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Effect of an RRRR dimension 5 operator on proton decay in the minimal
SU„5… SUGRA GUT model
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We reanalyze the proton decay in the minimal SU~5! SUGRA GUT model. Unlike previous analyses, we
take into account a Higgsino dressing diagram of a dimension 5 operator with right-handed matter fields

(RRRRoperator!. It is shown that this diagram gives a dominant contribution forp→K1n̄t over that from the

LLLL operator, and the decay rate of this mode can be comparable with that ofp→K1n̄m which is dominated

by theLLLL contribution. It is found that we cannot reduce both the decay rate ofp→K1n̄t and that ofp

→K1n̄m simultaneously by adjusting relative phases between Yukawa couplings at colored Higgs interactions.
Constraints on the colored Higgs boson massMC and a typical squark and slepton massmf̃ from the super-
Kamiokande limit become considerably stronger due to the Higgsino dressing diagram of theRRRRoperator:
MC.6.531016 GeV for mf̃,1 TeV andmf̃.2.5 TeV forMC,2.531016 GeV. @S0556-2821~99!03111-2#

PACS number~s!: 12.60.Jv, 12.10.Dm, 13.30.2a, 14.20.Dh
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I. INTRODUCTION

The gauge coupling unification aroundMX;2
31016 GeV @1# strongly suggests supersymmetric~SUSY!
grand unified theory~GUT! @2#. In this model, the gauge
hierarchy problem is naturally solved by supersymme
Also, this model makes successful predictions for the cha
quantization and the bottom-tau mass ratio. Proton deca
one of the direct consequences of grand unification. T

main decay modep→K1n̄ @3,4# in the minimal SU~5! su-
pergravity~SUGRA! GUT model@5# has been searched fo
with underground experiments@6,7#, and the previous result
have already imposed severe constraints on this model.
cently new results of the proton decay search at su
Kamiokande have been reported@8#. The bound on the par
tial lifetime of the K1n̄ mode is t(p→K1n̄).5.5
31032 yr ~90% C.L.!, where three neutrinos are not disti
guished.

There are a number of detailed analyses on the nuc
decay in the minimal SU~5! SUGRA GUT model@9,3,4,10–
13#. In previous analyses, it was believed that the contri
tion from the dimension 5 operator with left-handed mat
fields (LLLL operator! was dominant forp→K1n̄ @4#. In
particular a Higgsino dressing diagram of theRRRRopera-
tor has been ignored in these analyses. It has been concl
that the main decay mode isp→K1n̄m @3#, and the decay
rate of this mode can be suppressed sufficiently by adjus
relative phases between Yukawa couplings at colored H
interactions@10#. Recently it has been pointed out that t
Higgsino dressing diagram of theRRRRoperator gives a
significant contribution top→K1n̄t in a large tanb region
in the context of a SUSY SO~10! GUT model@14#.

In this paper, we reanalyze the proton decay including
RRRRoperator in the minimal SU~5! SUGRA GUT model.
We calculate all the dressing diagrams@10# ~exchanging the
charginos, the neutralinos, and the gluino! of the LLLL and
RRRRoperators, taking account of various mixing effec
among the SUSY particles, such as flavor mixing of qua
0556-2821/99/59~11!/115009~14!/$15.00 59 1150
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and squarks, left-right mixing of squarks and sleptons, a
gaugino-Higgsino mixing of charginos and neutralinos. F
this purpose we diagonalize mass matrices numerically
obtain the mixing factors at ‘‘ino’’ vertices and the dimen
sion 5 couplings. We examine the effect of the relati
phases between the Yukawa couplings at the colored H
interactions. We show that the Higgsino dressing diagram
the RRRR operator gives a dominant contribution forp

→K1n̄t , and the decay rate of this mode can be compara
with that of p→K1n̄m which is dominated by theLLLL
contribution. We find that we cannot reduce both the de
rate of p→K1n̄t and that ofp→K1n̄m simultaneously by
adjusting the relative phases. We obtain constraints on
colored Higgs mass and the typical mass scale of squarks
sleptons under the updated super-Kamiokande bound,
find that these constraints are much stronger than those
rived from the analysis neglecting theRRRReffect.

This paper is organized as follows. In Sec. II, we desc
the dimension 5 operators in the minimal SU~5! SUGRA
GUT and briefly sketch our scheme to calculate the pro
decay rates. We give a qualitative discussion on theRRRR
contribution in Sec. III. We present results of our numeric
calculation and discuss constraints on this model in Sec.
Formulas used in the calculation of the nucleon decay ra
are summarized in the Appendix.

II. DIMENSION 5 OPERATORS IN THE MINIMAL SU „5…
SUGRA GUT

Nucleon decay in the minimal SU~5! SUGRA GUT
model is dominantly caused by dimension 5 operators@9#,
which are generated by the exchange of the colored Hi
multiplet. The dimension 5 operators relevant to the nucle
decay are described by the following superpotential:

W552
1

MC
H 1

2
C5L

i jkl QkQlQiL j1C5R
i jkl Ek

cUl
cUi

cD j
cJ . ~1!
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Here Q,Uc, and Ec are chiral superfields which contain
left-handed quark doublet, a charge conjugation of a rig
handed up-type quark, and a charge conjugation of a ri
handed charged lepton, respectively, and are embedde
the 10 representation of SU~5!. The chiral superfieldsL and
Dc contain a left-handed lepton doublet and a charge co
gation of a right-handed down-type quark, respectively, a
are embedded in the 5¯ representation. A mass of the colore
Higgs superfields is denoted byMC . The indicesi , j ,k,l
51,2,3 are generation labels. The first term in Eq.~1! rep-
resents theLLLL operator @4# which contains only left-
handed SU~2! doublets. The second term in Eq.~1! repre-
sents theRRRRoperator which contains only right-hande
SU~2! singlets. The coefficientsC5L andC5R in Eq. ~1! are
determined by Yukawa coupling matrices@10#. Approxi-
mately these are written as

C5L
i jkl uX'~YD! i j ~VTPYUV!kl ,

C5R
i jkl uX'~P* V* YD! i j ~VTYU!kl , ~2!

whereYU andYD are diagonalized Yukawa coupling matr
ces for 1031035H and 1035̄35̄H interactions, respec
tively. More precise expressions forC5L andC5R are given
in the Appendix. The unitary matrixV is the Cabibbo-
Kobayashi-Maskawa~CKM! matrix at the GUT scale. The
matrix P5diag(P1 ,P2 ,P3) is a diagonal unimodular phas
matrix with uPi u51 and detP51. We parametrizeP as

P1 /P35eif13, P2 /P35eif23. ~3!

The parametersf13 andf23 are relative phases between t
Yukawa couplings at the colored Higgs interactions, a
cannot be removed by field redefinitions@15#. The expres-
sions forC5L and C5R in Eq. ~2! are written in the flavor
basis where the Yukawa coupling matrix for the 1035̄
35̄H interaction is diagonalized at the GUT scale. Numeri
values ofYU ,YD , and V at the GUT scale are calculate
from the quark masses and the CKM matrix at the el
troweak scale using renormalization group equatio
~RGEs!.

