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Effects of large CP phases on the proton lifetime in supersymmetric unification
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The effects of largeCP violating phases arising from the soft SUSY breaking parameters on the proton
lifetime are investigated in supersymmetric grand unified models. It is found that theCP violating phases can
reduce as well as enhance the proton lifetime depending on the part of the parameter space one is in. Modi-
fications of the proton lifetime by as much as a factor of 2 due to the effects of theCP violating phases are
seen. The largest effects arise for the lightest sparticle spectrum in the dressing loop integrals and the effects
decrease with the increasing scale of the sparticle masses. An analysis of the uncertainties in the determination
of the proton lifetime due to uncertainties in the quark masses and in the other input data is also given. These
results are of import in the precision predictions of the proton lifetime in supersymmetric unification both in
GUT and in string models when the soft SUSY breaking parameters are complex.

PACS number~s!: 12.60.Jv, 11.30.Er, 14.20.Dh
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I. INTRODUCTION

It is well known that there are new sources ofCP viola-
tion in supersymmetric~SUSY! theories which arise from
the soft SUSY breaking sector of the theory. The normal s
of such phases is O~1! and an order of magnitude estima
shows that such large phases would lead to a conflict w
the current experimental limits on the electron@1# and on the
neutron electric dipole moment@2#. The conventional ways
suggested to avoid this conflict is either to assume that
phases are small@3,4# or that the SUSY spectrum is heav
@5#. However, recently it was demonstrated@6# that this need
not to be the case and indeed there could be consistency
experiment even with largeCP violating phases and a ligh
spectrum due to an internal cancellation mechanism am
the various contributions to the electric dipole mome
~EDMs!. The above possibility has led to considerable f
ther activity@7–9# and the effects of largeCP phases unde
the cancellation mechanism have been investigated in
matter with the EDM constraints@10#, in gm22 @11# and in
other low energy physics phenomena@12#.

In this paper we investigate the effects of largeCP vio-
lating phases on nucleon stability in supersymmetric gr
unification with baryon and lepton number violating dime
sion five operators@13–15#. The main result of this analysi
is that the dressing loop integrals that enter in the supers
metric proton decay analysis are modified due to the effec
the largeCP violating phases. TheCP effects on the proton
lifetime are most easily exhibited by consideringRt defined
in Eq. ~22! which is the ratio of thep lifetime with phases
and without phases.Rt is largely independent of the gran
unified theory~GUT! structure which cancels out in the rati
Since the dressing loop integrals enter in the proton de
lifetime in both GUT and string models which contain th
baryon and the lepton number violating dimension five o
erators, the phenomena ofCP violating effects on the proton
lifetime should hold for a wide range of models both of GU
0556-2821/2000/62~9!/095001~8!/$15.00 62 0950
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and of string variety@16#. However, for concreteness we wi
consider first the simplest SU~5! supersymmetric grand uni
fied model, and then consider a non-minimal extension.
discussed above similar analyses should hold for a w
class of models and so what we do below should serve a
illustration of the general idea of the effect of largeCP
phases on the proton lifetime.

The outline of the paper is as follows: In Sec. II we giv
a theoretical analysis of the effects ofCP violating phases
on proton decay in the minimal supersymmetric SU~5!
model for specificity. In Sec. III we discuss the numeric
effects of theCP violating phases onRt under the EDM
constraints. A non-minimal extension is also discussed
an analysis of the uncertainties in the predictions of the p
ton life time due to uncertainties in the quark masses, inbp
and in the Kobayashi-Maskawa~KM ! matrix elements is
given. Conclusions are given in Sec. IV.

