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Bounds onR-parity violating couplings at the weak scale and at the GUT scale
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We analyze bounds on trilinearR-parity violating couplings at the unification scale by renormalizing the
weak scale bounds. We derive unification scale upper bounds upon the couplings which are broadly indepen-
dent of the fermion mass texture assumed. TheR-parity violating couplings are factors of 2–5 more severely
bounded at the unification scale than at the electroweak scale. In the presence of quark mixing, a few of the
bounds are orders of magnitude stronger than their weak scale counterparts due to newR-parity violating
operators being induced in the renormalization between high and low scales. These induced bounds are
fermion mass texture dependent. New bounds upon the weak scale couplings are obtained by the requirement
of perturbativity between the weak and unification scales. A comprehensive set of the latest limits is included.
@S0556-2821~99!04819-5#

PACS number~s!: 12.60.Jv, 11.10.Hi, 11.30.Pb, 12.10.Dm
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I. INTRODUCTION

When constructing the most general supersymmetric
sion of the standard model~SM! there are baryon- and
lepton-number violating operators in the superpotent
These lead to rapid proton decay in disagreement with
strict experimental bounds@1#. Therefore, an extra symmetr
beyond the SM gauge symmetry,GSM5SU(3)3SU(2)
3U(1), must be imposed to protect the proton. In mo
cases the discrete multiplicative symmetry,R parity (Rp) @2#,
is chosen. This prohibits all baryon- and lepton-number v
lating operators with mass dimension less or equal to 4
leads to the minimal set of couplings consistent with
data. The resulting model is denoted the minimal supers
metric standard model~MSSM! @3#. However, the choice o
Rp is ad hoc. There are other symmetries which are theore
cally equally well motivated@4# and which also prohibit
rapid proton decay, e.g. both baryon-parity and lepton-pa
Baryon-parity even prohibits the dangerous dimension 5
erators@5#. For both baryon and lepton parity,Rp is violated
(R” p).

There is at present no direct experimental evidence
supersymmetry and in particular no evidence forRp or R” p
@1#. Theoretical models are our best guide. Ultimately
expect the weak-scale theory to be embedded in a more
damental unified theory formulated at a significantly high
energy scale which should also be the origin ofRp or R” p .
There is an extensive list of models withRp @6#. However,
R” p grand unified models have been constructed for the ga
groupsSU(5) @7–11#, SU(5)3U(1) @12,8,9#, E6 @13# and
SO~10! @8#, as well, and there are also string models ofR” p
@14#. At present no model is clearly preferred.

Grand unified theories~GUTs! typically make predictions
for ratios of Yukawa couplings, e.g.mb /mt @15#. If the GUT
is extended to include a family symmetry for example via
Frogatt-Nielsen mechanism@16#, a prediction is obtained fo
the order of magnitude of the Higgs Yukawa coupling
0556-2821/99/60~7!/075014~10!/$15.00 60 0750
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Since the quantum numbers are fixed, these predictions

be extended to theR” p-Yukawa couplings: see for exampl
@17–19#. In string theories the Yukawa couplings are also
principle calculable.

When constructing anR” p model at high energy, it is es
sential that it is consistent with all experimental bounds
baryon- and lepton-number violation. There are empiri

bounds on all of theR” p-Yukawa couplings@20–23#, some of
which are quite strict. However, these bounds are all de
mined at the weak scale. They can therefore not be dire
compared to the predictions of the unified models, which
at the GUT scale (MGUT) or higher. There are at present n
bounds forR” p couplings at the GUT scale. In order to com
pare the unification predictions with the data we must e
ploy the renormalization group equations~RGEs! for the
R” p-Yukawa couplings. These equations have recently b
given up to two-loop order with the fullR” p flavor structure in
@24#. The effect of running the couplings from the weak sca
to the GUT scale can be substantial@25,24#.

It is the purpose of this paper to first update the we
scale bounds onR” p couplings and then to translate the
bounds in a model independent way into GUT scale boun1

For this we employ the full one-loop RGEs of theR” p-MSSM
@24#.2 In order to obtain the GUT-scale bounds we assum
single coupling at the GUT scale in the current eigenst
basis. After running the RGEs, we obtain a set of couplin

1We do not discuss the bounds on the bilinear coupling of
superpotential termk iL iH2 , since this analysis needs knowledge
the m parameter possibly combined with the radiative electrowe
symmetry breaking scenario, and we postpone it to a forthcom
article.

