {(Vaurur Vdarsy = Yadupds (Va)usse Yy (4.4)
CYL" (had) = CLop {VDugas Vil — Vadugss Yiduwo Yy (45)

CHE (had) = Chr, (Vi™) umpususy {Vedtnrn(Yaddpun = (Yo)unra (Va)ntr My,
(4.6)

CHL (1mad) = Chr (V™) lu=psvsy {(Ye)tnra Yadagun — (Yo)ugra Yudantn ey, -
(4.7)

CE (ma) = Ot (V™) lumpsusy {0V tnrn Va)snun = Vounrn (Vadsntn iz,
(4.8)

Here CY;,, (o =e,u,7), C%; are defined as

O = S(MiE ) A M%?f(wm?/mz, md, m2) AN Glipers (49)

0 -1 AMSSM Nh 7 2 2
Chp = Myt AN L F (jpn2fmi, m2 fm2 ) ARE yugrlumpsusy  (410)
tR
where AMSSM yepresents renormalization group (RG) corrections for C’?Lkl in MSSM that

involve three light-flavor (1st and 2nd generations) quarks and one lepton of flavor a, and

Al\Rf[tSTSM those for Cézf !'in MSSM that involve two light-flavor quarks, one top quark and one
tau lepton. ASM and AS respectively represent RG corrections for CZLJEI, C’” K and Cgfl
in SM involving no top quark When defining AMSSM A%ItSTSM A%\f, ASM n1., we neglect the
1st and 2nd generation Yukawa couplings in MSSM, and the Yukawa couplings other than
the top quark’s in SM. (Then we have AMSSM AMSSM but we adhere to the redundant
notation with AMSSM for brevity.)

The Yukawa coupling components in egs. (4.1)-(4.8) are related to diagonalized
Yukawa couplings and CKM matrix components as follows: since Yy is a symmetric ma-
trix, and since Yy by definition satisfies (Yg)a,dp, = Yd, (Yd)spsn = Yss Ya)boop = Yb,



(Yd)dLSR = (Yd)dLbR = (Yd>sLdR = (Yd)sLbR = (Yd)deR = (Yd)bLSR = 0, we have
(Yd)deL = Yaqc (Yd)SLSL = Ys ei@? (Yd)bLbL =We
(Yd)dLSL = (Yd)SLbL = (Yd)deL = (Yd)SLdL = (Yd)bLsL = (Yd)dLbL =0 (4-11)

i1 i3
b bl

where 34, ys, yp» denote the diagonalized Yukawa couplings for the down, strange and bottom
quarks, respectively, and ¢1, @2, @3 are unknown phases. Combining eq. (4.11) with the
definition of the CKM matrix, we get

Ya)ua, = (Vig™)" (Ya)aza, = (Vig™) wae' ™,

Juzse = (V™) (Yadspsr = (Vg™ s %2,

Jurur = (Vid™)* (Ya)apa, (Vig™)* (Vii‘m) (Ya)spsr (Viis™)*
+ (V™) (Ya)osor (Vip™)*

= (Vid™) 2 ya e’ + (Vi) 2 ys e %2 + (V™) 2 gy e’ (4.12)

585

where Vig-km denote components of the CKM matrix. From the definition of Y, and the
CKM matrix, we get, for a« = e, u, 7,

(Ya)upar, = (Yu)uLuRUUROcL = Yu Uugay,
(Yu)dLOtL VCkm( U)ULURUURO‘L VCkm( U)CLCRUCRCVL + V;fzcikm(yu)tLtRUtRaL
- VCkm Yu UuRaL VCkm Ye UcRaL + V;t(c:lkm Yt UtRaLa

(Yu)SLaL = Vzg{m Yu Uugay, + Vc(;km YeUcgay, + Vtgkm Yt Utgay, (4~13)

where 4., Y., y: denote the diagonalized Yukawa couplings for the up, charm and top quarks,
respectively, and U;; is a component of an unknown unitary matrix U that transforms the
flavor basis of 5¢ 3’s as

