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We reanalyze the proton decay in the minimal(SJUSUGRA GUT model. Unlike previous analyses, we
take into account a Higgsino dressing diagram of a dimension 5 operator with right-handed matter fields
(RRRRoperatoy. It is shown that this diagram gives a dominant contributionpferK * v over that from the
LLLL operator, and the decay rate of this mode can be comparable with that lﬁf*jﬂ which is dominated
by theLLLL contribution. It is found that we cannot reduce both the decay rafe-oK* v, and that ofp
— K+7M simultaneously by adjusting relative phases between Yukawa couplings at colored Higgs interactions.
Constraints on the colored Higgs boson miks and a typical squark and slepton massfrom the super-
Kamiokande limit become considerably stronger due to the Higgsino dressing diagramRiR RBoperator:
Mc>6.5x 10 GeV forms<1 TeV andm;>2.5 TeV forM-<2.5x 10'® GeV.[S0556-282199)03111-3

PACS numbgs): 12.60.Jv, 12.10.Dm, 13.30a, 14.20.Dh

I. INTRODUCTION and squarks, left-right mixing of squarks and sleptons, and
gaugino-Higgsino mixing of charginos and neutralinos. For
The gauge coupling unification aroundMy~2  this purpose we diagonalize mass matrices numerically to
X 10'® GeV [1] strongly suggests supersymmet(BUSY)  obtain the mixing factors at “ino” vertices and the dimen-
grand unified theory(GUT) [2]. In this model, the gauge sion 5 couplings. We examine the effect of the relative
hierarchy problem is naturally solved by supersymmetrypPhases between the Yukawa couplings at the colored Higgs
Also, this model makes successful predictions for the charglhteractions. We show that the Higgsino dressing diagram of
quantization and the bottom-tau mass ratio. Proton decay iie RRRRoperator gives a dominant contribution for
one of the direct consequences of grand unification. The»K ™ »., and the decay rate of this mode can be comparable

main decay mod¢)_>K+;[3,4] in the minimal SLQ5) su- with that of p—>K+7ﬂ which is dominated by thé.LLL
pergravity(SUGRA) GUT model[5] has been searched for contribution. We find that we cannot reduce both the decay
with underground experimen(6,7], and the previous results rate of p—K™*», and that ofp—K v, simultaneously by
have already imposed severe constraints on this model. Redjusting the relative phases. We obtain constraints on the
cently new results of the proton decay search at supercolored Higgs mass and the typical mass scale of squarks and
Kamiokande have been reportg&l. The bound on the par- sleptons under the updated super-Kamiokande bound, and
tial lifetime of the K*7z mode is T(p—>K+7)>5.5 find that these constraints are much stronger than those de-
X 10°2 yr (90% C.L), where three neutrinos are not distin- fved from the analysis neglecting tieR R Reffect. .
guished. This paper is organized as follows. In Sec. Il, we descibe

There are a number of detailed analyses on the nucleoie dimension 5 operators in the minimal G SUGRA
decay in the minimal S(%) SUGRA GUT mode[9,3,4,10— GUT and briefly sketch our scheme to calculate the proton
13]. In previous analyses, it was believed that the contribudecay rates. We give a qualitative discussion onRIfiRRR

tion from the dimension 5 operator with left-handed mattercontribution in Sec. Ill. We present results of our numerical
fields (LLLL operatof was dominant forpaK*? [4]. In calculation and discuss constraints on this model in Sec. IV.

particular a Higgsino dressing diagram of tR& R Ropera- Formulas us_ed in the calculatiqn of the nucleon decay rates

tor has been ignored in these analyses. It has been concludtf summarized in the Appendix.

that the main decay mode s—K*v, [3], and the decay

rate of this mode can be suppressed sufficiently by adjusting, 5 \ENSION 5 OPERATORS IN THE MINIMAL SU ®)

relative phases between Yukawa couplings at colored Higgs SUGRA GUT

interactions[10]. Recently it has been pointed out that the

Higgsino dressing diagram of tHeRRRoperator gives a Nucleon decay in the minimal §6) SUGRA GUT

significant contribution tgp—K*v_ in a large tan8 region ~ model is dominantly caused by dimension 5 operafis

in the context of a SUSY S@0) GUT model[14]. which are generated by the exchange of the colored Higgs
In this paper, we reanalyze the proton decay including thénultiplet. The dimension 5 operators relevant to the nucleon

RRRRoperator in the minimal S(3) SUGRA GUT model. decay are described by the following superpotential:

We calculate all the dressing diagrai$€)] (exchanging the

charginos, the neutralinos, and the glyid the LLLL and

RRRRoperators, taking account of various mixing effects _ i Ecijle QQ,L. +CINECUSUDS}. (1)

among the SUSY particles, such as flavor mixing of quarks 57 M |2 78k KIRIEI TSR EREI I
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Here Q,U¢, and E® are chiral superfields which contain a u Y,

left-handed quark doublet, a charge conjugation of a right- % s ™
handed up-type quark, and a charge conjugation of a right- ® & q

handed charged lepton, respectively, and are embedded in ) P d !

the 10 representation of $8). The chiral superfields and P Y ViV ®u

D° contain a left-handed lepton doublet and a charge conju- ¢ ~ B

gation of a right-handed down-type quark, respectively, and 7 *® ~ H,

are embedded in the i2presentation. A mass of the colored k )
Higgs superfields is denoted M. The indicesi,j,k,I R V.Y k
=1,2,3 are generation labels. The first term in EQ.rep-

resents theLLLL operator[4] which contains only left- FIG. 1. Higgsino dressing diagram which gives a dominant con-

handed S(P) doublets. The second term in E€l) repre- tribution to thep—K*», mode. The circle represents tRRRR
sents theRRRRoperator which contains only right-handed dimension 5 operator. We also have a similar diagram tgisg)
SU(2) singlets. The coefficient€s, andCsg in Eq. (1) are  X(divq).