II. THEORETICAL ANALYSIS OF CP VIOLATING
PHASES ON PROTON DECAY
IN SUPERSYMMETRIC GUTS

In the minimal supergravity~MSUGRA! unified model
@17# the soft SUSY breaking can be parametrized
m0 , m1/2, A0, and tanb, wherem0 is the universal scala
mass,m1/2 is the universal gaugino mass,A0 is the universal
trilinear coupling all taken at the GUT scale, and tanb
5^H2&/^H1& is the ratio of the Higgs vacuum expectatio
values~VEVs! whereH2 gives mass to the up quark andH1
gives mass to the down quark and the lepton. In addition,
effective theory below the GUT scale contains the Hig
mixing parameterm which enters in the superpotential in th
termmH1H2. In the presence ofCP violation one finds that
the minimal model contains two independentCP violating
phases which can be taken to beum , which is the phase ofm
andaA0

which is the phase ofA0.
For more general situations when one allows for no
©2000 The American Physical Society01-1
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universalities, the soft SUSY breaking sector of the the
brings in moreCP violating phases. Thus unlike the case
MSUGRA here theU(1)3SU(2)3SU(3) gaugino masse
m̃i (i51,2,3) can have arbitrary phases, i.e.,

m̃i5um̃i uei j i ~ i 51,2,3!. ~1!

While in the universal case a field redefinition can elimin
the common phase of the gaugino masses, here one find
the difference of the gaugino phases does persist in the
energy theory and in fact is found to be a useful tool
arranging for the cancellation mechanism to work for t
satisfaction of the EDMs. In the following analysis we car
out an analysis of the proton decay with the most gen
allowed set ofCP violating phases. The definition of th
mass matrices for charginos, neutralinos and for squarks
sleptons have been explicitly exhibited in Ref.@18# and we
refer the reader to this paper for details. The focus of
present work is to analyze the effects ofCP violating phases
on p decay and to estimate its size. For the sake of concr
ness we begin with a discussion of the simplest grand u
cation model, i.e., the minimal SU~5! model. However, the
technique discussed here to include theCP effects onp de-
cay can be used to analyze theCP violating effects for any
supersymmetric unified model with baryon and lepton nu
ber violating dimension five operators. This class includ
string models.

As mentioned above we consider for concreteness
simplicity the minimal SU~5! model whose matter interac
tions are given by@13–15#

WY52
1

8
f 1i j euvwxyH1

uM i
vwM j

xy1 f 2i j H̄2uM̄ ivM j
uv ~2!

whereMu ,Muv are the 5̄,10 plet representations of SU~5!,
andH1 ,H2 are the 5̄,5 of SU~5!. After the breakdown of the
GUT symmetry and integration over the Higgs triplet fiel
the effective dimension five interactions below the GU
scale which governsp decay is given by@13–15#

L5L5
1

M
eabc~P f1

uV! i j ~ f 2
d!kl

3@ ũLbid̃Lc j~ ēLk
c ~VuL!al2 n̄k

cdLal#1••• !1H.c.

~3!

L5R52
1

M
eabc~V†f u! i j ~PV fd!kl

3~ ēRi
c uRa jũRckd̃Rbl1••• !1H.c. ~4!

where L5L and L5R are the LLLL and RRRR lepton an
baryon number violating dimension 5 operators, V is t
Cabibbo-KM ~CKM! matrix and f i are related to quark
masses, andPi appearing in Eqs.~3! and~4! are the genera
tional phases given byPi5(eig i), ( ig i50 (i 51,2,3).

The baryon and the lepton number violating dimens
five operators must be dressed by the chargino, the glu
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and the neutralino exchanges to generate effective ba
and lepton number violating dimension six operators at l
energy~some examples of dressing loop diagrams are gi
in Fig. 1!. It is in this process of dressing of the dimensio
five operators that theCP violating phases of the soft SUSY
breaking sector enter in the proton decay amplitude. TheCP
phases enter the dressings in two ways, via the mass mat
of the charginos, the neutralinos and the sfermions, and
the interaction vertices. Taking account of this addition
complexity, the analysis for computing the proton decay a
plitudes follows the usual procedure. Thus to dress the
mension five operators the squark and slepton fields mus
eliminated in terms of their sources. As an example, the
squarks in the presence ofCP violating phases can be elimi
nated using the relations