In the minimal SU~5! SUGRA GUT, soft SUSY breaking
parameters at the Planck scale are described bym0 , MgX ,
and AX which denote universal scalar mass, univer
gaugino mass, and universal coefficient of the trilinear sc
couplings, respectively. Low energy values of the soft bre
ing parameters are determined by solving the one-loop R
@16#. The electroweak symmetry is broken radiatively@17#
due to the effect of a large Yukawa coupling of the t
quark, and we require that the correct vacuum expecta
values of the Higgs fields at the electroweak scale are re
duced. We ignore RGE running effects between the Pla
scale and the GUT scale for simplicity. In this approximati
the phase matrixP decouples from the RGEs of the so
SUSY breaking parameters. Thus we have all the value
the parameters at the electroweak scale. The masses an
mixings are obtained by diagonalizing the mass matrices
merically. We evaluate hadronic matrix elements using
chiral Lagrangian method@18#. The parametersap and bp
11500
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defined by ^0ue âb̂ĉ(dR
âuR

b̂)uL
ĉ up&5apNL and

^0ue âb̂ĉ(dL
âuL

b̂)uL
ĉ up&5bpNL (NL is a left-handed proton’s

wave function! are evaluated as 0.003 GeV3<bp
<0.03 GeV3 and ap52bp by various methods@19#. We
use the smallest valuebp52ap50.003 GeV3 in our analy-
sis to obtain conservative bounds. For the details of
methods of our analysis, see Refs.@13,14#. Formulas for rel-
evant interactions and the nucleon decay rates are give
the Appendix.

III. RRRR CONTRIBUTION TO THE PROTON DECAY

The dimension 5 operators consist of two fermions a
two bosons. Eliminating the two scalar bosons by gaugino
Higgsino exchange~dressing!, we obtain the four-fermion
interactions which cause the nucleon decay@4,10#. In the
one-loop calculations of the dressing diagrams, we inclu
all the dressing diagrams exchanging the charginos, the
tralinos, and the gluino of theLLLL andRRRRdimension 5
operators. In addition to the contributions from the dime
sion 5 operators, we include the contributions from dime
sion 6 operators mediated by the heavy gauge boson and
colored Higgs boson. Though the effects of the dimensio
operators (;1/MX

2) are negligibly small forp→K1n̄, these
could be important for other decay modes such asp
→p0e1. The major contribution of theLLLL operator
comes from an ordinary diagram with wino dressing. T
major contribution of theRRRR operator arises from a
Higgsino dressing diagram depicted in Fig. 1. The circle
this figure represents the complex conjugation ofC5R

i jkl in Eq.
~2! with i 5 j 51 and k5 l 53. This diagram contains the
Yukawa couplings of the top quark and the tau lepton. T
importance of this diagram has already been pointed ou
Ref. @14# in the context of a SUSY SO~10! GUT model. This
diagram has been ignored in previous analyses in the m
mal SU~5! SUSY GUT @9,3,4,10–13#, though the contribu-
tions from gaugino dressing of theRRRRoperator were in-
cluded in Ref.@10#. We show that this diagram indeed give
a significant contribution in the case of the minimal SU~5!
SUGRA GUT model also.

Before we present the results of our numerical calcu
tions, we give a rough estimation for the decay amplitud
for a qualitative understanding of the results. In the act

FIG. 1. Higgsino dressing diagram which gives a dominant c

tribution to thep→K1n̄t mode. The circle represents theRRRR
dimension 5 operator. We also have a similar diagram for (uRsR)
3(dLntL).
9-2
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EFFECT OF ANRRRRDIMENSION 5 OPERATOR ON . . . PHYSICAL REVIEW D 59 115009
calculations, however, we make full numerical analyses
cluding contributions from all the dressing diagrams as w
as those from dimension 6 operators. We also take acc
of various effects such as mixings between the SUSY p
ticles. In addition to the soft breaking parameter depende
arising from the loop calculations, relative magnitudes
tween various contributions can be roughly understood
the form of the dimension 5 operator in Eq.~2!. Counting the
CKM suppression factors and the Yukawa coupling facto
it is easily shown that theRRRRcontribution to the four-
fermion operators (uRdR)(sLntL) and (uRsR)(dLntL) is
dominated by a single~Higgsino dressing! diagram exchang-
ing t̃ R ~the right-handed scalar top quark! and t̃R ~the right-
handed scalar tau lepton!. For K1n̄m andK1n̄e , theRRRR
contribution is negligible, since it is impossible to get a lar
Yukawa coupling of the third generation without small CK
suppression factors in this case. TheLLLL contribution to
(uLdL)(sLn iL) and (uLsL)(dLn iL) consists of two classes o
~wino dressing! diagrams; they arec̃L exchange diagram
and t̃ L exchange diagrams@10#. Neglecting all of various
subleading effects, we can write the amplitudes~the coeffi-
cients of the four-fermion operators! for p→K1n̄ i as

Amp~p→K1n̄e!;@P2Ae~ c̃L!1P3Ae~ t̃ L!#LLLL ,

Amp~p→K1n̄m!;@P2Am~ c̃L!1P3Am~ t̃ L!#LLLL ,

Amp~p→K1n̄t!;@P2At~ c̃L!1P3At~ t̃ L!#LLLL

1@P1At~ t̃ R!#RRRR, ~4!

where the subscriptLLLL (RRRR) represents the contribu
tion from theLLLL (RRRR) operator. We estimateAi by
only the (ud)(sn) type contributions here for simplicity
ignoring the (us)(dn) type contributions. TheLLLL contri-
butions forAt can be written in a rough approximation a
At( c̃L);g2

2YcYbVub* VcdVcsM2/(MCmf̃
2) and At( t̃ L)

;g2
2YtYbVub* VtdVtsM2/(MCmf̃

2), where g2 is the weak
SU~2! gauge coupling, andM2 is a mass of the wino. A
typical mass scale of the squarks and the sleptons is den
by mf̃ . For Am andAe , we just replaceYbVub* in the expres-
sions forAt by YsVus* andYdVud* , respectively. TheRRRR

contribution is also evaluated as At( t̃ R)
;YdYt

2YtVtb* VudVtsm/(MCmf̃
2), wherem is the supersym-

metric Higgsino mass. The magnitude ofm is determined
from the radiative electroweak symmetry breaking conditi
and satisfiesumu.uM2u in the present scenario.

Relative magnitudes between these contributions
evaluated as follows. The magnitude of thec̃L contribution is
comparable with that of thet̃ L contribution for each genera
tion mode uAi( c̃L)u;uAi( t̃ L)u. Therefore, cancellations be
tween theLLLL contributionsP2Ai( c̃L) and P3Ai( t̃ L) can
occur simultaneously for three modesp→K1n̄ i ( i 5e,m
and t) by adjusting the relative phasef23 between P2
and P3 @10#. The magnitudes of theLLLL contributions
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satisfy uP2Am( c̃L)1P3Am( t̃ L)u.uP2At( c̃L)1P3At( t̃ L)u
.uP2Ae( c̃L)1P3Ae( t̃ L)u independent off23. On the other
hand, the magnitude ofAt( t̃ R) is larger than those ofAi( c̃L)
andAi( t̃ L), and the phase dependence ofP1At( t̃ R) is differ-
ent from those ofP2Ai( c̃L) andP3Ai( t̃ L). Note thatAi( c̃L)
and Ai( t̃ L) are proportional to ;1/(sinb cosb)5tanb

11/tanb, while At( t̃ R) is proportional to ;(tanb
11/tanb)2, where tanb is the ratio of the vacuum expecta
tion values of the two Higgs bosons. Hence theRRRRcon-
tribution is more enhanced than theLLLL contributions for
large tanb @14#.