determined by Yukawa coupling matricg&0]. Approxi-

mately these are written as defned by <0|5566(déu2)ui|p>:a’pNL and
Cg'ﬁ'|x~(YD)ij(VTPYuV)k|, (0| €ape dﬁuE)uﬂp):BpNL (N, is a left-handed proton’s

wave function are evaluated as 0.003 G%&,Bp

CUR |x=(P*V*Yp)i; (VY ), 2y <0.03 GeV? and a,=— B, by various method$19]. We

use the smallest valyé,= — a,=0.003 GeV in our analy-
whereY, andYp are diagonalized Yukawa coupling matri- Sis to obtain conservative bounds. For the details of the
ces for 10<10x5, and 10<5x5,, interactions, respec- Methods of our analysis, see Rélfs3,14. Formulas for rel-
tively. More precise expressions f@, and Csg are given evant interactions and the nucleon decay rates are given in
in the Appendix. The unitary matri%/ is the Cabibbo- (e Appendix.
Kobayashi-MaskawdCKM) matrix at the GUT scale. The

matrix P=diag(P;,P,,P3) is a diagonal unimodular phase |il. RRRR CONTRIBUTION TO THE PROTON DECAY

matrix with |P;|=1 and deP=1. We parametriz® as _ _ . ,
The dimension 5 operators consist of two fermions and

P,/P;=ge'%13  P,/Py=¢'%2, (3)  two bosons. Eliminating the two scalar bosons by gaugino or
Higgsino exchangddressing, we obtain the four-fermion
The parameters 3 and ¢,3 are relative phases between the interactions which cause the nucleon de¢dyl0]. In the
Yukawa couplings at the colored Higgs interactions, andone-loop calculations of the dressing diagrams, we include
cannot be removed by field redefinitions5]. The expres- all the dressing diagrams exchanging the charginos, the neu-
sions forCs and Csg in Eq. (2) are written in the flavor tralinos, and the gluino of theLLL andRRRRdimension 5
basis where the Yukawa coupling matrix for thexi®  operators. In addition to the contributions from the dimen-
X5, interaction is diagonalized at the GUT scale. NumericalSion > operators, we include the contributions from dimen-
values ofYy,Yp, andV at the GUT scale are calculated SIOn 6 operators mediated by the heavy gauge boson and the
from the quark masses and the CKM matrix at the eleccolored Higgs boson. Though the effects of the ﬂmensmn 6
troweak scale using renormalization group equation®perators -1/M%) are negligibly small fop—K ™ v, these
(RGEs. could be important for other decay modes such s
In the minimal SW5) SUGRA GUT, soft SUSY breaking — #%e*. The major contribution of theLLLL operator
parameters at the Planck scale are describethhy Mgy,  comes from an ordinary diagram with wino dressing. The
and Ay which denote universal scalar mass, universaimajor contribution of theRRRR operator arises from a
gaugino mass, and universal coefficient of the trilinear scalaHiggsino dressing diagram depicted in Fig. 1. The circle in
couplings, respectively. Low energy values of the soft breakthis figure represents the complex conjugatiorﬁ:éﬁ' in Eq.
ing parameters are determined by solving the one-loop RGE®) with i=j=1 andk=I1=3. This diagram contains the
[16]. The electroweak symmetry is broken radiatively/] =~ Yukawa couplings of the top quark and the tau lepton. The
due to the effect of a large Yukawa coupling of the topimportance of this diagram has already been pointed out in
quark, and we require that the correct vacuum expectatioRef.[14] in the context of a SUSY SQ@0) GUT model. This
values of the Higgs fields at the electroweak scale are repradiagram has been ignored in previous analyses in the mini-
duced. We ignore RGE running effects between the Plancknal SU5) SUSY GUT([9,3,4,10-13 though the contribu-
scale and the GUT scale for simplicity. In this approximationtions from gaugino dressing of tHeRRRoperator were in-
the phase matriXP decouples from the RGEs of the soft cluded in Ref[10]. We show that this diagram indeed gives
SUSY breaking parameters. Thus we have all the values @ significant contribution in the case of the minimal (SJ
the parameters at the electroweak scale. The masses and 8 dGRA GUT model also.
mixings are obtained by diagonalizing the mass matrices nu- Before we present the results of our numerical calcula-
merically. We evaluate hadronic matrix elements using theions, we give a rough estimation for the decay amplitudes
chiral Lagrangian methofil8]. The parameters, and 8,  for a qualitative understanding of the results. In the actual
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calculations, however, we make full numerical analyses insatisfy ~ |P,A,(C_) + P3A,(T.)|>|P,A.(C) + PsA, (1))

cluding contributions from all the dressing diagrams as well ~ TN
. . >|P,Aq(C) + P3A(t.)| independent ofp,3. On the other
as those from dimension 6 operators. We also take accou t| 2Ae(CL) + PaAc(ly)] P thas

of various effects such as mixings between the SUSY par@nd. the magnitude &.(tg) is larger than those o&i(c,)
ticles. In addition to the soft breaking parameter dependencandA;(t.), and the phase dependencePah (tg) is differ-
arising from the loop calculations, relative magnitudes beent from those of,A;(c,) andP3A;(t,). Note thatA;(c,)
tween various contributions can be roughly understood byng A(t,) are proportional to~1/(singcosg)=tans
the form of the dimension 5 operator in Eg). Counting the +1/tanB, while A,(ig) is proportional to ~(tang
CKM suppression factors and the Yukawa coupling factors,+ 1/tan,852, Where taTrBF;s the ratio of the vacuum expecta-

it is easily shown that th&RRRcontribution to the four- .\ oo o e tvo Higgs bosons. Hence BB RRcon-

fermjon operator's L(Rd.R)(S.LVTL) and (U.RSR)(dLVTL) is tribution is more enhanced than th& LL contributions for
dominated by a singléHiggsino dressingdiagram exchang- large tang [14]

ing T (the right-handed scalar top quadnd 7 (the right-

handed scalar tau leptprForK * v, andK * v, theRRRR
contribution is negligible, since it is impossible to get a large
Yukawa coupling of the third generation without small CKM ~ Now we present the results of our numerical calculations.
suppression factors in this case. TheLL contribution to  For the CKM matrix we adopt the standard parametrization
(u dy)(s.vi) and (u_s.)(d_v;. ) consists of two classes of [20], and we fix the parameters a¥,,=0.2196, V.,

(wino dressiny diagrams; they ar€, exchange diagrams 20-|03_95a|\r/]ub25/cb|_=0-08, éllnd 5?]3: 90° Lﬂ g1KeMWh0|¢
~ - - - the matrix.

and, exchange diagramgL0]. Neglecting all of various 2NaYSIS, WNerey3 1S a compiex phase in

subleading effects, we can write the amplitudge coeffi- The top quark mass is taken to be 175 G@]. The col-