2Since we allow for the fully generated flavor structure of theR” p

couplings, a full calculation at two loops using the equations of@24#
would be too complicated.
©1999 The American Physical Society14-1
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at the weak scale, both from the flavor structure of the RG
and from the rotation into the mass eigenstate basis.3 We
compare this set with the existing weak-scale bounds, inc
ing bounds on products of couplings. We also include p
turbativity bounds where they are more stringent than
empirical ones. The bounds on the induced couplings o
lead to significantly stronger bounds on the GUT-scale c
plings.

II. LOW ENERGY BOUNDS

The first systematic study of low-energy bounds on
R-parity violating Yukawa couplings was performed in@20#.
Since then, updates have been performed in@22,21#. More
recently there was a very nice thorough update of all
bounds on the lepton-number violating couplings perform
in @27#. We present in Table I an updated version of t
strongest bound at two standard deviations~2 sigma! on each
coupling, respectively. For the lepton-number violating co
plings we update the results from@27# using the more recen
data compiled by the particle data group@1#. The main dif-
ference from@27# is due to the improved data on the ta
lepton parameters. In the case of atomic parity violation
have made use of new experimental data@28# which is not
yet included in@1# and which leads to a new value ofQW .
This differs from the standard model value by 2.5 sigm
Thus we quote a 3 sigma bound. We do not include th
recent bounds obtained fromRb @29#. Though they are the
best bounds at 1 sigma, they are very weak at 2 sigma.

In Table II we present a compilation of the bounds on
product of two couplings. We have updated the bound fr
the decayK1→p1nn̄ @30# with the new data in@1,31#. We
have then translated this bound into a bound on the pro
of two couplings. In@30# the assumption was explicitly mad
that at the weak scale there is only one dominant couplin
the quark current basis. As described below this is not n
essarily true for our studies.

III. FRAMEWORK AND NUMERICAL INPUTS

The chiral superfields of the MSSM have the followin
GSM5SU(3)c^ SU(2)L ^ U(1)Y quantum numbers:

L:S 1,2,2
1

2D , Ē:~1,1,1!, Q:S 3,2,
1

6D ,

D̄:S 3,1,2
1

3D , H1 :S 1,2,2
1

2D , H2 :S 1,2,
1

2D ,

Ū:S 3,1,
2

3D . ~1!

We write theR” p-MSSM superpotential as

3For a detailed discussion of the basis dependence of theR” p cou-
plings see@26#.
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W5eabF ~YE! i j L i
aH1

bĒj1~YD! i j Qi
axH1

bD̄ jx

1~YU! i j Qi
axH2

bŪ jx1
1

2
l i jkLi

aL j
bĒk1l i jk8 Li

aQj
xbD̄kx

1mH1
aH2

b1k iL i
aH2

bG1
1

2
exyzl i jk9 Ū i

xD̄ j
yD̄k

z . ~2!

We denote anSU(3) color index of the fundamental repre
sentation byx,y,z51,2,3. TheSU(2)L fundamental repre-
sentation indices are denoted bya,b,c51,2 and the genera
tion indices byi , j ,k51,2,3. We have introduced the thre
333 matrices

YE , YD , YU , ~3!

for the Rp conserving Yukawa couplings.
The boundary values of the running dimensional red

tion scheme (DR) gauge couplingsg1(MZ) andg2(MZ) can
be determined in terms of the modified minimal subtract
scheme (MS) values ofaEM

21 (MZ)5127.9 and sin2 uW(MZ)
50.2315. MGUT is found by the conditiona1(MGUT)
5a2(MGUT). Because aboveMZ we work to one loop order
only, MGUT52.131016GeV is independent of any Yukaw
couplings. The relationa3(MGUT)5a2(MGUT) is used to fix
the strong coupling constant4 a3(MZ)50.118.

We use the following experimentally determined fermi
mass parameters5 ~in GeV!:

mb~mb!54.25, mt
pole5175, mt~mt!51.777, ~4!

ms50.12, mc~mc!51.25, mm50.105,

md50.006, mu50.003, me50.000511,

wheremi are listed in theMS renormalization scheme exce
for the pole mass of the top quark,mt

pole. The masses of the
fermions are determined to 3 loops in QCD and 2 loops
QED @32# in the MS scheme and at the scaleMZ . They are
then converted intoDR diagonal Yukawa couplings using

hd,s,b,e,m,t~MZ!5
md,s,b,e,m,t~MZ!