IV. NUMERICAL RESULTS

Now we present the results of our numerical calculatio
For the CKM matrix we adopt the standard parametrizat
@20#, and we fix the parameters asVus50.2196, Vcb
50.0395, uVub /Vcbu50.08, and d13590° in the whole
analysis, whered13 is a complex phase in the CKM matrix
The top quark mass is taken to be 175 GeV@21#. The col-
ored Higgs massMC and the heavy gauge boson massMV
are assumed asMC5MV5231016 GeV. We require con-
straint on theb→sg branching ratio from CLEO@22# and
bounds on SUSY particle masses obtained from dir
searches at the CERNe1e2 collider LEP@23#, LEP II @24#,
and Fermilab Tevatron@25#. We also impose condition to
avoid color and charge breaking vacua which is given in R
@26# at the electroweak scale.

We mainly discuss the main decay modep→K1n̄ in this
paper. We first discuss the effects of the phasesf13 andf23
parametrizing the matrixP in Eq. ~3!. In Fig. 2 we present
the dependence of the decay ratesG(p→K1n̄ i) on the phase
f23. As an illustration we fix the other phasef13 at 210°,
and later we consider the whole parameter space off13 and
f23. The soft SUSY breaking parameters are also fixed
m051 TeV, MgX5125 GeV, andAX50 here. The sign of
the Higgsino massm is taken to be positive. With thes
parameters, all the masses of the scalar fermions other
the lighter t̃ are around 1 TeV, and the mass of the lightet̃
is about 400 GeV. The lighter chargino is wino-like with
mass about 100 GeV. This figure shows that there is
region for the total decay rateG(p→K1n̄) to be strongly
suppressed, thus the whole region off23 in Fig. 2 is ex-
cluded by the super-Kamiokande limit. The phase dep
dence ofG(p→K1n̄t) is quite different from those ofG(p

→K1n̄m) and G(p→K1n̄e). Though G(p→K1n̄m) and
G(p→K1n̄e) are highly suppressed aroundf23

;160°, G(p→K1n̄t) is not so in this region. There exist
also the regionf23;300° whereG(p→K1n̄t) is reduced.
In this region, however,G(p→K1n̄m) andG(p→K1n̄e) are
not suppressed in turn. Note also that theK1n̄t mode can
give the largest contribution.

This behavior can be understood as follows. Forn̄m and
n̄e , the effect of theRRRRoperator is negligible, and the
cancellation between theLLLL contributions directly leads
9-3
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to the suppression of the decay rates. This cancellation
deed occurs aroundf23;160° for bothn̄m and n̄e simulta-
neously in Fig. 2. Forn̄t , the situation is quite different. Th
similar cancellation betweenP2At( c̃L) and P3At( t̃ L) takes
place aroundf23;160° for n̄t also. However, theRRRR

operator gives a significant contribution forn̄t . Therefore,
G(p→K1n̄t) is not suppressed by the cancellation betwe
the LLLL contributions in the presence of the largeRRRR
operator effect. Notice that it is possible to reduceG(p

→K1n̄t) by another cancellation between theLLLL contri-
butions and theRRRRcontribution. This reduction ofG(p

→K1n̄t) indeed appears aroundf23;300° in Fig. 2. The
decay rateG(p→K1n̄m) is rather large in this region. Th
reason is thatP2At( c̃L) and P3At( t̃ L) are constructive in
this region in order to cooperate with each other to cancel
large RRRRcontribution P1At( t̃ R), henceP2Am( c̃L) and
P3Am( t̃ L) are also constructive in this region. Thus we ca
not reduce bothG(p→K1n̄t) and G(p→K1n̄m) simulta-
neously. Consequently, there is no region for the total de
rateG(p→K1n̄) to be strongly suppressed. In the previo
analysis@12# the regionf23;160° has been considered to b
allowed by the Kamiokande limit t(p→K1n̄).1.0
31032 yr ~90% C.L.! @6#. However, the inclusion of the
Higgsino dressing of theRRRRoperator excludes this re
gion. In Fig. 3 we show a contour plot of the partial lifetim
t(p→K1n̄) in thef13-f23 plane. It is found that there is n

FIG. 2. Decay ratesG(p→K1n̄ i)( i 5e, m, and t) as func-
tions of the phasef23 for tanb52.5. The other phasef13 is fixed
at 210°. The CKM phase is taken asd13590°. We fix the soft
SUSY breaking parameters asm051 TeV, MgX5125 GeV, and
AX50. The sign of the supersymmetric Higgsino massm is taken
to be positive. The colored Higgs massMC and the heavy gauge
boson massMV are assumed asMC5MV5231016 GeV. The
horizontal lower line corresponds to the super-Kamiokande li

t(p→K1n̄).5.531032 yr, and the horizontal upper line corre

sponds to the Kamiokande limitt(p→K1n̄).1.031032 yr.
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region to maket(p→K1n̄) longer than 0.531032 yr. This
implies that we cannot reduce bothG(p→K1n̄t) and G(p

→K1n̄m) simultaneously, even if we adjust the two phas
f13 and f23 anywhere. Consequently, the whole parame
region in this plane is excluded by the super-Kamiokan
result.

Next we would like to consider the case where we va
the parameters we have fixed so far. The relevant parame
are the colored Higgs boson massMC , the soft SUSY break-
ing parameters, and tanb. As for the constantsap andbp in
the hadronic matrix elements, we have chosen the sma
value @19#. Hence other choices of these constants lead
enhancement of the proton decay rate which correspond
severer constraints on this model. The partial lifetimet(p

→K1n̄) is proportional toMC
2 in a very good approxima-

tion, since this mode is dominated by the dimension 5 ope
tors. Using this fact and the calculated value oft(p

→K1n̄) for the fixedMC5231016 GeV, we can obtain the
lower bound onMC from the experimental lower limit on
t(p→K1n̄). In Fig. 4, we present the lower bound onMC
obtained from the super-Kamiokande limit as a function
the left-handed scalar up-quark massmũL

. Masses of the sca

lar fermions other than the lightert̃ are almost degenerat
with mũL

. The soft breaking parametersm0 , MgX , andAX

are scanned within the range of 0,m0,3 TeV, 0,MgX
,1 TeV, and25,AX,5, and tanb is fixed at 2.5. Both
signs ofm are considered. The whole parameter region of
two phasesf13 andf23 is examined. The solid curve in thi
figure represents the result with all theLLLL and RRRR
contributions. It is shown that the lower bound onMC de-
creases as;1/mũL

asmũL
increases. This indicates that th

it

FIG. 3. Contour plot for the partial lifetimet(p→K1n̄) in the

f13-f23 plane. The contributions of three modesK1n̄e , K1n̄m ,

andK1n̄t are included. We use the same parameters as in Fig
The maximum value of the contour is less than 0.531032 yr.
9-4
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EFFECT OF ANRRRRDIMENSION 5 OPERATOR ON . . . PHYSICAL REVIEW D 59 115009
RRRReffect is indeed relevant, since the decay amplitu
from the RRRR operator is roughly proportional to
m/(MCmf̃

2);1/(MCmf̃), where we use the fact that the ma
nitude of m is determined from the radiative electrowe
symmetry breaking condition and scales asm;mf̃ . The
dashed curve in Fig. 4 represents the result in the case w
we ignore theRRRReffect. In this case the lower bound o
MC behaves as;1/mũL

2 , since theLLLL contribution is pro-

portional toM2 /(MCmf̃
2).