. . i ored Higgs mas$/. and the heavy gauge boson mads
cients of the four-fermion operatorior p—K™ »; as are assumed al¥l .= M, =2x 101 GeV. We require con-

straint on theb— sy branching ratio from CLEQ22] and

IV. NUMERICAL RESULTS

Amp(p—K™ ve) ~[P,Ag(CL) + PsAg(t)]LLiL bounds on SUSY particle masses obtained from direct
- searches at the CER& e~ collider LEP[23], LEP Il [24],
Amp(p_’K+V,L)~[P2AM(EL)+PSAM(TL)]LLLLv and Fermilab Tevatrof25]. We also impose condition to

avoid color and charge breaking vacua which is given in Ref.
[26] at the electroweak scale.
We mainly discuss the main decay mauesK* v in this
+[P;A(tr) IrRRR (4)  paper. We first discuss the effects of the phaggsand ¢,3
parametrizing the matri in Eq. (3). In Fig. 2 we present
where the subscrigtLLL (RRRR represents the contribu- the dependence of the decay rafép— K v;) on the phase
tion from theLLLL (RRRR operator. We estimatd; by  ¢,5. As an illustration we fix the other phast ; at 210°,
only the (ud)(sv) type contributions here for simplicity, and later we consider the whole parameter spacg;gfand
ignoring the (1s)(dv) type contributions. Th&LLL contri-  ¢,5. The soft SUSY breaking parameters are also fixed as
butions forA, can be written in a rough approximation as my=1 TeV, Myx=125 GeV, and\x=0 here. The sign of
A(C)~GEY Y Vi VeaVeMo/(Mcm?)  and  A((f,)  the Higgsino mas is taken to be positive. With these
~g§YthijthVtsM 2/(Mcmf2), where g, is the weak pargmeteis, all the masses of the scalar fermions qthier than
SU(2) gauge coupling, and/, is a mass of the wino. A the lightert are around 1 TeV, and the mass of the lighter
typical mass scale of the squarks and the sleptons is denotéti@Pout 400 GeV. The lighter chargino is wino-like with a
by % . ForA,, andA,, we just replacer,V*, in the expres- mass about 100 GeV. This figure shows that there is no
. " o . _ =
sions forA, by Y V¥, andY4V%,, respectively. ThReRRRR  region for the total decay ratE(p—>K+v) to .be st_rongly
contributon is  also  evaluated as A (tg) suppressed, thus the whole region ¢ in Fig. 2 is ex-
2y \/x 2 _ TR cluded by the super-Kamiokande limit. The phase depen-
~YqYiY VigVuaVisu/ (Mcmg), where u is the supersym-

i -
metric Higgsino mass. The magnitude @fis determined denc+e_ofF(p—>K ve) |s+gune different from thfie or(p
from the radiative electroweak symmetry breaking condition,” K ¥x) _and I'(p—K"vg). Though I'(p—K"v,) and
and satisfie$u|>|M,| in the present scenario. I'(p—K*») are highly suppressed aroundd,s
Relative magnitudes between these contributions are-160°, I'(p—K™v,) is not so in this region. There exists
evaluated as follows. The magnitude of thecontribution is  also the regiong,s~300° wherel'(p—K*v.) is reduced.
comparable with that of the, contribution for each genera- In this region, however],“(pHK+7M) andF(pHKJf;e) are
tion mode|A;(c,)|~|A(t,)|. Therefore, cancellations be- not suppressed in turn. Note also that iév, mode can
tween theLLLL contributionsP,A;(c,) and P3A;(t,) can  give the largest contribution. o
occur simultaneously for three modes—K*v; (i=e,u This behavior can be understood as follows. Fgrand
and 7) by adjusting the relative phaseé,; betweenP, ve, the effect of theRRRRoperator is negligible, and the
and P; [10]. The magnitudes of th&LLL contributions cancellation between thelL LL contributions directly leads

Amp(p— K 1,)~[P2A(C )+ PsA(T)]LLLL
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FIG. 2. Decay ratesF(pHK*;i)(i:e, u, and 1) as func- 9,5 [degree ]

tions of the phase,; for tan3=2.5. The other phasé; is fixed . —

at 210°. The CKM phase is taken d#s;=90°. We fix the soft FIG. 3. Contour plot for the partial I|fet|me(p—>5 ) m_the
SUSY breaking parameters ap=1 TeV, Mx=125 GeV, and 1z 23 plane. The contributions of three modks ve, K*v,,
Ax=0. The sign of the supersymmetric Higgsino masss taken ~ andK*v_ are included. We use the same parameters as in Fig. 2.
to be positive. The colored Higgs mabk: and the heavy gauge The maximum value of the contour is less than>018? yr.

boson massM, are assumed aM.=M,=2x10' GeV. The

horizontal lower line corresponds to the super-Kamiokande "mitregion to makeT(p—>K+7) longer than 0.5 102 yr. This

+73 2 i i _ —_
7(p—K7v)>5.5%X 1.03 yr, ahd. the hcirzontal uppezr line corre implies that we cannot reduce botH{p—K*7.) andT'(p
sponds to the Kamiokande limi(p— K v)>1.0x 10°2 yr. T . .
—K7v,) simultaneously, even if we adjust the two phases

to the suppression of the decay rates. This cancellation ing13 and ¢35 anywhere. Consequently, the whole parameter
deed occurs aroung,s~160° for bothjﬂ and?e simulta-  "€gion in this plane is excluded by the super-Kamiokande

L — L L result.
neously in Fig. 2. Fow ., the situation is quite different. The Next we would like to consider the case where we vary

similar cancellation betweeR,A.(c,) and P3A.(t) takes  the parameters we have fixed so far. The relevant parameters
place aroundg,s~160° for v, also. However, th(RRRR  are the colored Higgs boson mads. , the soft SUSY break-
operator gives a significant contribution for.. Therefore, ing parameters, and tgh As for the constante, and 3, in
I'(p—K*v,) is not suppressed by the cancellation betweeriNe hadronic matrix elements, we have chosen the smallest
the LLLL contributions in the presence of the lalB&RR value [19]. Hence other choices of these constants lead to
operator effect. Notice that it is possible to reducgp ~ €nhancement of the proton decay rate which corresponds to
—.K*7.) by another cancellation between theLL contri- severer constraints on this model. The partial lifetin{@

+— . . 2 . .
butions and théR RRRcontribution. This reduction of (p t,_’K v) |stﬁroport(|jon_aldtoM.C "t] gt\)’e?r’] ggpd approgma-
K*7) indeed appears arounfl,,~300° in Fig. 2. The oM since this mode is dominated by the dimension 5 opera-

L her | o th ) o tors. LJsing this fact and the calculated value efp
decay ratel'(p—K" v,) is rather large in this region. The 473 t the fixedM o= 2x 101 GeV, we can obtain the
reason is thaP,A_(c. ) and P;A_(t,) are constructive in