&v cosb
,

4Note that the extracted value ofa3(MZ) at one-loop accuracy
and without sparticle splitting threshold effects is in excelle
agreement with the experimental data. TheR-parity violating cou-
plings do not affect the runninga3 at one loop accuracy but they d
at the two-loop level@24#. However, the effects are small~&2%!
for l, l8, l9&0.9.

5For quarks and leptons with masses less than 1 GeV, their
ning masses have been determined at the scaleQ51 GeV. As we
go down toQ51 GeV fromQ5MZ we decouple quarks or lepton
when m(Q)5Q. In the case of the top quark, only QCD corre
tions have been taken into the calculation of its running mass f
the pole mass listed here.
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TABLE I. Latest 2s limits on the magnitudes of weak scale trilinearR-parity violating couplings from
indirect decays and perturbativity. The dependence on the relevant superparticle mass is shown ex
When the perturbativity bounds are more stringent than the empirical bounds for massesml̃ ,q̃51 TeV, then
we display them in parentheses. Where a bound without parentheses has no explicit mass dependenc
the mass dependence was too complicated to detail here and a degenerate sparticle spectrum of 10
assumed.

ijk l i jk(MZ)a l i jk8 (MZ)b l i jk9 (MZ)c

111 - 5.2310243 f (m̃) -

112 - 0.0213
ms̃R

100 GeV
231029S mq̃

100 GeV

.3 GeV

L̃
D 5/2

113 - 0.0213
mb̃R

100 GeV
1024

121 0.0493
mẽR

100 GeV
0.0433

md̃R

100 GeV
231029S mq̃

100 GeV

.3 GeV

L̃
D 5/2

122 0.0493
mm̃R

100 GeV
0.0433

ms̃R

100 GeV
-

123 0.0493
mt̃R

100 GeV
0.0433

mb̃R

100 GeV
~1.23!

131 0.0623
mẽR

100 GeV
0.0193

mt̃ L

100 GeV
1024

132 0.0623
mm̃R

100 GeV
0.283

mt̃ L

100 GeV
~1.04! ~1.23!

133 0.0060Amt̃/100 GeV 1.431023Amb̃/100 GeV -

211 0.0493
mẽR

100 GeV
0.0593

md̃R

100 GeV
-

212 0.0493
mm̃R

100 GeV
0.0593

ms̃R

100 GeV
~1.23!

213 0.0493
mt̃R

100 GeV
0.0593

mb̃R

100 GeV
~1.23!

221 - 0.183
ms̃R

100 GeV
~1.12! ~1.23!

222 - 0.213
ms̃R

100 GeV
~1.12! -

223 - 0.213
mb̃R

100 GeV
~1.12! ~1.23!

231 0.0703
mẽR

100 GeV
0.183

mb̃L

100 GeV
~1.12! ~1.23!

232 0.0703
mm̃R

100 GeV
0.56 ~1.04! ~1.23!

233 0.0703
mt̃R

100 GeV
0.15Amb̃/100 GeV -

311 0.0623
mẽR

100 GeV
0.113

md̃R

100 GeV
~1.12! -

312 0.0623
mm̃R

100 GeV
0.113

ms̃R

100 GeV
~1.12! 0.50 ~1.00!

313 0.0060Amt̃/100 GeV 0.113
mb̃R

100 GeV
~1.12! 0.50 ~1.00!
075014-3
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TABLE I. (Continued).

ijk l i jk(MZ)a l i jk8 (MZ)b l i jk9 (MZ)c

321 0.0703
mẽR

100 GeV
0.523

md̃R

100 GeV
~1.12! 0.50 ~1.00!

322 0.0703
mm̃R

100 GeV
0.523

ms̃R

100 GeV
~1.12! -

323 0.0703
mt̃R

100 GeV
0.523

mb̃R

100 GeV
~1.12! 0.50 ~1.00!

331 - 0.45~1.04! 0.50 ~1.00!
332 - 0.45~1.04! 0.50 ~1.00!
333 - 0.45~1.04! -

aUpdated bounds from Refs.@27,21#. Bounds onl121,l122,l123 have been obtained from charged curre
universality @20#. Bounds onl131,l132,l231,l232 and l233 have been derived from@20# measurements o
Rt5G(t→enn̄)/G(t→mnn̄) and Rtm5G(t→mnn̄)/G(m→enn̄) @1#. The bound onl133 @35# has been