It is found from the solid curve in Fig. 4 that the colore
Higgs massMC must be larger than 6.531016 GeV for
tanb52.5 when the typical sfermion mass is less th
1 TeV. On the other hand, it has been pointed out that th
exists an upper bound onMC given by MC<2.5
31016 GeV ~90% C.L.! if we require the gauge couplin
unification in the minimal contents of GUT superfields@12#.
This upper bound is smaller than the lower bound deriv
from our proton decay analysis. Therefore it turns out t
the minimal SU~5! SUGRA GUT model with the sfermion
masses less than 1 TeV is excluded for tanb52.5. Note
that the inclusion of theRRRReffect is essential here. If we
ignored theRRRReffect, we could find an allowed regio
around 1.231016 GeV&MC&2.531016 GeV. We can also
see from Fig. 4 that the typical sfermion massmf̃ must be

FIG. 4. Lower bound on the colored Higgs massMC as a func-
tion of the left-handed scalar up-quark massmũL

. The soft breaking
parametersm0 , MgX , and AX are scanned within the range of
,m0,3 TeV, 0,MgX,1 TeV, and25,AX,5, and tanb is
fixed at 2.5. Both signs ofm are considered. The whole paramet
region of the two phasesf13 andf23 is examined. The solid curve
represents the bound derived from the super-Kamiokande l

t(p→K1n̄).5.531032 yr, and the dashed curve represents
corresponding result without theRRRReffect. The left-hand side
of the vertical dotted line is excluded by other experimental c
straints. The dash-dotted curve represents the bound derived

the Kamiokande limit on the neutron partial lifetimet(n→K0n̄)
.0.8631032 yr.
11500
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larger than about 2.5 TeV whenMC is less than 2.5
31016 GeV in the tanb52.5 case. TheRRRReffect plays
an essential role again, since the lower bound onmf̃ would
be 700 GeV if theRRRReffect were ignored. We also find
that the Kamiokande limit on the neutron partial lifetim
t(n→K0n̄).0.8631032 yr ~90% C.L.! @6# already gives a
comparable bound with that derived here from the sup
Kamiokande limit ont(p→K1n̄), as shown by the dash
dotted curve in Fig. 4. If the super-Kamiokande updates
neutron limit from the Kamiokande, for example, by a fact
of 5, then the lower bound onMC will becomeA5 times
larger than that derived from the Kamiokande limit.

Let us discuss the tanb dependence. Figure 5 shows th
lower bound on the colored Higgs massMC obtained from
the super-Kamiokande limit as a function of tanb. Here we
vary m0 , MgX , AX , and sgn(m) as in Fig. 4. The phase
f13 and f23 are fixed asf135210° andf235150°. The
result does not change much even if we take other value
f13 andf23. The region below the solid curve is excluded
mũL

is less than 1 TeV. The lower bound reduces to

dashed curve if we allowmũL
up to 3 TeV. It is shown that

the lower bound onMC behaves as;tan2b in a large tanb
region, as expected from the fact that the amplitude op

→K1n̄t from theRRRRoperator is roughly proportional to
;tan2b/MC . On the other hand, theLLLL contribution is
proportional to;tanb/MC , as shown by the dotted curve i
Fig. 5. Thus theRRRRoperator is dominant for large tanb
@14#. Note that the lower bound onMC has the minimum at
tanb'2.5. Thus we can conclude that for other value

it

-
m

FIG. 5. The lower bound on the colored Higgs massMC ob-
tained from the super-Kamiokande limit as a function of tanb. The
phase matrixP is fixed by f135210° andf235150°. The region
below the solid curve is excluded if the left-handed scalar up-qu
massmũL

is less than 1 TeV. The lower bound reduces to t
dashed curve if we allowmũL

up to 3 TeV. The result in the cas
where we ignore theRRRReffect is shown by the dotted curve fo
mũL

,1 TeV.
9-5
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tanb the constraints onMC and mf̃ become severer tha
those shown in Fig. 4.

Finally, we comment on the other decay modes. Fop

→p1n̄, we obtain a similar result as that for thep→K1n̄

mode: the third-generation modep→p1n̄t is dominated by
theRRRReffect, while theRRRReffect is negligible for the
first and the second generation modes. Let us definer i

5G(p→p1n̄ i)/G(p→K1n̄ i) for i 5e, m, and t. We see
that r m.1 is realized in a part of thef13-f23 parameter

region wherep→K1n̄m mode is suppressed due to the ca
cellation between theLLLL contributions. This result is con
sistent with that given in the previous analysis@10#. As for

the n̄t mode, r t.1 is also possible in a different regio

where G(p→K1n̄t) is reduced. Consequently the ratior

5$( iG(p→p1n̄ i)%/$( iG(p→K1n̄ i)% is smaller than 1 in
the whole region off13-f23 space. Moreover it has bee
reported that the lattice calculation of the hadronic ma
elements @27# gives a smaller value of the rati
^puOB” up&/^KuOB” up& than the chiral Lagrangian estimatio
whereOB” denotes the baryon number violating operato
Hence it follows that the ratior is expected to be smalle
when we use the lattice result for the hadronic matrix e
ment. For the charged lepton modep→M l 1(M
5K0,p0,h andl 5e,m), the effect of theRRRRoperator is
quite small, since we cannot have the tau lepton in the fi
state.

V. CONCLUSIONS

We have reanalyzed the proton decay including
RRRRdimension 5 operator in the minimal SU~5! SUGRA
GUT model. We have shown that the Higgsino dressing d
gram of theRRRRoperator gives a dominant contributio
for p→K1n̄t , and the decay rate of this mode can be co
parable with that ofp→K1n̄m . We have found that we can
not reduce both the decay rate ofp→K1n̄t and that ofp
→K1n̄m simultaneously by adjusting the relative phasesf13
andf23 between the Yukawa couplings at the colored Hig
interactions. We have obtained the bounds on the colo
Higgs massMC and the typical sfermion massmf̃ from the
new limit on t(p→K1n̄) given by the super-Kamiokande
The colored Higgs boson massMC must be larger than 6.5
31016 GeV whenmf̃ is less than 1 TeV. The typical sfer
mion massmf̃ must be larger than 2.5 TeV whenMC is less
than 2.531016 GeV.
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APPENDIX: FORMULAS FOR THE CALCULATION
OF THE NUCLEON DECAY

In this appendix, we summarize the formulas used in
calculation of the partial decay widths of the nucleon in t
minimal SU~5! SUGRA GUT in order to clarify our nota-
tions and conventions. In subsection 1, generic formulas
the MSSM are summarized. The formulas specific to
calculation of the nucleon decay are given in subsection

1. MSSM part

Superpotential.Yukawa couplings of the Higgs doublet
and matter fields and the supersymmetric Higgs mass te
are given in the superpotential for the MSSM which is wr
ten as

WMSSM5 f D
i j Qi

aD j
cH1a1 f U

i j eabQi
aU j

cH2
b1 f L

i j eabEi
cL j aH1b

1mH1aH2
a

5 f D
i j ~Qi

uD j
cH1

21Qi
dD j

cH1
0!1 f U

i j ~Qi
uU j

cH2
0

2Qi
dU j

cH2
1!1 f L

i j ~Ei
cL j

eH1
02Ei

cL j
nH1

2!

1m~H1
0H2

01H1
2H2

1!, ~A1!

wherei , j anda,b are generation and SU~2! suffices, respec-
tively. Color indices are suppressed for simplicity. Comp
nents of the SU~2! doublets are denoted as

Qi
a5S Qi

u

Qi
dD , Lia5~Li

e Li
n!,

H1a5(H1
2 H1

0) , H2
a5S H2

1

H2
0 D . ~A2!

We take the generation basis for the superfields so that
Yukawa coupling matrices~equivalently the mass matrices!
for the up-type quarks (f U) and the leptons (f L) should be
diagonal~with real positive diagonal elements! at the elec-
troweak scale. In this basis, the Yukawa coupling matrix
the down-type quarksf D is written as

f D~mZ!5VKM* f̂ D , ~A3!

where f̂ D is diagonal~real positive! and VKM is the CKM
matrix. We take the PDG’s ‘‘standard’’ phase convention f
VKM @20#. The SUSY Higgs mass parameterm is taken as
real in order to automatically avoid too-large electric dipo
moments~EDMs! of the neutron and the electron. The sig
of m is taken as a free ‘‘parameter.’’