A A ) lower bound onM from the experimental lower limit on
this region in order to cooperate with each other to cancel the

. ~ ~ T(p—>K+;). In Fig. 4, we present the lower bound dh¢
large RRRRcontribution P1A(tg), henceP,A,(c.) and  gptained from the super-Kamiokande limit as a function of

P3A, () are also constructive in this region. Thus we can-the left-handed scalar up-quark mass . Masses of the sca-
not reduce bothl’(p—K*»;) andT'(p—K"»,) simulta- |5 fermions other than the lightdr are almost degenerate
neously. Cogs_equently, there is no region for the total Qecawith U The soft breaking parametens,, My, andAy
rateI'(p—K™v) to be strongly suppressed. In the previousge scanned within the range okOn,<3 TeV, 0<M

. . ° . [l gX
analysiq 12] the regiong,;~160° has been considered to be - q TeV, and—5<A,<5, and tang is fixed at 2.5. Both
allowed by the Kamiokande limit(p—K"»)>1.0  signs ofu are considered. The whole parameter region of the
X10% yr (90% C.L) [6]. However, the inclusion of the two phasesp,;and ¢,s is examined. The solid curve in this
Higgsino dressing of th& RRRoperator excludes this re- figure represents the result with all thé LL and RRRR
gion. In Fig. 3 we show a contour plot of the partial lifetime contributions. It is shown that the lower bound bt de-
7(p— K™ v) in the ¢15 ¢,3 plane. It is found that there is no creases as- 1/rnrJL asnmy increases. This indicates that the
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. FIG. 5. The lower bound on the colored Higgs maég ob-
i Flcfsihd" lL?tVLer ZOlénd OF the COlorid nggsTrEaﬂg zsba f“k’?C' tained from the super-Kamiokande limit as a function of gafThe
ion ot the lef-handed scalar up-quark masgg . The Soit breaking phase matrixP is fixed by ¢13=210° and¢,3=150°. The region

parametersny, Mgy, andAy are scanned within the range of 0 ey the solid curve is excluded if the left-handed scalar up-quark
f_<mo<3 Tev, ?1<Mg><<1 Tev, a”(_"*5<AXh<5’ :nld tang is massmy is less than 1 TeV. The lower bound reduces to the
ixed at 2.5. Both signs of. are considered. The whole parameter . cpo4 cirve if we allowrr; up to 3 TeV. The result in the case

region of the two phasess; _and ¢231S examined. The S.O"d curve .Yvhere we ignore th® RRReffect is shown by the dotted curve for
represents the bound derived from the super-Kamiokande limi ~1 Tev
m;, .

(p—K*1)>5.5x10% yr, and the dashed curve represents the

corresponding result without tiRRR Reffect. The left-hand side

of the vertical dotted line is excluded by other experimental condarger than about 2.5 TeV wheM( is less than 2.5

straints. The dash-dotted curve represents the bound deriv_ed from 10'® GeV in the tanB=2.5 case. Th®RRRReffect plays

the Kamiokande limit on the neutron partial lifetimén—K%v) an essential role again, since the lower boundrgnvould

>0.86x10* yr. be 700 GeV if theRRRReffect were ignored. We also find
that the Kamiokande limit on the neutron partial lifetime

RRRReffect is indeed relevant, since the decay amplituder(n_>K0;)>o-86>< 10%2 yr (90% C.L) [6] already gives a
from the RRRR operator is roughly proportional to comparable bound with that derived here from the super-

1/ (Mcm?) ~ 1/(M i), where we use the fact that the mag- Kamiokande limit onr(p—K*v), as shown by the dash-
nitude of u is determined from the radiative electroweak dotted curve in Fig. 4. If the super-Kamiokande updates the
symmetry breaking condition and scales as-m;. The  neutron limit from the Kamiokande, for example, by a factor
dashed curve in Fig. 4 represents the result in the case wheg¢ 5, then the lower bound oM will become 5 times
we ignore theRRRReffect. In this case the lower bound on |arger than that derived from the Kamiokande limit.
M behaves as- 1/m§ , since theLLLL contribution is pro- Let us discuss the tg® dependence. Figure 5 shows the
portional toM, /(M rTL1?) lower bound on the colored Higgs malsk. obtained from
) 2 c N the super-Kamiokande limit as a function of fgnHere we

It is found from the solid curve in Fig. 4 that the colored vary mo, Mgx, Ay, and sgnf) as in Fig. 4. The phases
Higgs massM¢ must be larger than 625106 GeV for 4 “and ¢23gare fixed aspys=210° and dhys—150°. The
tanf=2.5 when the typical sfermion mass is less thanggqit goes not change much even if we take other values of
1 .TeV. On the other hand, it has bee_n pointed out that therg)13 andé,s. The region below the solid curve is excluded if
exists an upper bound orMc given by Mc<2.5 my, is less than 1 TeV. The lower bound reduces to the

X 10'® GeV (90% C.L) if we require the gauge coupling . .
unification in the minimal contents of GUT superfield<]. dashed curve if we allowrr; up to 3 TeV. Itis shown that

This upper bound is smaller than the lower bound derivedhe lower bound oM ¢ behaves as-tarfg in a large tang
from our proton decay analysis. Therefore it turns out thaf€gion, as expected from the fact that the amplitudep of
the minimal SWY5) SUGRA GUT model with the sfermion — K™ v, from theRRRRoperator is roughly proportional to
masses less than 1 TeV is excluded for gan2.5. Note ~tarf8/Mc. On the other hand, theLLL contribution is
that the inclusion of th&@ RR Reffect is essential here. If we proportional to~tanB/M¢, as shown by the dotted curve in
ignored theRRRReffect, we could find an allowed region Fig. 5. Thus theRRRRoperator is dominant for large tgh
around 1.X 10 GeV=M =<2.5x10% GeV. We can also [14]. Note that the lower bound oMl ¢ has the minimum at
see from Fig. 4 that the typical sfermion mass must be tanB~2.5. Thus we can conclude that for other value of
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tang the constraints oM and m; become severer than ~ APPENDIX: FORMULAS FOR THE CALCULATION
those shown in Fig. 4. OF THE NUCLEON DECAY