(s
5% | =U [ 5% | (4.14)
5% 5%

Combining the definition of Y, with eq. (4.14), we get
(Ye)tRTR = Ut*RTLy7'7 (}/e)uRTR = U:RTLyT' (415)

Eq. (4.11) gives that the flavor basis of 10¢ is transformed as

109z eidr 0 0\ /105
102 [ =] 0 €%z 0 107% | . (4.16)
1057 0 0 e®) \10"

Combining eq. (4.16) with the definition of CKM matrix, we get

- e_i & (YU)stR = e_i o1 Vt(c:lkm Ye
=e ' (Yu)sLtR =e 19 V;E(;km Yi
(4.17)

(Yu)dRuR - e_i¢1 (Yu)dLuR = e_i(bl V'zfcll{m y”LH (YU)
(Ya) =e i (Yu)spup = el V’u?;(m Yu, (Yau)

SRUR

drtr

SRR



Inserting eqs. (4.11)—(4.13), (4.15), (4.17) into eqgs. (4.1)—(4.8), we obtain

Cg%Ud(uhad)/C?,La = ei " {(V;zli{m)*yd(vzlei{m Yu UuRaL + ch%m Ye UcRaL + ‘/tfikm Yt UtROzL)

= YdYuUugay } (4.18)
C23 " (pmaa) /Cra = €% (V™) va (Vis™ Yu Uupar, + Ves™ Ye Uepar, + Vie™ 41 Utpay,)
(4.19)
dous 0 _ i ckm\ * ckm ckm ckm
Cr1" (had)/ClLra = € (Vs ") ys Vid ™ Yu Uupar + Vea YeUcpar +Vig Ut UtRaL)
(4.20)

Crt" (mmaa) /O = { (VEEm) 2 yg 191+ (V™) 2y, 92 4 (Vekm) 2 y, )

X (VeE™ gu Uy, + Vit™ Ye Uengy, + Vit ™ e Ures )

—(Vid™)* yae' ™ yu UuRﬁL}a (4.21)
11" (maa) /O = { ((VEE™) e+ (V™) s € 4 (V™) P ')

X (szf;{m Yu UUR,/BL + V;:(?skm Ye UCR/J’L + Vtcskm Yt UtRﬁL)

— (V™) s € gy Uy } (4.22)
CH i)/ Chp, = € O (Vg™ yr (U, V™ g = U, ViF™ ), (4.23)
CHIT (1) /R, = € P (Vor™) g (U, V™ — U, V™), (4.24)
O () /Cp, = € 2 (Viog™ ) o (U, VS — U, Vi), (4.25)

where the diagonalized Yukawa couplings and CKM matrix components are evaluated at
scale p = pp,,, except for V:}:m, fojm, which are evaluated at u = psysy. The right-hand
sides of egs. (4.18)—(4.25) contain diagonalized Yukawa couplings and components of the

CKM matrix, and mostly determine the order of magnitude of each Wilson coefficient.

5 Numerical analysis

We numerically evaluate the right-hand sides of eqs. (4.18)—(4.25) by randomly varying the
unknown unitary matrix U and unknown phases ¢1, ¢2, ¢3. The result is presented in the
form of the ratios of the proton decay partial widths below,

Lp—atv)= >, Tlp—7'r), (5.1)
I'(p— K*v) :a—;:” T(p — K a), (5.2)
L(p— x%8%), . (5.3)
L(p—nB"), (5.4)
L(p — K°B7Y), (8= e p), (5.5)

which are suitable for the presentation because they are observable quantities.