Soft SUSY breaking terms.Soft SUSY breaking terms o
the MSSM are given as

2Lsoft5~mQ
2 ! j

i q̃i
aq̃a

† j1~mU
2 ! i

j ũ†i ũ j1~mD
2 ! i

j d̃†i d̃ j

1~mL
2! i

j l̃ †ia l̃ j a1~mE
2 ! j

i ẽi ẽ
† j1D1

2h1
†ah1a

1D2
2h2a

† h2
a2~Bmh1ah2

a1H.c.!1~AU
i j eabq̃i

aũ jh2
b

9-6
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1AD
i j q̃i

ad̃ jh1a1AL
i j eabẽi l̃ j ah1b1H.c.!

1S M1

2
B̃B̃1

M2

2
W̃W̃1

M3

2
G̃G̃1H.c.D . ~A4!

whereq̃, d̃, ũ, ẽ, l̃ , h1, andh2 are scalar components o
Q, Dc, Uc, Ec, L, H1, andH2, respectively, andG̃, W̃,
and B̃ are SU~3!, SU~2!, and U~1! gaugino fields, respec
tively. The gaugino massesM1 , M2, and M3 are taken as
real positive.

In the minimal SUGRA GUT model, the soft SUS
breaking parameters at the GUT scaleMX are written in
terms of the universal soft SUSY breaking parametersm0
~universal scalar mass!, MgX ~unified gaugino mass!, andAX
~dimensionless universal trilinear coupling parameter!:

mQ
2 ~MX!5mU

2 ~MX!5mD
2 ~MX!5m0

21, ~A5a!

mL
2~MX!5mE

2~MX!5m0
21, ~A5b!

D1
2~MX!5D2

2~MX!5m0
2 , ~A5c!

M1~MX!5M2~MX!5M3~MX!5MgX , ~A5d!

AU~MX!5AXm0f U , AD~MX!5AXm0f D , ~A5e!

AL~MX!5AXm0f L , ~A5f!

where1 is a 333 unit matrix in the generation space. W
takeAX as real~with either sign! to avoid large EDMs.

Mass matrices.Mass matrices for squarks and slepto
are given as follows.

Up-type squark:

M ũ
2
5S mLL

2 ~ ũ! mLR
2 ~ ũ!

mRL
2 ~ ũ! mRR

2 ~ ũ!
D , ~A6a!

mLL
2 ~ ũ!5v2sb

2 f U f U
† 1mQ

2 1mZ
2c2bS 1

2
2

2

3
sW

2 D1,

~A6b!

mRR
2 ~ ũ!5v2sb

2 f U
† f U1mU

2 1mZ
2c2bS 2

3
sW

2 D1, ~A6c!

mLR
2 ~ ũ!5m* f Uvcb1AUvsb , ~A6d!

mRL
2 ~ ũ!5mLR

2†~ ũ!, ~A6e!

down-type squark:

M d̃
2
5S mLL

2 ~ d̃! mLR
2 ~ d̃!

mRL
2 ~ d̃! mRR

2 ~ d̃!
D , ~A7a!

mLL
2 ~ d̃!5v2cb

2 f D f D
† 1mQ

2 1mZ
2c2bS 2

1

2
1

1

3
sW

2 D1,

~A7b!
11500
mRR
2 ~ d̃!5v2cb

2 f D
† f D1mD

2 1mZ
2c2bS 2

1

3
sW

2 D1,

~A7c!

mLR
2 ~ d̃!5m* f Dvsb1ADvcb , ~A7d!

mRL
2 ~ d̃!5mLR

2†~ d̃!, ~A7e!

charged slepton:

M l̃
2
5S mLL

2 ~ l̃ ! mLR
2 ~ l̃ !

mRL
2 ~ l̃ ! mRR

2 ~ l̃ !
D , ~A8a!

mLL
2 ~ l̃ !5v2cb

2 f L
† f L1mL

21mZ
2c2bS 2

1

2
1sW

2 D1,

~A8b!

mRR
2 ~ l̃ !5v2cb

2 f L f L
†1mE

21mZ
2c2b~2sW

2 !1, ~A8c!

mRL
2 ~ l̃ !5m* f Lvsb1ALvcb , ~A8d!

mLR
2 ~ l̃ !5mLR

2†~ l̃ !, ~A8e!

sneutrino:

M ñ
2
5mL

21mZ
2cb

2 S 1

2D1, ~A9!

where cb5cosb.0, sb5sinb.0, c2b5cos 2b, sW
5sinuW, and v25^h1&

21^h2&
2(v'174 GeV). The above

mass matrices are diagonalized with use of 636 unitary ma-
trices ŨU , ŨD , and ŨL , and a 333 unitary matrixŨN ,
which are defined as

ŨUM ũ
2T

ŨU
† 5diagonal~mũI

2
!, ~A10a!

ŨDM d̃
2T

ŨD
† 5diagonal~md̃I

2
!, ~A10b!

ŨL
†M l̃

2
ŨL5diagonal~ml̃ I

2
!, ~A10c!

ŨN
†M ñ

2
ŨN5diagonal~mñ i

2
!, ~A10d!

where the superscriptT stands for the transpose.
Mass matrices for charginos (MC) and neutralinos (MN)

are given as follows:

MC5S M2 A2mWsb

2A2mWcb 2m
D , ~A11a!
9-7
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MN

5S 2M1 0 2mZsWcb mZsWsb

0 2M2 mZcWcb 2mZcWsb

2mZsWcb mZcWcb 0 m

mZsWsb 2mZcWsb m 0

D .

~A11b!

MC andMN are diagonalized with 232 unitary matrices
U6 and a 434 unitary matrixUN , respectively, which are
defined as

2U2
†MCU15diagonal~MC

a !, ~A12a!

UN
TMNUN5diagonal~MN

ā !, ~A12b!

where all mass eigenvaluesMC
a(a51,2) and MN

ā(ā
51,2,3,4) are taken as real positive.

Interaction Lagrangian in mass basis.The quark~lepton!
– squark~slepton! – ino ~gluino, chargino, neutralino! inter-
action terms are given as follows:

Lint5Lint~G̃!1Lint~x6!1Lint~x0!,

Lint~G̃!52 iA2g3d̃* I G̃̄@~GGL
(d) ! I

jL1~GGR
(d) ! I

jR#dj

2 iA2g3ũ* I G̃̄@~GGL
(u) ! I

jL1~GGR
(u) ! I

jR#uj1H.c.,

~A13a!

Lint~x6!5g2x̄a
2@~GCL

(d)! I
a jL1~GCR

(d) ! I
a jR#dj ũ* I

1g2x̄a
1@~GCL

(u)! I
a jL1~GCR

(u) ! I
a jR#uj d̃* I

1g2x̄a
2@~GCL

( l ) ! i
a jL1~GCR

( l ) ! i
a jR# l j ñ* i

1g2x̄a
1~GCL

(n)! I
a jLn j l̃ *

I1H.c., ~A13b!