Finally, we comment on the other decay modes. por In this appendix, we summarize the formulas used in the
— v, we obtain a similar result as that for tpe-K*»  calculation of the partial decay widths of the nucleon in the
mode: the third-generation mogte— 7 v is dominated by ~Minimal SU5) SUGRA GUT in order to clarify our nota-

the RR R Reffect, while theRRRReffect is negligible for the  fions and conventions. In subsection 1, generic formulas for
first and the second generation modes. Let us define the MSSM are summarized. The formulas specific to the

I (p—m2)/T(p—K ) for i—e, . and 7. We see calculation of the nucleon decay are given in subsection 2.

thatr,>1 is realize_d in a part of theb,3 d,3 parameter
region wherepHKﬂJﬂ mode is suppressed due to the can- . ] )
cellation between theL L L contributions. This resultis con-  SuperpotentialYukawa couplings of the Higgs doublets
sistent with that given in the previous analygi®]. As for and matter fields and the supersymmetric Higgs mass terms
the 7. d ~1is al ible i diff ; . are given in the superpotential for the MSSM which is writ-

e v, mode,r.>1 is also possible in a different region ;. ¢
where I'(p—K™v,) is reduced. Consequently the ratio - - -
={=T(p—7 v)M{=T(p—K* 1)} is smaller than 1 in Wissu= FBQ{DfH 1o+ f €4sQ{' UTHS + fl e PEFL H 1
the whole region 0f¢>_13-¢23 space. Moreover it ha_s been_ + uHy HE
reported that the lattice calculation of the hadronic matrix ) B
elements [27] gives a smaller value of the ratio =f3(QIDfHT +QIDFHY) + fl(QIUSTHY
(7| Og|p)/{K|Og|p) than the chiral Lagrangian estimation, g o o .
where Og denotes the baryon number violating operators. -Qi U?H2)+fE(EiCLFH1_EFLjH1)
Hence it follows that _the ratio is expected to_be smgller +,u(H8H8+H1_H§), (A1)
when we use the lattice result for the hadronic matrix ele-

merz)t. 0F0f th? charged lepton mod@—M/"(M  \yherei,j anda, 3 are generation and $P) suffices, respec-
=K% 7", n and/ =e,u), the effect of th(RRRRoperator is  tjyely. Color indices are suppressed for simplicity. Compo-
quite small, since we cannot have the tau lepton in the finghents of the S(2) doublets are denoted as

state.

1. MSSM part

o
Qia: ’ Lia:(Lie L|V):

V. CONCLUSIONS Qi
We have reanalyzed the proton decay including the B 0 Hy
RRRRdimension 5 operator in the minimal $6) SUGRA Hi.=(H;y Hi), H3= o |- (A2)
2

GUT model. We have shown that the Higgsino dressing dia-

gram of tIERRRRoperator gives a d(?minant contribution We take the generation basis for the superfields so that the
for p—K™v,, and the decay rate of this mode can be com-yykawa coupling matricegequivalently the mass matriges

parable with that ob—>K+v#. We have found that we can- for the up-type quarksf(;) and the leptonsf() should be

not reduce both the decay rate pi>K* v, and that ofp  diagonal(with real positive diagonal elementat the elec-
—’K+7u simultaneously by adjusting the relative phaggs troweak scale. In this basis, the Yukawa coupling matrix for

and ¢,; between the Yukawa couplings at the colored Higgsii'® dOWn-type quarkép is written as
interactions. We have obtained the bounds on the colored . 2
Higgs massM¢ and the typical sfermion mass; from the fo(mz)=Vim fo. (A3)

new limit on 7(p—K™*v) given by the super-Kamiokande. ~ L . )
The colored Higgs boson masé. must be larger than 6.5 Wherefp is dlagonal(rea! PPS'“VQ and Vi is the CKM
X 10! GeV whenn is less than 1 TeV. The typical sfer- matrix. We take the PDQ s “standard” phase gonventlon for
mion masan; must be larger than 2.5 TeV whé: is less Vicu _[20]' The SUSY Hl_ggs mass parameieris ta"_e” as
than 2.5< 10 GeV. real in order to automatically avoid too-large electric dipole
moments(EDMs) of the neutron and the electron. The sign
of u is taken as a free “parameter.”

Soft SUSY breaking termSoft SUSY breaking terms of
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+Aga:ya] hla+Ai_j e eiTjahlﬁJ'_ HC)

Minn Moo
+| BB+ =2

Mo+ MoaE+H A4
2 7 +7 +H.c.|. ( )
whereq, d, U, e, T, hy, andh, are scalar components of

Q, D¢ US ES L, Hj, andH,, respectively, an@, W,
and B are SU3), SU2), and U1) gaugino fields, respec-
tively. The gaugino massdd,, M,, andM; are taken as
real positive.

In the minimal SUGRA GUT model, the soft SUSY
breaking parameters at the GUT scllg, are written in
terms of the universal soft SUSY breaking parametegs
(universal scalar magsM ¢x (unified gaugino magsandAy
(dimensionless universal trilinear coupling parampeter

ma(Mx)=mi(My)=m3(My)=mgl,  (A5a)
mZ(Mx)=mg(My)=mg1, (A5b)
AZ(My)=A5(My)=m3, (A5¢)
M1(Mx)=Ma(My) =M3(Mx)=Mgx,  (A5d)
Au(Mx)=Axmofy,  Ap(My)=Axmfp, (ASe)
AL (My)=Axmpf, (A5f)

wherel is a 3X3 unit matrix in the generation space. We
take Ay as real(with either sign to avoid large EDMs.

Mass matricesMass matrices for squarks and sleptons

are given as follows.
Up-type squark:

2 = o =~
miL(u) mMig(u)
M~§=< N ) )
Mz (U)  MgR(U)
~ 2
mZ, (U) =02 fufa+mé+m§czﬁ(§—§s\2,v 1,
(A6b)

~ 2
mar(U) =v?s5 fafu+m6+m§czﬁ(§s§v) 1, (A60)

mZa(U) = pu* fuuca+Ayvss, (A6d)
m2, (U)=m2L(u), (ABe)
down-type squark:
2 miL(d)  mig(d)
M=, ~ s = | (A79)
Mg (d) mzg(d)

~ 1 1
m? (d)=v2ch fpfl+mi+ m%czﬁ( -5+ §s\2,\,) 1,
(A7Db)