obtained from the experimental limit on the electron neutrino mass@1#.
bBounds onl1128 ,l1138 ,l1218 ,l1228 , andl1238 have been obtained from charged current universality@20#. The
bound on l1118 has been derived from neutrino-less double beta decay@36,37,38# where f (m̃)
5(mẽ/100 GeV)23(mx̃0/100 GeV)1/2, and onl1318 from atomic parity violation@20,28#. This latter bound is
at the 3s level, since the data disagree with the standard model at the 2.5s level @28#. The bound onl1328
comes from the forward-backward asymmetry ine1e2 collisions @20#. Bounds onl1338 ,l2338 have been
obtained from bounds on the neutrino masses@35# and on l2118 ,l2128 ,l2138 from Rp5G(p→en)/G(p
→mn) @20,27#. Bounds onl2218 ,l2318 come fromnm deep inelastic scattering@20,27# and onl2228 ,l2238 from
the D-meson decays@27#, D→Kln. The bounds without parentheses onl2328 ,l3318 ,l3328 ,l3338 have been

derived from Rl5G(Z→had)/G(Z→ l l̄ ) for mq̃5100 GeV @39# and on l3118 ,l3128 ,l3138 from Rtp5G(t
→pnt)/G(p→mnm) @20,27#. The bounds on the couplingsl3218 ,l3228 andl3238 have been derived fromDs

decays@27#, i.e.,RDs
5G(Ds→tnt)/G(Ds→mnm). There are also bounds onl3 j 38 from Rb @29# but these are

weak at 2s level and thus not displayed.
cThe indirect bounds onl i jk9 existing in the literature are onl1129 from double nucleon decay@33# @L̃ is a

hadronic scale and it can be varied from 0.003 to 1 GeV and (mq̃ /L̄ GeV)5/2 from 231011 to 105 for mq̃

5100 GeV# and onl1139 from neutron oscillations@40,33# for mq̃5100 GeV. Formq̃5200 ~600! GeV the

bound onl1139 is 0.002~0.1!. The bound onl3 jk9 has been derived fromRl5G(Z→had)/G(Z→ l l̄ ) at 1s for
m̃5100 GeV@41# and, for heavy squark masses, is not more stringent than the perturbativity bound,
is displayed in the parentheses.
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mu,c,t~MZ!

&v sinb
, ~5!

wherev5246 GeV is the standard model Higgs vacuum e
pectation value~VEV!, and tanb5v2 /v1 is the ratio of the
two MSSM Higgs VEVs. As an example study, througho
most of the paper we set tanb55. We briefly discuss the
case of tanb535 at the end.

We use central values of the mixing angles in the ‘‘sta
dard’’ parametrization ofVCKM detailed in Ref.@1#:

s1250.2195, s2350.039, s1350.0031. ~6!

We initially set theCP-violating phased1350 but later we
examined135p/2 to see if includingCP violation affects the
GUT scale bounds. Once one has allowedCP violation in the
Rp conserving couplings there does not seem any compe
theoretical reason to ban it from theR” p couplings. We are
mainly interested in showing that the inclusion ofCP viola-
tion does not change the GUT scale bounds rather than
07501
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termining induced phases in weak scaleR” p couplings. We
therefore assume for simplicity thatCP violation is negli-
gible in the GUT scaleR” p coupling.

For the purposes of the calculations we assume the e
MSSM spectrum to be at the scale of the top quark ma
mt , and furthermore we assume a desert betweenmt and
MGUT.