Lint~x0!5g2x̄ ā
0
@~GNL

(d)! I
ā jL1~GNR

(d) ! I
ā jR#dj d̃* I

1g2x̄ ā
0
@~GNL

(u)! I
ā jL1~GNR

(u) ! I
ā jR#uj ũ* I

1g2x̄ ā
0
@~GNL

( l ) ! I
ā jL1~GNR

( l ) ! I
ā jR# l j l̃ *

I

1g2x̄ ā
0
~GNL

(n)! i
ā jLn j ñ* i1H.c., ~A13c!

whereL5 1
2 (12g5) andR5 1

2 (11g5), g2 andg3 are SU~2!
and SU~3! gauge coupling constants, respectively. Here a
hereafter,G̃, xa

6 , xā
0 , ũI , d̃I , l̃ I , ñ i , ui , di , l i , and

n i denote gluino, chargino, neutralino, up-type squa
down-type squark, charged slepton, sneutrino, up-type qu
down-type quark, charged lepton, and neutrino fields in m
basis, respectively. Ranges of the suffices areI 51,2, . . . ,6
~squarks and charged sleptons!, i , j ,k51,2,3 ~quarks, leptons
and sneutrinos!, a51,2 ~charginos!, and ā51,2,3,4 ~neu-
tralinos!. Mixing factors at each vertex are written in term
11500
d

,
rk,
ss

of the mass-diagonalizing matricesŨU , ŨD , ŨL ,
ŨN , U6 , andUN as follows.

Gluino:

~GGL
(d) ! I

j5 (
k51

3

~ŨD! I
k~VKM !k

j , ~A14a!

~GGR
(d) ! I

j5~ŨD! I
j 13 , ~A14b!

~GGL
(u) ! I

j5~ŨU! I
j , ~A14c!

~GGR
(u) ! I

j5~ŨU! I
j 13 , ~A14d!

chargino:

~GCL
(d)! I

a j5 (
k51

3 H ~ŨU! I
k~U1!1

a1~ŨU! I
k13

mk
(u)

A2mWsb

~U1!2
aJ

3~VKM !k
j , ~A15a!

~GCR
(d) ! I

a j52 (
k51

3

~ŨU! I
k~VKM !k

j
mj

(d)

A2mWcb

~U2!2
a ,

~A15b!

~GCL
(u)! I

a j5~ŨD! I
j~U2

† !a
1

2 (
k51

3

~ŨD! I
k13

mk
(d)

A2mWcb

~VKM
† !k

j ~U2
† !a

2 ,

~A15c!

~GCR
(u) ! I

a j5~ŨD! I
j

mj
(u)

A2mWsb

~U1
† !a

2 , ~A15d!

~GCL
( l ) ! i

a j52~ŨN
† ! i

j~U1!1
a , ~A15e!

~GCR
( l ) ! i

a j5
mj

( l )

A2mWcb

~ŨN
† ! i

j~U2!2
a , ~A15f!

~GCL
(n)! I

a j52~ŨL
†! I

j~U2
† !a

11
mj

( l )

A2mWcb

~ŨL
†! I

j 13~U2
† !a

2 ,

~A15g!

neutralino:

~GNL
(d)! I

ā j5A2F1
1

2
~UN!2

ā2
1

6
tW~UN!1

āG (
k51

3

~ŨD! I
k~VKM !k

j

2
mj

(d)

A2mWcb

~UN!3
ā~ŨD! I

j 13 , ~A16a!
9-8
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~GNR
(d) ! I

ā j5A2F2
1

3
tW~UN

† !ā
1 G~ŨD! I

j 13

2
mj

(d)

A2mWcb

~UN
† !ā

3 (
k51

3

~ŨD! I
k~VKM !k

j ,

~A16b!

~GNL
(u)! I

ā j5A2F2
1

2
~UN!2

ā2
1

6
tW~UN!1

āG~ŨU! I
j

2
mj

(u)

A2mWsb

~UN!4
ā~ŨU! I

j 13 , ~A16c!

~GNR
(u) ! I

ā j5A2F1
2

3
tW~UN

† !ā
2 G~ŨU! I

j 13

2
mj

(u)

A2mWsb

~UN
† !ā

4
~ŨU! I

j , ~A16d!

~GNL
( l ) ! I

ā j5A2F1

2
~UN!2

ā1
1

2
tW~UN!1

āG~ŨL
†! I

j

2
mj

( l )

A2mWcb

~UN!3
ā~ŨL

†! I
j 13 , ~A16e!

~GNR
( l ) ! I

ā j5A2@2tW~UN
† !ā

1
#~ŨL

†! I
j 13

2
mj

( l )

A2mWcb

~UN
† !ā

3
~ŨL

†! I
j , ~A16f!

~GNL
(n)! i

ā j5A2F2
1

2
~UN!2

ā1
1

2
tW~UN!1

āG~ŨN
† ! i

j ,

~A16g!

wheretW5tanuW andmi
(u) , mi

(d) , andmi
( l ) are masses~real

positive! of up-type quarks, down-type quarks, and charg
leptons, respectively.

2. Formulas specific to the nucleon decay

Dimension five operators.Dimension five operators rel
evant to the nucleon decay are described by the follow
superpotential:

W552
1

MC
H C5L

i jkl 1

2
e âb̂ĉeabQk

âaQl
b̂bQi

ĉgL j g

1C5R
i jkl e âb̂ĉEk

cUlâ
c

Uib̂
c

D jĉ
c J , ~A17!

where the sufficesâ,b̂,ĉ are color indices. The coefficient
C5L and C5R are given at the GUT scale in terms of th
Yukawa coupling matrices
11500
d

g

C5L
i jkl ~MX!5 f D

im~MX!~VDL!m
j f U

kn~MX!~VQU
† !n

l ,
~A18a!

C5R
i jkl ~MX!5 f D

m j~MX!~VQU!m
i f U

nl~MX!~VQE!n
k ,

~A18b!

whereVQU ,VQE , andVDL are 333 unitary matrices which
parametrize the differences between generation bases o
MSSM superfields embedded in SU~5! superfieldsC(10)
and F(5̄); i.e., the MSSM multiplets are accomodated in
C andF as

C i⇐$Qi ,~VQU! i
kUk

c ,~VQE! i
kEk

c%, ~A19a!

F i⇐$Di
c ,~VDL! i

kLk%. ~A19b!

VQU ,VQE , andVDL are determined by the unitary matrice
which diagonalize the Yukawa coupling matrices atMX and
the phase matrixP:

VQU5UQ
(u)†P†UU , ~A20a!

VQE5UQ
(d)†UE , ~A20b!

VDL5UD
† UL , ~A20c!

where the Yukawa coupling matrices are diagonalized w
U ’s as

UQ
(u)* f U~MX! UU

† 5YU , ~A21a!

UQ
(d)* f D~MX!UD

† 5YD , ~A21b!

UE* f L~MX!UL
†5YL . ~A21c!

YU ,YD , andYL are diagonal matrices with real positive d
agonal elements. The CKM matrix at the GUT scaleV
[VKM(MX) is also written in terms ofU ’s as

V5UQ
(u)UQ

(d)† . ~A22!

In the present genaration basis described in Subsectio
UQ

(u) ,UU ,UD'1, UQ
(d)'VKM

† , and UE5UL51. Conse-
quently,

VQU'P†, VQE'VKM'V, VDL'1. ~A23!

The expressions forC5L,R in Eq. ~2! are obtained from Eq.
~A18! in this approximation.

In the component form, the dimension five operators
the electroweak scale are written as
9-9
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L55
1

MC
e âb̂ĉH C~ ũd̃ulL!MNi j ũM

â d̃N
b̂ ~uLi

ĉ l L j !1C~ ũũdlL!MNi j
1

2
ũM

â ũN
b̂ ~dLi

ĉ l L j !1C~ ũd̃ulR!MNi j ũM
â d̃N

b̂ ~uRi
ĉ l R j!