The partial width of each mode is given by

_ | . 2
L(p — ntug) =C ‘ﬁH(Mhad)f (1+ D+ F) CH7" (tmaa)

™

(5 = 6,,&), (56)

— 1 R 1 ud T
L(p—7ti,)=C ‘/BH(Mhad) (14+ D+ F) C¥" (1inaa) + aH(Mhad)JTCR% U nad)

™

(5.7)
1 D sBu 2D 43 us 2
I'(p— K'ig) = ‘/BH Mhad)f {(1 + 3 + F> CLBL U(inaa) + ?Cﬁ (Mhad)}
(B=e, ), (5.8)
+ = 1 D sTud dr us
Ip— Kv:)=C ﬁH(#had)JT I+ 5+ F)Crp (thad) + C (thad)
1 D udTs us 7d 2
+ OéH(Hhad)]T {<1 + 3+ F> CrL™ (thad) + 70 (Mhad)} , (5.9)
I(p—n'fT)=C /BH(#had)JTﬁ (1+ D+ F)Cpp" (1thaa) (5.10)
2
1 /3 D u
o= 15" =C Bt 3 (1= 5+ F) CE ) (5.11)
2
P(p = K°5%) =C () 5~ (1 = D+ F) T Cr" (unaa)|
(B=e, ), (5.12)
2
where C = FL (1 - —2) , and oy, By denote hadronic matrix elements, and D, F' are
N

parameters of the baryon chiral Lagrangian. The mass splittings among nucleons and
hyperons are neglected.

In the evaluation of the proton decay partial widths, the baryon chiral Lagrangian
parameters are given by D = 0.804, F' = 0.463, and the hadronic matrix elements are
taken from ref. [31] as oy (fihad) = —Ba (fhad) = —0.0144 GeV? for pinag = 2 GeV.

In the calculation of C9, , C%,  defined in egs. (4.9), (4.10), we assume two benchmark
SUSY particle mass spectra. In one spectrum, the pole masses and tan 3 satisfy

Msfermion = Myo = Mp+ = MMA = |M§‘ = |Mﬁ/| = |up| =100 TeV,
tan 3 =5, (5.13)

and in the other spectrum, they satisfy

Msfermion = MyO0 = Mp+ = MA = |ME| = |Mﬁ/| = |un| = 30 TeV,
tan 8 = 50, (5.14)

where all the sfermions are mass-degenerate. The relative phase between My, and fip,
which determines the relative phase between C%La and C’%L, is varied randomly. The
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first spectrum represents the case with low tan S and the second spectrum the case with
high tan 8. In both spectra, the correct electroweak symmetry breaking and the values
of myo, my+, mg can be achieved by a fine-tuning of soft SUSY breaking parameters
m%lu, m%{d, By (since mgo, mpg+, ma are much above the electroweak scale, the equality
mpo = mg+ = my4 holds to a good precision). Both spectra satisfy the 1-loop matching
condition [47] for the SM Higgs quartic coupling around scale p = Mmgfermion (With vanish-
ing A-terms) and thus can realize the correct Higgs particle mass 125 GeV. For the first
spectrum, the model evades the current experimental bounds on proton decay, including
the 90% CL bound on the p — K+ mode, 1/T(p — K*¥) > 5.9 x 1033 yrs [9], when
(M;Ilc)n < 0.02/Mp (slightly smaller than the estimate after eq. (3.5)). For the second
spectrum, the model evades the current experimental bounds when (M;Ilc)u < 2/Mp. The
SUSY particle masses can be made smaller and be at TeV scale if we set (Mf}lc)n < 1/Mp
by taking |k| < 1. However, since such small x is not natural, we adhere to the relation
(M;Ilc)ll ~ 1/Mp and assume O(10) to 100 TeV SUSY particle mass spectra. We com-
ment on the unification of the SU(3)¢ and SU(2);, gauge couplings g3, g2 under the above
SUSY particle mass spectrum. Let us focus on the case with |[AN| ~ 1 and where the
GUT-breaking VEVs are smaller than the Planck scale. We note that in this case the
colored Higgs masses Mp,,,, Mp,, originate mostly from the GUT-breaking VEVs and
satisfy M., Mg, = |[A(N§)(Ng)|.> On the other hand, the GUT gauge boson mass
Mg satisfies M2 = g33|(NG)(N)| (923 denotes the unified gauge coupling). Then we get
My, My, ~ M%, and we can use the 1-loop unification condition,
1 1 p [

Y = 2log— {410 E (5.15)
AR A My, My, Mg

Numerically evaluating the condition, we obtain
MEMy ., Mg, = (1-10'° GeV)* (5.16)

with negligible dependence on tan 3. The unification of g3, go constrains the colored Higgs
masses and GUT gauge boson mass as above.