IV. NUMERICAL PROCEDURE

To obtainYU(MZ) andYD(MZ), assumptions have to b
made about the Yukawa matrices in the weak eigenbasis
start with, we assume that the mixing occurs only within t
down quark sector, and that the Yukawa matrices are H
mitian. We later also consider the other extreme case wh
the mixing only occurs in the up quark sector. With the de
nition of YD ,YU in Eq. ~2! and the mixing fully in the down
quark sector, we obtain

YD~MZ!5VCKM* YDdiag
~MZ!VCKM

T . ~7!
4-4
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TABLE II. Current relevant upper limits on the values of products of weak scaleR-parity violating
couplings form̃5100 GeV.

ul1 j 1l1 j 2u 7 3 1027 a

ul231l131u 7 3 1027 b

ul231l232u 5.33 1026 c

ul232l132u 8.43 1026 d

ul233l133u 1.73 1025 e

ul122l2118 u 4.03 1028 f

ul132l3118 u 4.03 1028 g

ul121l1118 u 4.03 1028 h

ul231l3118 u 4.03 1028 i

ul i1k8 l i2k8 u 2.23 1025 j

ul i128 l i218 u 1029 k

Im li128 l i218* 8 3 10212 l

ul1138 l1318 u 3 3 1028 m

ul i138 l i318 u 8 3 1028 n

ul1k18 l2k28 u 8 3 1027 o

ul1k18 l2k18 u 8.03 1028 p

ul11j8 l21j8 u 8.53 1028 q

ul22k8 l11k8 u 4 3 1027 r

ul21k8 l12k8 u 4.33 1027 s

ul22k8 l12k8 u (k52,3) 2.13 1026 t

ul2218 l1318 u 2.03 1026 u

ul23k8 l11k8 u 2.13 1026 v

ul i j 18 l i j 28 u ( j Þ3) 6.13 1026 w

ul i318 l i328 u 1.63 1025 x

ul i318 l i128 u 2.43 1025 y

ul i329 l i219 u 7.63 1023 z

ul i319 l i219 u 6.231023 aa

ul2329 l1329 u 2.531023 bb

ul3329 l3319 u 4.831024 cc

aFrom m→3e @42#.
bFrom m→3e @42#.
cFrom mTi→eTi at one loop@43#.
dFrom mTi→eTi at one loop@43#.
eFrom mTi→eTi at one loop@43#.
fFrom mTi→eTi at tree level@43#.
gFrom mTi→eTi at tree level@43#.
hFrom mTi→eTi at tree level@43#.
iFrom mTi→eTi at tree level@43#.
jFrom K→pnn̄ @30#. Also ul i118 l i218 u;1026 from e8/e @44#.
kFrom DmK @11#.
lFrom eK @11#.
mFrom DmB @38#.
nFrom DmB @11#.
oFrom KL→me @11#.
pFrom mTi→eTi at tree level@43#.
qFrom mTi→eTi at tree level@43#.

rFrom mTi→eTi at tree level@43#.
sFrom mTi→eTi at tree level@43#.
tFrom mTi→eTi at tree level@43#.
uFrom mTi→eTi at tree level@43#.
vFrom mTi→eTi at tree level@43#.
wFrom K andB systems@45#.
xFrom K andB systems@45#.
yFrom K andB systems@45#.
zFrom non-leptonic decays of heavy quark

mesons,B1→K̄01K1 @46#.
aaFrom non-leptonic decays of heavy quar

mesons,G(B1→K̃01p1)/G(B1→J/c
1K1) @46#.

bbFrom non-leptonic decays of heavy quar
mesons@46#.

ccFrom the contribution ofK-K̄ mixing to
the KL2KS mass difference@47#.
ix

c

he
e

the
YDdiag
(MZ) is the diagonal matrix withhd(MZ), hs(Mz), and

hb(MZ) along the diagonal. ThusYD(MZ) is determined
uniquely in terms of its eigenvalues and the CKM matr
and all of theRp-conserving couplings are defined atm
5MZ in theDR scheme. Because the data on neutrino os
07501
,

il-

lations are controversial, we do not include mixing of t
charged leptons: i.e.,YE(MZ) is set by its eigenvalues, th
charged lepton masses evaluated atMZ .

To begin, the system of all gauge couplings and all
Higgs Yukawa couplings is evolved toMGUT using the one-
4-5
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loop RGEs of theR” p-MSSM @25,24#. At the GUT scale, we
then add only one non-zero~and real! R” p coupling. This
coupling is in the weak current eigenbasis. All of the dime
sionless couplings, now including theR” p coupling, are then
evolved down toMZ . In the process more than one non-ze
R” p coupling is generated. The Higgs Yukawa couplin
evaluated atMZ in general lead to incorrect fermion masse
so they are reset, as in Eqs.~4!, ~5!. The system of couplings
is then re-evolved up toMGUT now including theR” p cou-
plings. At MGUT, the R” p couplings can differ from their
initial values atMGUT and are reset. The process is iterat
until the system converges.