1C~ ũũdlR!MNi j
1

2
ũM

â ũN
b̂ ~dRi

ĉ l R j!1C~ ũd̃dnL!MNi j ũM
â d̃N

b̂ ~dLi
ĉ nL j !1C~ d̃d̃unL!MNi j

1

2
d̃M

â d̃N
b̂ ~uLi

ĉ nL j !

1C~ ũ l̃ udL! IJklũI
â l̃ J~uLk

b̂ dLl
ĉ !1C~ d̃ l̃ uuL! IJkl

1

2
d̃I

â l̃ J~uLk
b̂ uLl

ĉ !1C~ ũ l̃ udR! IJklũI
â l̃ J~uRk

b̂ dRl
ĉ !

1C~ d̃ l̃ uuR! IJkl
1

2
d̃I

â l̃ J~uRk
b̂ uRl

ĉ !1C~ d̃ñudL! I jkl d̃I
âñ j~uLk

b̂ dLl
ĉ !1C~ ũñddL! I jkl

1

2
ũI

âñ j~dLk
b̂ dLl

ĉ !J , ~A24!
e

lv

-
,
on
where the sufficesL,R of the quark/lepton fields denote th
chirality. The coefficientsC’s are written in terms ofC5L,R
as follows:

C~ ũd̃ulL!MNi j5~C5L
i jkl 2C5L

k j i l !~ŨU
† !k

M~ŨD
† ! l

N ,
~A25a!

C~ ũũdlL!MNi j5~C5L
k j lm2C5L

l jkm!~ŨU
† !k

M~ŨU
† ! l

N~VKM !m
i ,

~A25b!

C~ ũd̃ulR!MNi j5~C5R*
kl j i 2C5R*

i l jk !~ŨU
† !k13

M ~ŨD
† ! l 13

N ,
~A25c!

C~ ũũdlR!MNi j5~C5R*
l i jk 2C5R*

ki j l !~ŨU
† !k13

M ~ŨU
† ! l 13

N ,
~A25d!

C~ ũd̃dnL!MNi j5~C5L
m jkl2C5L

l jkm!~ŨU
† !k

M~ŨD
† ! l

N~VKM !m
i ,

~A25e!

C~ d̃d̃unL!MNi j5~C5L
l j ik 2C5L

k j i l !~ŨD
† !k

M~ŨD
† ! l

N ,
~A25f!

C~ ũ l̃ udL! IJkl5~C5L
i jkm2C5L

k j im!~ŨU
† ! i

I~ŨL! j
J~VKM !m

l ,
~A25g!

C~ d̃ l̃ uuL! IJkl5~C5L
k j l i 2C5L

l jki !~ŨD
† ! i

I~ŨL! j
J , ~A25h!

C~ ũ l̃ udR! IJkl5~C5R*
kl j i 2C5R*

i l jk !~ŨU
† ! i 13

I ~ŨL! j 13
J ,

~A25i!

C~ d̃ l̃ uuR! IJkl5~C5R*
l i jk 2C5R*

ki j l !~ŨD
† ! i 13

I ~ŨL! j 13
J ,

~A25j!

C~ d̃ñudL! I jkl 5~C5L
inkm2C5L

mnki!~ŨD
† ! i

I~ŨN!n
j ~VKM !m

l ,
~A25k!

C~ ũñddL! I jkl 5~C5L
qnip2C5L

pniq!~ŨU
† ! i

I~ŨN!n
j ~VKM !p

k~VKM !q
l .

~A25l!

C5L andC5R at the electroweak scale are evaluated by so
ing the renormalization group equations
11500
-

~4p!2L
d

dL
C5L

i jkl 5S 28g3
226g2

22
2

3
g1

2DC5L
i jkl

1C5L
m jkl~ f D f D

† 1 f U f U
† !m

i 1C5L
imkl~ f L

† f L!m
j

1C5L
i jml~ f D f D

† 1 f U f U
† !m

k

1C5L
i jkm~ f D f D

† 1 f U f U
† !m

l , ~A26a!

~4p!2L
d

dL
C5R

i jkl 5~28g3
224g1

2!C5R
i jkl 1C5R

m jkl~2 f U
† f U!m

i

1C5R
imkl~2 f D

† f D!m
j 1C5R

i jml~2 f L f L
†!m

k

1C5R
i jkm~2 f U

† f U!m
l , ~A26b!

whereL is the renormalization point.
Effective interactions.After the calculation of the one

loop ~gluino-, chargino-, and neutralino-! dressing diagrams
effective four-Fermi interaction terms relevant to the nucle
decay are obtained as follows:

LB”5
1

~4p!2MC

e âb̂ĉH C̃LL~udul! ik~uL
âdLi

b̂ !~uL
ĉ l Lk!

1C̃RL~udul! ik~uR
âdRi

b̂ !~uL
ĉ l Lk!1C̃LR~udul! ik~uL

âdLi
b̂ !

3~uR
ĉ l Rk!1C̃RR~udul! ik~uR

âdRi
b̂ !~uR

ĉ l Rk!

1C̃LL~uddn! i jk~uL
âdLi

b̂ !~dL j
ĉ nLk!

1C̃RL~uddn! i jk~uR
âdRi

b̂ !~dL j
ĉ nLk!

1C̃RL~ddun! i jk
1

2
~dRi

â dR j
b̂ !~uL

ĉnLk!J , ~A27!

C̃LL~udul! ik5C̃LL~udul!G̃
ik

1C̃LL~udul!x6
ik

1C̃LL~udul!x0
ik ,

~A28a!
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C̃LL~udul!G̃
ik

5
4

3

g3
2

MG̃

C~ ũd̃ulL!MN1k

3~GGL
(u) !M

1 ~GGL
(d) !N

i H~uM
G̃ ,xN

G̃!,

~A28b!

C̃LL~udul!x6
ik

5
g2

2

MC
a

@2C~ ũd̃ulL!MN1k~GCL
(u)!N

a1~GCL
(d)!M

a i

3H~xM
a ,uN

a !1C~ d̃ñudL!Nm1i~GCL
(u)!N

a1

3~GCL
( l ) !m

akH~uN
a ,zm

a !#, ~A28c!
11500
C̃LL~udul!x0
ik

5
g2

2

MN
ā

@C~ ũd̃ulL!MN1k~GNL
(u)!M

ā1

3~GNL
(d)!N

ā iH~vM
ā ,yN

ā !1C~ ũ l̃ udL!MN1i

3~GNL
(u)!M

ā1~GNL
( l ) !N

ākH~vM
ā ,zN

ā !#, ~A28d!

C̃RL~udul! ik5C̃RL
(6)~udul! ik1C̃RL~udul!G̃

ik

1C̃RL~udul!x6
ik

1C̃RL~udul!x0
ik ,

~A29a!
C̃RL~udul!G̃
ik

5
4

3

g3
2

MG̃

C~ ũd̃ulL!MN1k~GGR
(u) !M

1 ~GGR
(d) !N

i H~uM
G̃ ,xN

G̃!, ~A29b!

C̃RL~udul!x6
ik

52
g2

2

MC
a

C~ ũd̃ulL!MN1k~GCR
(u) !N

a1~GCR
(d) !M

a iH~xM
a ,uN

a !, ~A29c!

C̃RL~udul!x0
ik

5
g2

2

MN
ā

@C~ ũd̃ulL!MN1k~GNR
(u) !M

ā1~GNR
(d) !N

ā iH~vM
ā ,yN

ā !1C~ ũ l̃ udR!MN1i~GNL
(u)!M

ā1~GNL
( l ) !N

ākH~vM
ā ,zN

ā !#,

~A29d!