PHYSICAL REVIEW D 59 115009

~ 1
mzR(d)=v%cs fng+m2D+m§CZB<_§35v 1
(A7c)
mZg(d) = u* fousg+Apvcy, (A7)
M (d) =me(d), (ATe)
charged slepton:
2 m (1) mga(D)
Mi=| , ~ ] (A8a)
mgu(1) mgg(1)
2 0 2.2 ¢7 2 2 1 2
mi (1) =vecy f| fr+m{+mzcyp —§+3W 1,
(A8b)

mar(T)=v2c5 f fl+mZ+mic,s(—sh)1, (A8c)

ma (T)=wu*fLusg+Avc, (A8d)
mir(T) =mZL(T), (A8e)
sneutrino:
Mg_ 2+ 2.2 E 1 (A9)
where cz=c0sB>0, sz=sinp>0, Cyp=C0SPB, Sy

=sinfy, andv?=(h;)?+(h,)?(v~174 GeV). The above
mass matrices are diagonalized with use Bf@unitary ma-
tricesU,, Up, andU,, and a 3<3 unitary matrixU,,
which are defined as

OyM 270 =diagonalm? ), (A103)
~ 2Tt 2

Up M5 UD—dlagonadmal), (A10b)
U[MTZUL=d|agonaﬂmﬁ), (A100)
U] MZ0=diagonalm?’), (A10d)

where the superscript stands for the transpose.
Mass matrices for charginos\{¢) and neutralinos.{1y)
are given as follows:

M, V2mys,

= , (Alla
“ - \/Emwcﬂ M

115009-7
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My of the mass-diagonalizing matricesU,, Up, U,
Uy, U., andUy as follows.
-M 0 —mzSy,C my,SyS Ns» M=o N
! ZoWEB ZoW=B Gluino:
0 —M> MzCwCg  —MzCwSg
= 3

—MzSwCg  MzCwCp 0 M . ~ )

T 0 rE)i= 2 o)V, (AL4a)
(Al1b) -

TEHI=(0p)] "3, (AL4b)

M and M, are diagonalized with 2 unitary matrices

U. and a 4x4 unitary matrixUy, respectively, which are Wi 1
defined as (IaDi=Wy)i, (Al4c)

—~UT MU =diagonalMg), (A123) (PWi=(T)*3, (AL4d)
URMyUy = diagonal M), (A12b) chargino:

where all mass eigenvalue$1i(a=1,2) and My(«a 8 m{¥

=1,2,3,4) are taken as real positive. TE)E=> 1 (OFUDF+ Oy —=———(U.)g
Interaction Lagrangian in mass basi§he quark(lepton k=1 V2m MwSg

— squark(slepton — ino (gluino, chargino, neutralinanter- X(VKM){U (A153)

action terms are given as follows:

(d)

Eintzﬁint(é)+£int(Xi)+£im(X0)i I‘E:d% |01J_ 2 (U (VKM)k (U_)g,
V2myc

Lin(B)=—i2g;0*' GLTE)IL +(TENIR]d, (A15b)

~i2g5* BLIEDIL+ (MERIRIy;+He., W)= (Up)(uT)2

(Al‘?’a) 3 m(d)
— | o -2 (UD)F”[ (Vi LUT)2,
Lin(x ) =Gox [(TEDIIL+(TERRIdju*! =1 MyCp

" iR A15¢
+gox s [(CEN ML+ (T .“'R]u.d*' (A150)

(U)

— (1) yei ()
+02x. [(TED{IL + (PERIR]I v e =(Tp) ,[m - (uhz,
wWog

(r (Al5d)

+goxt (T MLy T* +H.c, (A13b)
aj AR riH=—OHlwu.ng, Al5¢
Lind X0 =gox L (C)IL + (M) PR d d*! (FepM=-(UpI(U.)1 (A15¢)
“O0r (W) aj (Wyaip1 T (1)
T Oox LI\ L+ (INR) T R]uju . m; —
‘ Tk ?J=ﬁ—'<UL>%<u,>§, (A15f)
XL (CEDIL+ (TR IRYT! MCs

+gox AT LT+ +Hee., A13c o m{"
92X (TN, (A139 TEHM=—ODIUD) i+ —=—— o @DI2Wh)E,
whereL =3(1—ys) andR=3(1+ vs), g, andg; are SU2) MwCs (A150)
and SU3) gauge coupling constants, respectively. Here and
= o+ 0 0~ 5 T = .

hereafter,G, Xa X;* up, dlv ||1 Vi, Ui, di! Iii and neutralino:
v; denote gluino, chargino, neutralino, up-type squark,
down-type squark, charged slepton, sneutrino, up-type quark, _ 1 1 3
down-type quark, charged lepton, and neutrino fields in mass(I'{9)® = /2| + E(UN)S— 6 E Y View)k
basis, respectively. Ranges of the sufficeslard,2, ... ,6 k=
(squarks and charged sleptgnsj, k= 1,2,3 (quarks, leptons (d)
and sneutrings «=1,2 (chargino$, and «=1,2,3,4 (neu- (UN)S(U ) (Al6a)
tralinog. Mixing factors at each vertex are written in terms \/_ MwCgs
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— 1 o Ijk| M _flm M vV j fkn VT | ’
(F(Ndl)?)f“=\/§[—§tw(UL)};(U ){+3 ( X) ( X)( DL) ( X)( QU)r‘I (A18a)
(d) . )
i —L z (U)X (Viw)L CIR (M) =T (M) (Voum fU(Mx)(Vae)s,
J—mw Cs (A18b)
(Al6b)

whereVgy,Vae, andVp, are 3X3 unitary matrices which
parametrize the differences between generation bases of the

= 1 — 1 o~ MSSM superfields embedded in &Y superfields¥ (10)
M= 2| - = (Up)s— tw(Un)E|(Oy)] —
(PN \/—[ 2 (Unz = gtwUn)1| (Vo) and ®(5); i.e., the MSSM multiplets are accomodated into
¥ and® as
(U)
— 1 (UunaOy)ite, (A160)
- V2ms, W= {Q (VultUS (Voo 'ES, (A19a)
2 .
(T =2| + —tW<uN>i—}< Oui*® ®;={Df (Vo )iLi}- (A19D)
(u) Vou.Voe, andVp are determined by the unitary matrices
L)i([ju){' , (A160) which diagonalize the Yukawa coupling matricedvia and
\/— mWSB “ the phase matri®:
— 1 -1 1. Vou=UWTPTy,, (A20a)
<F<N'>L>r“=ﬁ[§<um§+ Etw(UN)i”}(UD{ e m e
m{) _ Voe=U§TUE, (A20b)
—=——(U5(UHI3, (Al6¢)
\/—mw Cp
Vo =ULU,, (A200)
Nyaj Ty1- 3
()) : \/_[_tW N)a](UL)rr where the Yukawa coupling matrices are diagonalized with
0 U’s as
m: 3~
— ﬁ—’(up);(u[){ , (A16f)
MwCpg UG fu(My) Ul =Yy, (A21a)
O 1 2, 1 | Tt (dy* t
(PP =12) = 5 (U3 + Stw(Un1 (D], UG fo(Mx)UL=Yp, (A21b)
(Al6g)
* T
wheret,= tanawandm(”), m(d) andm(') are massegeal UefL(My)U =Y. (A210)