ũiL52E @Dui
L Lui1D i

LRRui#

FIG. 1. Examples of the dressing of LLLL baryon-numbe
violating dimension five operators by chargino, gluino and ne
tralino exchanges that contribute to the proton decay. Cancella
among diagrams such as betweenx1

1 andx2
1 exchanges can lead t

an enhancement of the proton lifetime. The dressings of the RR
dimension five operators is also exhibited.
1-2
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ũiR52E @Dui
R Rui1D i

RLLui# ~5!

where

Lui5
dLI

dũiL
†

, Rui5
dLI

dũiR
†

. ~6!

Here LI is the sum of fermion-sfermion-gluino, fermion
sfermion-chargino and fermion-sfermion-neutralino inter
tions and

Dui
L 5@ uDui11u2Dui11uDui12u2Dui2#

Dui
R 5@ uDui21u2Dui11uDui22u2Dui2# ~7!

and

Dui
LR52Dui11Dui12@Dui12Dui2#

Dui
RL52Dui11Dui12* @Dui12Dui2#. ~8!

Here ũi1 and ũi2 are the squark mass eigenstates for
squark flavorsui1 and ui2 and Dui1

and Dui2
are the corre-

sponding propagators, andDui is the diagonalizing matrix
for the ũi squarks, i.e.,

Dui

† Mũi

2
Dui

5diag~Mũi1

2 ,Mũi2

2
!. ~9!

We note the special arrangement of the complex quant
and their complex conjugates in Eqs.~7! and~8!. Specifically
we note that while in the absence ofCP phasesDui

LR5Dui
RL

this is not the case in the presence ofCP phases and in
general one hasDui

LRÞDui
RL as is seen from Eqs.~8!. Lui and

Rui defined by Eq. ~6! receive contributions from the
chargino, the neutralino and the gluino exchanges.

Following the standard procedure@13–15# one obtains the
effective dimension six operators for the baryon and the l
ton number violating interaction arising from dressing of t
dimension five operators. From this effective interaction o
obtains the proton lifetime decay widths for various mod
using the effective Lagrangian methods. We limit ourselv
here to the dominant decay modep→ n̄ iK

1. Including the
CP violating effects the decay width for this process is giv
by
09500
-

e

s

-

e
s
s

G~p→ n̄ iK
1!5

bp
2mN

MH3

2 32p f p
2 S 12

mK
2

mN
2 D 2

uAn iK
u2AL

2~AS
L!2

3US 11
mN~D13F !

3mB
D S 11Y i

tk

1~e2 i j3Yg̃1YZ̃!d i21
AS

R

AS
L
Y 1

Rd i3D
1

2

3

mN

mB
DS 11Y 3

tk2~e2 i j3Yg̃2YZ̃!d i2

1
AS

R

AS
L
Y 2

Rd i3D U2

~10!

where

An iK
5~sin 2bMW

2 !21a2
2P2mcmi

dVi1
† V21V22@F~ c̃;d̃i ;W̃!

1F~ c̃;ẽi ;W̃!#. ~11!

In the aboveAL(AS) are the long~short! suppression factors
D,F, f p are the effective Lagrangian parameters, andbp is
defined bybpUL

g5eabceab^0udaL
a ubL

b ucL
g up& whereUL

g is the
proton wave function. Theoretical determinations ofbp lie in
the range 0.003–0.03 GeV3. Perhaps the more reliable est
mate is from lattice gauge calculations which gives@19# bp
5(5.660.5)31023 GeV3.