The R” p couplings thus obtained at the scaleMZ are valid
in the weak eigenbasis. For comparison with experiment,
quark superfields must be rotated to the quark mass ei
basis. To do this, we follow the procedure of Ref.@30#. If we
assume all the Cabibbo-Kobayashi-Maskawa~CKM! mixing
is in the down quark sector only, we obtain theR” p interac-
tions

WR” p
.l i jk8 ~VCKM

† !mk@Ni~VCKM! j l Dl2EiU j #D̄m

1
1

2
l i jk9 ~VCKM

† !m j~VCKM
† !nkŪ i D̄mD̄n . ~8!

All superfields written in Eq.~8! are in the quark mass eigen
basis, contrary to those in Eq.~2!. The l8 terms have been
expanded into two SU~2! components containingQi
[(Ui ,Di) andLi[(Ni ,Ei). Referring to Eq.~8!, we define
the rotation of the couplings to the quark mass basis~denoted
with a tilde!:

l̃ i jk8 5l i jm8 ~VCKM* !mk , ~9!

l̃ i jk9 5l imn9 ~VCKM* !m j~VCKM* !nk .
~10!

As shown in Ref.@30#, severalR” p interactions@as implied by
Eqs. ~9!, ~10!# result in flavor changing neutral curren
~FCNC!. Upper bounds may then be obtained uponl̃8 and
l̃9 from FCNC data. Thus, starting with a dominantR” p cou-
pling in the weak eigenbasis at the GUT scale, we evo
l i jk8 ,l i jk9 to the electroweak scale, causing some of theR” p

couplings to become non-zero through RG evolution. At
electroweak scale, this system ofR” p couplings is rotated into
the quark mass basis using Eqs.~9!, ~10!.

The resulting system of non-zerol̃8 and l̃9 couplings
valid at the electroweak scale is then checked against
bounds summarized~together with their sources! in Tables I,
II. Almost all of the bounds depend on the sparticle mass
The R” p GUT scale coupling is varied until the coupling
generated atMZ just pass the low-energy bounds. The val
of the R” p GUT scale coupling at this point is then an upp
bound upon the non-zeroR-parity violating GUT scale cou-
pling. These bounds are summarized in Table III.
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V. CASE STUDIES

Here, we detail the results of the above procedure
various cases. Initially, we present the bounds on GUT sc

R” p couplings for a simplified case in which there is noCP
violating phase and zero mixing, i.e.VCKM51. The results
are displayed in Tables I, III. The perturbativity bounds up
l i jk9 presented in Table I are in full agreement with tho
given by Ref.@33#. A two-loop calculation alters the pertur
bativity bounds by up to 10%@24#. In this case, there are n

bounds caused by inducing new non-zeroR” p couplings in the
renormalization; a GUT scale bound is obtained by ren
malizing the empirical bound on the dominant low ener
coupling. The explicit dependence upon the sparticle mas
in Table III has been demonstrated numerically. It is va
because of an approximate linear relation between GUT

weak scaleR” p couplings, valid in the limit that they are
small. This mass dependence is incorrect for cases where
bound multiplied by a sparticle massm̃/100 GeV is large,
i.e., greater than 0.6. In those cases one can use the pe
bativity bound. As can be seen from Table III, bounds
l i jk(MGUT) are approximately twice as severe than those
l i jk(MZ), whereas those onl i jk8 ,l i jk9 (MGUT) are 3–5 times
as severe as their weak scale counterparts.