ositive of up-type quarks, downt e quarks, and charged
Ipeptonse resppeci:?/el;/q ype d g Yy,Yp, andY_ are diagonal matrices with real positive di-

agonal elements. The CKM matrix at the GUT scale

2. Formulas specific to the nucleon decay =Vkm(My) is also written in terms ol’s as

Dimension five operatordDimension five operators rel-

. . =Wyt
evant to the nucleon decay are described by the following V=Ug'Ug". (A22)
superpotential: . _ _ .
In the present genaranon basis described in Subsection 1,
L[l o U8 Uy, Up~1, UP~V],, and Ug=U =1. Conse-
Wg=— M (CISL ZEéBEGaBQakaI ﬁQicijy quently,
+Cljk| abcE U U D ] (A17) VQU%PT! VQE%VKM%\/, VoL~1. (A23)
jc|’

The expressions fo€s, g in Eq. (2) are obtained from Eq.
where the suffices,b,c are color indices. The coefficients (A18) in this approximation.
Cs. and Cgr are given at the GUT scale in terms of the In the component form, the dimension five operators at
Yukawa coupling matrices the electroweak scale are written as
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~ Lt e ~— 1. ~— B
L= eabe| C(uduly)"™MIudy(ufil )+ C(uudin ™ Suju R(dE 1)+ C(UduIR) M TR R (U &)
~~ MNijl"é~B c ~ MNijTa b 4C ~ MNijl"é~B c
+C(uudlg) ™ suyun(dgilrj) + Cluddy )™ Huydy(diivy ) + Cldduy )™ Sdydy(ugivg)

~— ~ £ ~— - £ ~— ~ £
C(UTudy) MU (upd?)) + C(dTuu ) P ST (upuf)) + C(UTudg) K UfT (k)

1
(dluuR)”k'—da”J(uRkuRl)+C(dvudL)'lk'dav (UPd) + C(Urdd, )" Sui Ty, (dp de,)] (A24)

where the sufficet,R of the quark/lepton fields denote the d -
chirality. The coefficient<C’s are written in terms oCs g (477)2/\ C's”fl =| —8g5— 695~ §9§) cyt!
as follows: _ _ _ _
+CeM(fofp+fufm+ Ca ' (flfOh,
C(udul)"Ni=(cd! —cgH@H'OHY,

(A253 +CiM (Fofh+fufln
ijkm t IR}
C(uitdI)MNI = (C™— UM O K DD (Viw, Fefolor ulbn, (Azea
m?
(A25Db)
—— . - S ~ d .
C<udulR>MN”=<C§F§“'—cgél’k)(UL)%s(uTD)ﬁ(a, ) (4m)?A g3 CoR =(—893-497)CLR + Cel (2 fu)m
A25¢

) ) +CoR(2f i)+ CER' (2 LD,
C(UudIRMNI = (CEUIK — c2faily (1M, (DN 5.
i TR e N asa) +CIm2AS ), (A26)

C Udd MNij — ijkl Ika U U V] ,
( ") ( ) U)k( D)' ( KM(,)A\mZSG) where A is the renormalization point.

Effective interactionsAfter the calculation of the one-
loop (gluino-, chargino-, and neutralinodressing diagrams,
effective four-Fermi interaction terms relevant to the nucleon
decay are obtained as follows:

C(dduw, MNii = (cliik — Kty GLYMDTL)N,
(A25f)

C(UTud,)VM=(clm—cE™) O DT Vi)
(A259) 1 _ e

Li=——¢€zpa] CLo(udul)™(udd?)(ufl )

C(aTUU )lel (ijli |Jk|)(UD) (UL)J (A25h) (47T)2MC ° t Lot Ltk

k k(@b
C(iudg) = (CEA -~ CEI) T (D)2 CauauuAdh) w1+ usfudul ol
i+ j+31

(A25i) uR k)+CRR(uduI)'k(uRd I)(u IR
C(dTuug) M= (CE* - CEIN (O 5005, +Cyy (uddv) % (ufdP) (w0
(A25))

+Cru(uddy) ™ (udd2) (df )
C(dvudl_)”kl (Clnkm Cmnk')(UD)( N) (VKM)m’ ~ --kl . .
(A25k) +CRL(dduV)IJ E(dRide)(uLva) i (A27)
C(TJ’;}ddL)”kl (Cqmp Cpmq)(ua):(DN)L(VKM)E(VKm)Iq-

(A25I) ELL(UduI)ik:ELL(UdU|)g+ELL(Udu|):(r+E|_L(Udu|)i:0,

Cs,. andCgR, at the electroweak scale are evaluated by solv-
ing the renormalization group equations (A28a)
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- L4093 .
cLL(udul)LGk=§g—ﬁC(udulL)Mle
G
X (T (@) H(uM xN)
(A28b)

2

~ K 92 s « «
CLL(uduI)':t=W[—C(udulL)MN1k(I‘(C”E s
C

X H(x$ ,ul)+C(dpud )NmUi(ryat

PHYSICAL REVIEW D 59 115009

2

~ ik 92 ~~ a
cLL<uduI>'Xko=W[C(uduluMNlK(F‘N“le

X (TE@) @ H (v ya)+C(UTud, )N

X(CWE T EH (g 28], (A28d)