The RG corrections for the Wilson coefficients in MSSM and SM are calculated by using
1-loop RG equations in refs. [32, 33]. We fix ug. = 2- 109 GeV and psysy = Mstermion-

The right-hand sides of eqs. (4.18)—(4.25) are evaluated by solving the 2-loop RG
equations of the Yukawa couplings in SM and MSSM with the above SUSY particle
mass spectrum. The input values of the RG equations are given in terms of quark
and lepton masses and Wolfenstein parameters, and are taken from the central val-
ues of the following experimental data: the isospin-averaged quark mass and strange
quark mass in MS scheme are obtained from lattice calculations in refs. [34-39] as
$(my + mg)(2 GeV) = 3.373(80) MeV and my(2 GeV) = 92.0(2.1) MeV. The up and
down quark mass ratio is obtained from an estimate in ref. [40] as m,/mg = 0.46(3).
The MS charm and bottom quark masses are obtained from QCD sum rule calcula-
tions in ref. [41] as m.(3 GeV) = 0.986 — 9(a§5)(MZ) — 0.1189)/0.002 + 0.010 GeV and

3To see this, note that the vacuum condition eq. (2.3) gives |(N&)| = [(Ng)| > M. Then the mass
matrix eq. (3.1) leads to Mg, Mg, = M (NN
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mp(my) = 4.163 + 7(al’” (M) — 0.1189)/0.002 £ 0.014 GeV. The top quark pole mass is
obtained from the latest measurement of the CMS Collaboration [43] as 170.5 & 0.8 GeV.
The values of the Wolfenstein parameters are taken from the CKM fitter result [42]. For
the QCD and QED gauge couplings, we use ag5) (Mz) = 0.1181 and o®) (M) = 1/127.95.
For the lepton and W, Z, Higgs pole masses, we use the values in Particle Data Group [44].

We comment on the impact of the choice of the benchmark spectrum in eq. (5.13). If
the spectrum deviates from eq. (5.13) and the masses of isospin-doublet sleptons 02 are
split, this gives rise to a splitting in C’% Lo S, which affects proton decay partial width ratios.
However, since the right-hand sides of egs. (4.18)—(4.25) have a large hierarchy, the possible
splitting in Cg Lo S has only a minor impact on proton decay partial width ratios. Likewise,
a splitting in the 1st and 2nd generation isospin-doublet squark masses does not change
the result significantly.

The unknown unitary matrix U is varied with the Haar measure given by [45, 46]

1 0 0 cos 013 0 sin (9236_21(s
U = e'Met@1Xstiw2ds | cogfos sin fog 0 1 0
0 —sin 693 cos O3 —sinfage’® 0 cos b3
cosfia sinfio 0
X | —sin 912 COS 912 0 6in)\3+iX2>\8, (517)
0 0 1
dU = dsin® a3 dcos* 015 dsin® 619 dny dwi dws dédyr dye, (5.18)

where \3 = diag(1,—1,0), As = diag(1,1,—2)/v/3. The use of the Haar measure is justi-
fiable because we have no information on the flavor basis of 5 ;’s and the Haar measure
is invariant under an arbitrary unitary transformation on the basis. The unknown phases
¢1, P2, @3 and the relative phase between MVT/ and uyp are varied with the flat distribution.

We present the result of the numerical analysis. Since I'(p — K 7) is the largest partial
width in the entire parameter space, the phenomenologically most meaningful quantities
are the ratios of I'(p — K ') and the other partial widths. Therefore, we show the
distributions of

P(p—ntv) Tp—=n"8Y) TE—ns") TE—KBH
TpoK5) TpoKoD) Tpokd) Tepokm GO-on (619

corresponding to randomly varied values of the unknown unitary matrix U, unknown phases
¢1, ¢2, ¢3, and relative phase between My, and pp. Figures 1 and 2 are the distributions
for tan 5 = 5, 50, respectively.