Aside from the explicitCP phases via the exponentia
factore2 i j3 in Eq. ~10!, CP effects enter dominantly inF ’s
which are the dressing loop integrals. For the chargino
change in the presence ofCP violating phases one has

F~ ũi ;d̃ j ;W̃!5232p2i

3E (
A51,2

@Duai
L SA1* 2Duai

LRe i
uSA2* #G̃A

3@Dd j
L UA1* 2Dd j

LRe j
dUA2* #. ~12!

HereG̃A (A51,2) are the propagators for the chargino ma
eigenstates and the matrices U and S enter in the biun
transformations to diagonalize the chargino mass matrixMC
such that

U* MCS215diag~m̃x
1
1,m̃x

2
1!. ~13!

In Eq. ~10! the quantitiesY i
tk are the corrections due to th

chargino exchanges involving third generation squarks,Yg̃ is
the contribution from the gluino exchange,YZ̃ is the contri-
bution from the neutralino exchange, andY i

R are the contri-
butions from the dressing of the RRRR dimension 5 ope
tors.

The gluino exchange contributionYg̃ is given by
1-3
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TAREK IBRAHIM AND PRAN NATH PHYSICAL REVIEW D 62 095001
Yg̃5
4

3

P1

P2

a3

a2

muV11

mcV21V21
† V22

H~ ũ;d̃;g̃!2H~ d̃;d̃;g̃!

F~ c̃; s̃;W̃!1F~ c̃;m̃;W̃!
.

~14!

The function H is defined byH(ũ;d̃;g̃)5 f (m̃u ;m̃d ;m̃g)
where f is defined by Eq.~19! below. The contributionsY i

R

from the dressing of the RRRR dimension five operators
given by

Y 1
R5

P1

P2

mtmdV11V32V33
†

mcmbV21V22V31
†

Q~ t̃; t̃ ;W̃!

F~ c̃;b̃;W̃!1F~ c̃; t̃;W̃!
~15!

and by

Y 2
R5

P1

P2

mtmsV31V12V33
†

mcmbV21V22V31
†

Q~ t̃; t̃ ;W̃!

F~ c̃;b̃;W̃!1F~ c̃; t̃;W̃!
~16!

whereQ’s are defined as follows:

Q~ t̃; t̃ ;W̃!5232p2i S mt

A2MW cosb
D

3E (
A51,2

Dt
RUA2* @e tD t̃

R
SA2* 2D t̃

RL
SA1* #G̃A .

~17!

The dressing loop integrals can be expressed in terms o
basic integral

f ~m i ,m j ,mk!5216p2i E D iD j G̃k ~18!

where

f ~m i ,m j ,mk!5
mk

m j
22mk

2 F m j
2

m i
22m j

2
ln

m i
2

m j
2

2
mk

2

m i
22mk

2
ln

m i
2

mk
2G .

~19!

In the limit of noCP violation the analysis limits correctly to
the previous results which do not includeCP violating ef-
fects.

III. NUMERICAL EFFECTS OF CP VIOLATING PHASES
ON PROTON DECAY

We discuss now the numerical size of the effects ofCP
phases on the proton lifetime. As is obvious from our disc
sion above the proton lifetime is highly model depende
Specifically there are two main factors that govern the li
time of the proton. One of these depends on the nature o
GUT sector, i.e., if the GUT group is SU~5!, SO~10!, E6,
etc., and on the nature of the GUT interaction, e.g., on
GUT Higgs structure, while the second factor that contr
proton decay is the sparticle spectrum and the sparticle in
actions that enter in the dressing loop integrals.

In the simplest SU~5! GUT model with two Higgs mul-
tipletsH1 andH2, GUT physics enters mainly via the Higg
09500
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triplet massMH3
. The proton decay lifetime is significantl

affected if we were to change the GUT structure. Thus,
example, if one had many Higgs triplets@20#, Hi and H̄ i (i
51, . . . ,n) where only the tripletsH1 and H̄1 couple with
matter, i.e.,

W3
tr iplet5H̄1J1 J̄H11H̄ iM i j H j ~20!

then the effective interaction on eliminating the Higgs tri
lets is

W4
e f f52 J̄~M11

21!J. ~21!