Cru(udul*=C&(uduh™+Cry(udu

+Cru(udub' +Cry(udub'lo,

X (TEDRHUT 2z, (A280) (A29a)
49 2
Cru(uduhi= §—3C<udu| YMNIK UL (PEVH (UG xS), (A29b)
2
Cru(udun =~ =L CTdul, M TENRHTEDTHO U (A290)
C
2
- . g — — — - = —_— )
cRL<udu'>;ko=M—i[c<udu|L>MN1K<F‘N“& ST H(vf v+ CUTud) NI T H v 201,
N
(A29d)
Cr(uduh*=C (6)(udul)'k+CLL(uduI)G+CLL(uduI) ++CLL(uduI) (A30a)
e ik_4 g§ ~ MN1k, (U1 7 (d)yi G G
Crr(udul)z 3. C(udulg) (CsHmTsHnH UG X0, (A30b)
G
g2 |
CLR(uduI)';i=W[—C(uduIR)Mle(F(“))“l(F(d))K‘,"H(xﬁ,l )+ C(dvud )N™ (T AN e (T O k1 (ug 22)],
C
(A300)
x93
CLR<udul)'Xko=—[C<udul RN T @) H (vl yR) + CUTudy) MM (T R EH (w201,
(A30d)
Crr(udul®=Cre(udubg+Creludu'. + Cra(udud'y, (A31a)
03
CRR(uduI)G=§M—3c<ud UlR) MM G (TERH (UG x5, (A31b)
2
Cre(udubl=— %C(EEulR)Mle(Fg‘,{ RHTEDMH (xR uR), (A310)
C
2
~ i gz =~ o «a @ L a =T i P o @
cRR<udul>;ko=W[C<udulR)MW(F(N“% T H(0f YR+ C(Tude) MM TR OIRH (vf 201,
N
(A31d)
CLL(uddy) =T (uddv)} +C|_L(UddV)” +CLL(uddv)”k (A323)
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TABLE I. AE r IN Eq. (A37) for each nucleon decay modey is the nucleon massi~m,~m, andmg, is an averaged baryon mass
mg-~my~m, . F~0.48 andD~0.76 are coupling constants for the interaction between baryons and njédotsg.

B | Ik | M; AFF AT
p || |L| LA+F+D) [a,,éRL(uduz)lk + ﬂ,,éLL(udul)lk]
R|-L(1+F+D) [a,,éLR(uduz)lk + ﬂpéRR(uduz)lk]
P | L @-% + F = 1 D) a,Cry (udul)* + f 1+ F — 1D) 8,001 (udul) ™
R _\/g<_§ + F — 1 D) 0, Cp p(udul)™* — \/;(1 +F - §D) B,Crr(udul)'*
KO | L (—1 + B(F — D)) a,Cri (udul)?* + (1 + I (F ~ D)) 8,01 1 (udul)?*
R|- (—1 + B (F - D)) a,Crr(udul)? — (1 + B(F — D)) B,Crr(udul)?*
7 | 7t | L|Q+F+D) [a,,ém(uddu)llk + ﬁpéu(uddy)ﬂk]
K+ | L (1 — D (F - §D)) a,Crp (dduv)'?* + (1 + B (F + %D)) a,Cry (uddy)!2t
+ (;—nwg ) a,Cry (uddv)?'* + (1 + B(F + %D)) B,CL1(uddy)1?*
+ (gg—,gD) ﬂﬂﬁLL(uddl/)m’C
n |G| 7 | L] (1+F+D)[a;Criludul)* + 8,Cp(udul)™]
R|-(1+F+D) [o;,,éug(udul)”c + /BpéRR(Udul)lk]
| 71 | L|~L(1+F+D) [a,,éRL(uddu)llk + ﬂpéu(uddy)llk]
° L @(_g +F — 1D) a,Cry (uddv)!'* + \/§ 1+ F - 1D) 8,Cpp (uddv)1*
K°|L ( my 2] ) a,Cri (dduv)'?* + (1 + B(F + lD)) a,Cry (uddy)'?*
+ (—1 ma(F — -D)) a,Cry (uddv)?* + (1 + BE(F + 1D)) 8,C1 1 (uddv)12*
+(1+ 22(F - 1D)) 8,Cp (uddv)?*
2
CLi(uddn)d == —[C(uddv YMNIK @)L @y S x€) 4 c(d@dupr )MNHRTEL (T H(KE x8)7,

3 M
(A32Db)

2
o (uddn) == [ ClTduy) "M E)RTEDFHOG )+ CCTudy "I T E) T EDRHOG i)
C

(A320)

2
92~ | - dia e . da
cLL<uddv>"5=Ma[C(uddeN'k(F(N“B T H iy +C@dur) N T T HYE Vi)
N

+C(dvud )M () (TED<H (ygy W) + CUpdd) MM RN T I r*H (o w1, (A32d)

Cru(uddy) *=TE(uddv)*+Cry (uddr)2 +CRL(uddv)’ +CRL(uddv)”k (A33a)
4 g3 - -
Cru(uddn) = §M—ﬁcﬁadvoMNjk(F(”)M(r%ﬁ% NH(UR . XR), (A33b)
G
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2
= ij 92 ~3 i a ai a ~7 i aj v)\ @ a a
CRL(uddv):‘i:W[—C(udde)MNJk(F(C”F)Q AT RHXE ,uR) + C(UTudg) NI T (T E) ERH (X Wi 1,
C

(A330)
95 - P
Cru(uddr) 5= MaC(uddeNJk(F(N“& S CEDEH WY, (A33d)
N
Cru(ddup) *=Cr (ddun) I+ Cr(ddun) s, (A343)
4 g
) o _
Cru(ddun)d =5 = C(ddur) " K G (MEDHOG X5, (A34D)
G
95
Cru(dduy) s = MaC(ddumMle(F(N“% HTEDEHYE Y. (A340)

N

Here,é(ﬁ)w are contributions from dimension six operators, whose magnitudes are quite small compared to the dimension

five contributions foB— M » decay modesE=p orn,M =K, or 7). Notice thatC(tiud|, g) andC(dTuu, g) in Eq.(A24)
do not contribute to the nucleon decay amplitude. The fundtida defined as

1 (xlogx vylogy
H(x,y)—x_y( —1  y-1 (A35)
and the arguments ¢ are ratios of SUSY particles’ massesjuaregt
2 2
G My G My
XmM=—2, Uy=—3, (A36a)
Mz Mz
2 2 2 2
a maM a rnaM a m;m @ rr}rM (A36b)
Xy = , Uy= y Zp= , Wy = ,
M Mgz M MgZ m MgZ M MgZ
_om _om o o
a Uwm a A a Im a Ym (A36C)
M= , o Ym= , o Zy= , = .
M Mﬁz M Mﬁz M Mﬁz m Mﬁz

Nucleon partial decay widthg he effective quark Lagrangian EGA27) is converted to an effective hadronic Lagrangian
with use of the chiral Lagrangian techniq(eerturbative QCD corrections between the electroweak scale-dndseV scale
are also taken into accoynthen partial decay widths of the nucleon are calculated as

2\ 2

m; m 1 y y

T'(Bi—Mjl)= (1—m—;) 2 AV IARPD), (A37)
i T

where the lepton mass is neglected only for the kinematics. The expressioh@{care listed in Table I.
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