From figures 1, 2, we find that for low tan g such as tan 8 = 5, the ratio 11:((5;}7[7;?)
can be in the range 0.1-0.2 with O(0.1) probability. Therefore, future sensitivity study on
the p — 777 mode should be performed seriously, to examine the possibility of observing
both decay modes. The other partial width ratios are mostly below 0.05 for both low and

high tan 5. However, for low tan 8 such as tan 8 = 5, there is a non-negligible probability
L(p—=7°8t) L(p—=nBt)
that T(=Ters) and 155

['(p — K*v) [9] and the future sensitivity reach for I'(p — 7°7) [3] imply that p — 7°8+,

are in the range 0.05-0.1. In this case, the current bound on
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Figure 1. Distributions of proton decay partial width ratios corresponding to randomly varied
values of the unknown unitary matrix U, unknown phases ¢1, ¢, @3, and relative phase between
M and pp. The vertical axis is linear and in arbitrary units. Here we assume tan g = 5.

~13 -



600000 1
500000 1
200000 1
100000 1
0.0 0.1 0.2 03 0.4
M(p->1°e*) / M(p->K*V)
600000 600000 1
500000 500000 1
200000 200000 - 1
100000 - 100000 1
0.0 0.1 02 03 0.4 0.0 01 02 03 0.4
T(p->1°u*) I T(p-K*v) T(p—ne*) I T(p->K*v)
) j j j j 300000 ' ‘ ‘ ‘ ‘ 1
600000
500000
200000 1
150000 1
100000 soo0op ]
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 03 0.4
M(p->nu*) I T(p->K*v) M(p->K%e*) I T(p>K*v)
300000 ' ‘ ‘ ‘ ‘ ' ' ' ' ‘
140000 -
120000 1
200000 100000 1
150000 goooop ]
40000 -
50000
ol L — T “ - L S R =
0.0 0.1 02 0.3 0.4 ’0.0 0.1 0.2 0.3 0.4

M(p->K°u*) I T(p>K*v)

Figure 2. Same

[(p->7t*v) I T(p>K*v)

as figure 1 except that we assume tan § = 50.
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L(p—K°8%)
T(p—K*0p)
tail above 0.05, which indicates that there is a non-zero probability that p — K°3% can
C(p—K°8%) _ O(O 1)
Tp—kto) - ZWL)

along with p — KT, can be discovered. Also, the distributions of show a long

be discovered with a large rate with

6 Summary

We have studied dimension-five proton decay in a model based on the flipped SU(5) GUT.
In the model, the GUT-breaking 10, 10 fields have a GUT-scale mass term and gain VEVs
through operators suppressed by the Planck scale. This structure induces an effective mass
term not much smaller than the GUT scale between the color triplets in the 5, 5 Higgs
fields. This mass term gives rise to observable dimension-five proton decay, and at the same
time achieves moderate suppression on dimension-five proton decay amplitudes, which is
estimated to be 0.01 if the coefficients in the superpotential eq. (2.2) satisfies |1 /(AN)| = 1.

We have investigated the flavor structure of the Wilson coefficients of the operators
contributing to dimension-five proton decay, and expressed them in terms of diagonalized
Yukawa couplings and CKM matrix components in MSSM plus an unknown unitary matrix
U and unknown phases. We have numerically evaluated the Wilson coefficients by randomly
varying U and the unknown phases, and presented the result in the form of the distributions
of the partial width ratios of various proton decay modes for a benchmark SUSY particle
spectrum. We have found that the ratio 11:((5:7;;?) can be in the range 0.1-0.2 with O(0.1)

probability for low tan 8 such as tan 3 = 5. Also, for such low tan 3, it is possible that
Llp=m®8t) g Le=ns)
I(p—K*rv) I(p—K*ro)
L(p—=Ko8%) _

m - O(O.l).

are in the range 0.05-0.1, and there is a non-zero probability that
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