Here one finds that the effective Higgs triplet mass isMH3

e f f

5@(M 21)11#
21. The model withMH3

andMH3

e f f would have

very similar CP violating effects for the same low energ
sparticle spectrum. The reason is that theCP effects are
largely governed by the nature of the low energy physi
e.g., the sparticle mass spectrum and the couplings of
sparticles with matter. Thus we expect similar sizeCP vio-
lating effects in models with different GUT structures b
with similar size sparticle spectrum

To discuss theCP violating effects on the proton lifetime
it is useful to consider the ratioRt(p→ n̄1K1) defined by

Rt~p→ n̄1K1!5t~p→ n̄1K1!/t0~p→ n̄1K1!.
~22!

Heret(p→ n̄1K1) is the proton lifetime withCP violating
phases andt0(p→ n̄1K1) is the lifetime without CP
phases. This ratio is largely model independent. Thus m
of the model dependent features such as the nature of
GUT or the string model would be contained mostly in t
front factors such as the Higgs triplet mass, the qu
masses, theAS andAL suppression factors all of which can
cel out in the ratio. Similarly the quantitybp which is poorly
known cancels out in the ratio as do the KM matrix e
ments.

We analyzeRt under the constraints thatCP violating
phases obey the experimental limits on the electron and
neutron EDMs. For the electron and for the neutron the c
rent experimental limits are@1,2#

udeu,4.3310227e cm, udnu,6.3310226e cm. ~23!

We are interested in the effects of large phases on the pr
lifetime and for these to satisfy the EMD constraints we u
the cancellation mechanism. In Fig. 2 we present five ca
where for different inputs the electron EDM is plotted as
function of um . An analysis of the neutron EDM for the
same input is given in Fig. 3. One finds the cancellat
mechanism produces several regions where the EDM c
straints are satisfied. In Fig. 4 we give a plot ofRt for the
same set of inputs as in Figs. 2 and 3. The analysis sh
thatRt is a sensitive function of theCP phaseum and varia-
tions of a factor of around 2 can occur. We also note t
both a suppression as well as an enhancement of the pr
lifetime can occur as a consequence of theCP violating
1-4
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effects. Interestingly the largestCP effects onRt occur here
at the points of maximum cancellation in the EDMs as m
be seen by a comparison of Figs. 2, 3, and 4. The variat
in Rt due to the phases arise because of constructive
destructive interference between the exchange contribut
of chargino 1 (x1

1) and chargino 2 (x2
1) ~see Fig. 1!. We

give an illustration of this phenomenon in Table I. Th
analysis of Table I exhibits the cancellation in the imagina
part of the amplitude for the decay processp→ n̄1K1 from
chargino 1 and chargino 2, and this cancellation leads to
enhancement in thep lifetime ratio for this case.

It is possible to promote each of the cancellation points
Figs. 2 and 3 into a trajectory in them02m1/2 plane by
scaling upwards by a common scale transformation@8#

FIG. 4. The ratioRt of the proton lifetime with phases an
without phases as a function ofum for the five cases given in Fig. 2

FIG. 2. Plot of log10udeu vs um exhibiting cancellations where
the five curves correspond to the five sets of input for the par
eters tanb, m0 , m1/2, j1 , j2 , j3 , aA0

, and A0 given by ~1!

2,71,148, 21.15,21.4,1.27, 20.4,4 ~dotted!, ~2! 2,71,148,
20.87,21.0,1.78, 20.4,4 ~solid!, ~3! 4,550,88, 0.5,21.55,1.5,
0.6,0.8 ~dashed!, ~4! 4,750,88, 1.5,1.6,1.7, 0.6,0.8~long dashed!,
and ~5! 2,71,148, 0.55,1.0,1.35,20.4,4 ~dot-dashed!. All masses
are in GeV and all phases are in radians.
09500
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m0→lm0 , m1/2→lm1/2. ~24!