Next, we examine the effects of quark mixing by assu
ing that it occurs in the HermitianYD given by Eq.~7!. Here,
we set theCP violating phase to zero. The results are d
played in Table IV without parentheses. Obviously t
bounds uponl i jk(MGUT) in Table IV are identical to those
in Table III, because the weak and mass bases of the lep
have been assumed to be identical. When the bounds
l i jk8 (MGUT), l i jk9 (MGUT) including quark mixing effects are
compared to those without mixing in Table III, we see
remarkable difference for many of the couplings. Many
them are an order of magnitude more stringent when qu
mixing has been taken into account. Thel1239 GUT scale
coupling is essentially unbounded in Table III~or bounded
by the limit of perturbative believability!, whereas in Table
IV the bound becomes strengthened by an incredible se
orders of magnitude.l1139 becomes more constrained by
factor of 500. For thel i jk8 in Table III that had the stronges
bound being that of perturbativity~for heavy sparticle
masses!, down quark mixing effects imply that the empirica
bounds are the strongest.

In order to check the robustness of the bounds un
changes in the assumedR-parity conserving texture, we now
perform the analagous analysis for the case of mixing i
HermitianYU only. For this case, Eq.~7! becomes replaced
by

YU~MZ!5VCKM
T YUdiag

~MZ!VCKM* , ~11!

with YD(MZ)5YDdiag
. The superpotential terms in Eq.~8!

become
4-6
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TABLE III. Bounds on the trilinearR-parity violating couplings at the GUT scale which are in agreem
with the low energy experimental bounds of Tables I and II. The dependence of the superparticle ma
shown explicitly, except where it is too complicated andm̃5100 GeV is assumed.** indicates that the
strongest bound is the one where the couplings are small enough to use perturbation theory, for exam
The input value of tanb has been chosen to be tanb(MZ)55.

ijk ul i jk(MGUT)u ul i jk8 (MGUT)u ul i jk9 (MGUT)u

111 - 1.4310243 f (m̃) -

112 - 0.00593
ms̃R

100 GeV
431029S mq̃

100 GeV

.3 GeV

L̄
D 5/2

113 - 0.00593
mb̃R

100 GeV
231025 a

121 0.0323
mẽR

100 GeV
0.0123

md̃R

100 GeV
431029S mq̃

100 GeV

.3 GeV

L̃
D 5/2

122 0.0323
mm̃R

100 GeV
0.0123

ms̃R

100 GeV
-

123 0.0323
mt̃R

100 GeV
0.0123

mb̃R

100 GeV
~** !

131 0.0413
mẽR

100 GeV
0.00603

mt̃ L

100 GeV
231025a

132 0.0413
mm̃R

100 GeV
0.0913

mt̃ L

100 GeV
~1.65!

b

~** !

133 0.0039Amt̃/100 GeV 4.431024Amb̃/100 GeV -

211 0.0323
mẽR

100 GeV
0.0163

md̃R

100 GeV
-

212 0.0323
mm̃R

100 GeV
0.0163

ms̃R

100 GeV
~** !

213 0.0323
mt̃R

100 GeV
0.0163

mb̃R

100 GeV
~** !

221 - 0.0513
ms̃R

100 GeV
~** ! ~** !

222 - 0.0603
ms̃R

100 GeV
~** ! -

223 - 0.0603
mb̃R

100 GeV
~** ! ~** !

231 0.0463
mẽR

100 GeV
0.0573

mb̃L

100 GeV
~** ! ~** !

232 0.0463
mm̃R

100 GeV
0.20 ~1.66!b ~** !

233 0.0463
mt̃R

100 GeV
0.048Amb̃/100 GeV -

311 0.0413
mẽR

100 GeV
0.0313

md̃R

100 GeV
~** ! -

312 0.0413
mm̃R

100 GeV
0.0313

ms̃R

100 GeV
~** ! 0.16 ~0.76!b

313 0.0039Amt̃/100 GeV 0.0313
mb̃R

100 GeV
~** ! 0.16 ~0.76!b
075014-7
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TABLE III. (Continued).

ijk ul i jk(MGUT)u ul i jk8 (MGUT)u ul i jk9 (MGUT)u

321 0.0463
mẽR

100 GeV
0.173

md̃R

100 GeV
c ~** ! 0.16 ~0.76!b

322 0.0463
mm̃R

100 GeV
0.173

ms̃R

100 GeV
c ~** ! -

323 0.0463
mt̃R

100 GeV
0.173

mb̃R

100 GeV
c ~** ! 0.16 ~0.76!b

331 - 0.16~1.66!b 0.16 ~0.76!b

332 - 0.16~1.66!b 0.16 ~0.76!b

333 - 0.16~1.66!b -

aFor mq̃5200(600) GeV the bound isl1139 5l1319 &431024(331022).
bFrom perturbativity of the top Yukawa coupling.
cThis bound can be used only for small departures of sparticle masses from the electroweak scale.
the
WR” p
.l i jk8 @NiD j2EiUl~VCKM