C̃LR~udul! ik5C̃LR
(6)~udul! ik1C̃LL~udul!G̃

ik
1C̃LL~udul!x6

ik
1C̃LL~udul!x0

ik , ~A30a!

C̃LR~udul!G̃
ik

5
4

3

g3
2

MG̃

C~ ũd̃ulR!MN1k~GGL
(u) !M

1 ~GGL
(d) !N

i H~uM
G̃ ,xN

G̃!, ~A30b!

C̃LR~udul!x6
ik

5
g2

2

MC
a

@2C~ ũd̃ulR!MN1k~GCL
(u)!N

a1~GCL
(d)!M

a iH~xM
a ,uN

a !1C~ d̃ñudL!Nm1i~GCR
(u) !N

a1~GCR
( l ) !m

akH~uN
a ,zm

a !#,

~A30c!

C̃LR~udul!x0
ik

5
g2

2

MN
ā

@C~ ũd̃ulR!MN1k~GNL
(u)!M

ā1~GNL
(d)!N

ā iH~vM
ā ,yN

ā !1C~ ũ l̃ udL!MN1i~GNR
(u) !M

ā1~GNR
( l ) !N

ākH~vM
ā ,zN

ā !#,

~A30d!

C̃RR~udul! ik5C̃RR~udul!G̃
ik

1C̃RR~udul!x6
ik

1C̃RR~udul!x0
ik , ~A31a!

C̃RR~udul!G̃
ik

5
4

3

g3
2

MG̃

C~ ũd̃ulR!MN1k~GGR
(u) !M

1 ~GGR
(d) !N

i H~uM
G̃ ,xN

G̃!, ~A31b!

C̃RR~udul!x6
ik

52
g2

2

MC
a

C~ ũd̃ulR!MN1k~GCR
(u) !N

a1~GCR
(d) !M

a iH~xM
a ,uN

a !, ~A31c!

C̃RR~udul!x0
ik

5
g2

2

MN
ā

@C~ ũd̃ulR!MN1k~GNR
(u) !M

ā1~GNR
(d) !N

ā iH~vM
ā ,yN

ā !1C~ ũ l̃ udR!MN1i~GNR
(u) !M

ā1~GNR
( l ) !N

ākH~vM
ā ,zN

ā !#,

~A31d!

C̃LL~uddn! i jk5C̃LL~uddn!G̃
i jk

1C̃LL~uddn!x6
i jk

1C̃LL~uddn!x0
i jk , ~A32a!
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C̃LL~uddn!G̃
i jk

5
4

3

g3
2

MG̃

@C~ ũd̃dnL!MN jk~GGL
(u) !M

1 ~GGL
(d) !N

i H~uM
G̃ ,xN

G̃!1C~ d̃d̃unL!MN1k~GGL
(d) !M

j ~GGL
(d) !N

i H~xM
G̃ ,xN

G̃!#,

~A32b!

C̃LL~uddn!x6
i jk

5
g2

2

MC
a

@2C~ ũd̃dnL!MN jk~GCL
(u)!N

a1~GCL
(d)!M

a iH~xM
a ,uN

a !1C~ ũ l̃ udL!MN1i~GCL
(d)!M

a j~GCL
(n)!N

akH~xM
a ,wN

a !#,

~A32c!

C̃LL~uddn!x0
i jk

5
g2

2

MN
ā

@C~ ũd̃dnL!MN jk~GNL
(u)!M

ā1~GNL
(d)!N

ā iH~vM
ā ,yN

ā !1C~ d̃d̃unL!MN1k~GNL
(d)!M

ā j~GNL
(d)!N

ā iH~yM
ā ,yN

ā !

1C~ d̃ñudL!Mn1i~GNL
(d)!M

ā j~GNL
(n)!n

ākH~yM
ā ,wn

ā!1C~ ũñddL!Mn ji~GNL
(u)!M

ā1~GNL
(n)!n

ākH~vM
ā ,wn

ā!#, ~A32d!

C̃RL~uddn! i jk5C̃RL
(6)~uddn! i jk1C̃RL~uddn!G̃

i jk
1C̃RL~uddn!x6

i jk
1C̃RL~uddn!x0

i jk , ~A33a!

C̃RL~uddn!G̃
i jk

5
4

3

g3
2

MG̃

C~ ũd̃dnL!MN jk~GGR
(u) !M

1 ~GGR
(d) !N

i H~uM
G̃ ,xN

G̃!, ~A33b!

TABLE I. AL,R
i jk in Eq. ~A37! for each nucleon decay mode.mN is the nucleon massmN'mp'mn andmB8 is an averaged baryon mas

mB8'mS'mL . F'0.48 andD'0.76 are coupling constants for the interaction between baryons and mesons@14,18#.
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C̃RL~uddn!x6
i jk

5
g2

2

MC
a

@2C~ ũd̃dnL!MN jk~GCR
(u) !N

a1~GCR
(d) !M

a iH~xM
a ,uN

a !1C~ ũ l̃ udR!MN1i~GCL
(d)!M

a j~GCL
(n)!N

akH~xM
a ,wN

a !#,

~A33c!

C̃RL~uddn!x0
i jk

5
g2

2

MN
ā

C~ ũd̃dnL!MN jk~GNR
(u) !M

ā1~GNR
(d) !N

ā iH~vM
ā ,yN

ā !, ~A33d!

C̃RL~ddun! i jk5C̃RL~ddun!G̃
i jk

1C̃RL~ddun!x0
i jk , ~A34a!

C̃RL~ddun!G̃
i jk

5
4

3

g3
2

MG̃

C~ d̃d̃unL!MN1k~GGR
(d) !M

i ~GGR
(d) !N

j H~xM
G̃ ,xN

G̃!, ~A34b!

C̃RL~ddun!x0
i jk

5
g2

2

MN
ā

C~ d̃d̃unL!MN1k~GNR
(d) !M

ā i~GNR
(d) !N

ā jH~yM
ā ,yN

ā !. ~A34c!

Here,C̃RL,LR
(6) are contributions from dimension six operators, whose magnitudes are quite small compared to the dim

five contributions forB→M n̄ decay modes (B5p or n,M5K,p or h). Notice thatC(ũũdlL,R) andC(d̃ l̃ uuL,R) in Eq. ~A24!
do not contribute to the nucleon decay amplitude. The functionH is defined as

H~x,y!5
1

x2y S x logx

x21
2

y logy

y21 D , ~A35!

and the arguments ofH are ratios of SUSY particles’ masses~squared!:

xM
G̃ 5

md̃M

2

MG̃
2 , uM

G̃ 5
mũM

2

MG̃
2 , ~A36a!

xM
a 5

mũM

2

MC
a2

, uM
a 5

md̃M

2

MC
a2

, zm
a 5

mñm

2

MC
a2

, wM
a 5

ml̃ M

2

MC
a2

, ~A36b!

vM
ā 5

mũM

2

MN
ā2

, yM
ā 5

md̃M

2

MN
ā2

, zM
ā 5

ml̃ M

2

MN
ā2

, wm
ā 5

mñm

2

MN
ā2

. ~A36c!

Nucleon partial decay widths.The effective quark Lagrangian Eq.~A27! is converted to an effective hadronic Lagrangi
with use of the chiral Lagrangian technique~perturbative QCD corrections between the electroweak scale and;1 GeV scale
are also taken into account!, then partial decay widths of the nucleon are calculated as

G~Bi→M jl k!5
mi

32p S 12
mj

2

mi
2D 2

1

f p
2 ~ uAL

i jk u21uAR
i jk u2!, ~A37!

where the lepton mass is neglected only for the kinematics. The expressions forAL,R
i jk are listed in Table I.
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