The size of the sparticle spectrum depends on the scalel. In
general, the larger the value ofl the heavier is the sparticle
spectrum and correspondingly smaller is theCP effect on
the dressing loop as demonstrated in Fig. 5. For the mini
SU~5! case one needs a relatively heavy spectrum with so
of the sparticle masses;1 TeV to stabilize the proton
which has the current experimental limit for thep→ n̄K de-

-
FIG. 3. Plot of log10udnu vs um exhibiting cancellations where

the five curves correspond to the five sets of input for the par
eters tanb, m0 , m1/2, j1 , j2 , j3 , aA0

, andA0 as given in Fig.
2.

FIG. 5. The ratioRt as a function of the scaling factorl defined
in the text. The four curves correspond to the four sets of input
the parameters tanb, j1 , j2 , j3 , um , aA0

andA0 given by~1!

2,21.15,21.4,1.27,21.7,20.4,4 with m0571 andm1/25148 for
the point of intersection withRt axis ~dotted!, ~2! 2,20.87,
21.0,1.78,22.15,20.4,4 with m0571 andm1/25148 for the first
point ~solid!, ~3! 4,0.5,21.55,1.5,1.56,0.6,0.8 withm05550 and
m1/2588 for the first point ~dashed!, and ~4! 4,1.5,1.6,1.7,
21.56,0.6,0.8 withm05750 andm1/2588 for the first point~long
dashed!. All masses are in GeV and all phases are in radians.
trajectories satisfy edms constraints.
1-5
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TABLE I. CP effects on chargino dressings. The table gives an analysis of the dressing loop integr
dressings with charginos 1 and 2~see Fig. 1! and their sum for the case whenm0571 GeV, m1/2

5148 GeV, tanb52, um51.4, j150.3, j251.8, j350, where all phases are in radians. The analy
shows cancellations in the dressings between chargino 1 and chargino 2 for the case with phases.

Case Chargino 1 Chargino 2

(ReAnm

W̃i/uAnm0
u, Im Anm

W̃i/uAnm0
u) (20.22,20.89) (20.026,0.2)

Case (ReAnm
/uAnm0

u, Im Anm
/uAnm0

u) uAnm
u/uAnm0

u
Sum 1 and 2 (20.25,20.69) 0.74
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cay mode oft(p→ n̄K).5.531032 yr @21#. Because of the
heaviness of the sparticle spectrum, theCP effects for the
minimal SU~5! model are typically small, i.e., of order onl
a few percent. LargerCP effects can occur in non-minima
models where one has several Higgs triplets. Thus we c
sider an example where one has two pairs of heavy Hi
triplets with the Higgs triplet mass matrix given by

S 0 aL

aL M2
D . ~25!

Such a structure can arise, for example, in an SO~10! model
@22# with two 10’s of Higgs and a45 of Higgs with a super-
potential of the typeWH5M2102H

2 1L101H45H102H . After
the 45 of Higgs develops a VEV̂45H&5(a,a,a,0,0)3 is2
one finds that only one pair of Higgs doublets remain ma
less while the Higgs triplets (H̄t1 ,H̄t2) and (Ht1 ,Ht2) have
the mass matrix given by Eq.~25!. In this case one ha
Me f f5a2L2/M2 and one can arrange for proton stabili
even with a light spectrum by an adjustment of the para
etersaL andM2.

Finally we discuss the current uncertainties in the pro
lifetime predictions. Uncertainties arise from the errors in
quark masses, inbp and in the KM matrix elements. Th
largest source of uncertainties arises from the strange q
mass (ms). There are several determinations ofms : ms
5193659 MeV @23#, ms5200670 MeV @24#, ms5170
650 MeV @25#, ms5155615 MeV @26#, all evaluated at
the scale 1 GeV. We take for our averagems5180
650 MeV. For the charm quark mass (mc) we usemc
51.460.2 GeV@27# while for the bottom quark mass (mb)
we usemb54.7460.14 GeV@27#. The contributions from
the first generation quarks are small and are not the sou
of any significant uncertainty in thep lifetime. The errors in
the KM matrix elements are of a subleading order for then̄K
mode but are still significant enough to be included. We
the results of Ref.@27# for the allowed ranges of the KM
matrix elements. Forbp we use the result of the lattice gaug
analysis of Ref.@19#. In Fig. 6 we exhibit the error corrido
for the proton lifetime for the case~1! of Fig. 2 with
M2 /aL50.01, M25MG . One finds that given the curren
errors in the input data the predictions for the proton lifetim
has an uncertainty of about a factor of 2 (120.5

1.5 ) on either
side of the mean. A similar analysis holds for the cases~2!–
~5! of Fig. 2. We note that the uncertainties in the predictio
of the proton lifetime is of the same order as the size of
09500
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CP violating effects. It is for this reason that we choose
exhibit the results of our analysis in Figs. 4 and 5 in terms
the ratioRt since the effects of the uncertainties cancel in
ratio. The analysis also shows that an improvement in
determination of the quark masses and ofbp is essential for
a more precise prediction of the proton lifetime in supersy
metric unification of the type discussed here. The reduct
of the error in the prediction ofp lifetime will also help to
define theCP effects on proton decay when such a decay
experimentally observed.

In summary, theCP violating effects on the proton life-
time are relatively large if the sparticle spectrum entering
dressing loop integrals is relatively light and theCP violat-
ing effects get progressively smaller as the scale of the s
ticle spectrum entering the dressing loops gets progressi
larger. The current experimental limits on the spartic
masses allow for a relatively light sparticle spectrum, i.
significantly smaller than 1 TeV. This means that there ex
the possibility of significantCP violating effects on the pro-
ton lifetime. However, the minimal SU~5! model does not
support the scenario with a light spectrum and thus theCP
violating effects for the case of the minimal model are sm
However, for the non-minimal case proton stability can o
cur even for a relatively light spectrum due to suppress
from a more complicated Higgs triplet sector. In these typ
of modelsCP violating effects can be significant.

FIG. 6. Exhibition of the uncertainties in the proton lifetim
predictions due to uncertainties in the input data for case~1! of Fig.
2 where we assumedM2 /aL50.01, M25MG .
1-6
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IV. CONCLUSION

In this paper we have investigated the effects ofCP vio-
lating phases arising from the soft SUSY breaking secto
the theory on the proton decay amplitudes. It is found t
the CP effects can increase or decrease the proton de
rates and that the size of their effect depends sensitively
the region of the parameter space one is in. Effects as l
as a factor of 2 are seen to arise fromCP violating phases in
the part of the parameter space investigated and even la
effects in the full parameter space may occur. It is found t
the CP violating effects in the minimal SU~5! model are
typically small since a relatively heavy sparticle spectrum
needed to stabilize the proton in this case and a heavy s
trum suppresses theCP effects in the dressing loop integra
However, significantly largerCP effects on thep lifetime
are possible in non-minimal models with more than one p
of Higgs triplets since in these models the proton can
. B
,

,
.

,

.

.
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stabilized with a relatively light sparticle spectrum. We al
investigated the uncertainties in thep lifetime predictions
due to uncertainties in the quark masses, inbp and in the
KM matrix elements. We find that these uncertainties mod
the proton lifetime by a factor of 2 around the mean valu
The observations arrived at in this analysis would be ap
cable to a wide class of models, including GUT models a
string models with dimension five baryon and lepton num
violating operators.

Note added. After the paper was submitted for publicatio
an improved limit on p→ n̄mK1 mode of t(p→ n̄mK1)
.1.931033 yr has been reported@28#. The new limit does
not affect the conclusions arrived at in this paper.
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