† ! j l #D̄k

1
1

2
l i jk9 ~VCKM! l i Ū l D̄ j D̄k , ~12!
07501
for superfields in the quark mass eigenbasis. This implies
rotation ofR” p couplings,

l̃ i jk8 5l i lk8 ~VCKM* ! j l ~13!
h
is
TABLE IV. Basis dependent bounds on the trilinearR-parity violating couplings at the GUT scale wit
the mixing assumed in the down@up# quark sector. The value ofm̃5100 GeV for squarks and sleptons

assumed. The input value of tanb and the hadronic scaleL̃ have been chosen to be tanb(MZ)55 and 300
MeV respectively.

ijk ul i jk(MGUT)u ul i jk8 (MGUT)u ul i jk9 (MGUT)u

111 - 1.531024 @1.531024# -
112 - 6.731024 @0.0059# 4.1310210 @4.1310210#

113 - 0.0059@0.0059# 1.131028 @231025#

121 0.032 0.0015@6.731024# 4.1310210 @4.1310210#

122 0.032 0.0015@0.012# -
123 0.032 0.012@0.012# 1.331027 @0.028#
131 0.041 0.0027@0.0060# 1.131028 @231025#

132 0.041 0.0027@0.091# 1.331027 @0.028#
133 0.0039 4.431024 @4.431024# -
211 0.032 0.0015@0.016# -
212 0.032 0.0015@0.016# ~** ! @2.131029#

213 0.032 0.016@0.016# ~** ! @1.031024#

221 - 0.0015@0.051# ~** ! @2.131029#

222 - 0.0015@0.060# -
223 - 0.049@0.060# ~** ! @0.028#
231 0.046 0.0027@0.057# ~** ! @1.031024#

232 0.046 0.0028@0.20# ~** ! @0.028#
233 0.046 0.048@0.048# -
311 0.041 0.0015@0.031# -
312 0.041 0.0015@0.031# 0.099@1.531027#

313 0.0039 0.0031@0.031# 0.015@0.0075#
321 0.046 0.0015@0.17# 0.099@1.531027#

322 0.046 0.0015@0.17# -
323 0.046 0.049@0.17# 0.015@0.16#
331 - 0.0027@0.16# 0.015@0.0075#
332 - 0.0028@0.16# 0.015@0.16#
333 - 0.091@0.16# -
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l̃ i jk9 5l l jk9 ~VCKM! i l , ~14!

supplanting Eqs.~9!, ~10!. The rest of the numerical proce
dure is identical to that outlined in the previous section.

Some of the bounds from mixing in the up quark sec
~displayed in square brackets in Table IV! are again remark-
ably different to those without mixing in Table III. There
qualitatively less change in thel i jk8 bounds from the inclu-
sion of up-quark mixing than down quark mixing, but som
of the l i jk9 show an even larger strengthening effect. F
example,l2129 , instead of being bounded only by the pertu
bative limit, acquires an empirical bound of 2.131029, ob-
viously very constraining upon relevant GUT models.

To see the effect ofCP violation, we pickd135p/2 as an
example and follow the above procedure for quark mixing
the down quark sector~and subsequently in the up qua
sector!. The bounds in Table IV remain unchanged by t
addition of CP violation. While being the main purpose o
this particular case study, we now briefly present results
the small phases picked up by theR” p couplings in their
renormalization from the GUT scale to the weak scale. T
largest imaginary parts of couplings acquired occur when
dominant couplings are large. The induced imaginary par
these couplings at the weak scale is as large as;1023 for
quark mixing either in the down quark or the up quark s
tor. For example, let us suppose we start with the case w
the mixing is in the down quark sector and the domin
coupling at the GUT scale isl2129 52l2219 and is taken to be
real. Then the renormalization down to electroweak sc
induces non-zero and complex values for all of the ot
l i jk9 . The largest imaginary component is obtained forl2329
where Iml2329 (MZ)52Im l2239 (MZ).431023.

To investigate how sensitive the GUT scale bounds ar
the free parameter tanb, we performed another analysis wit
tanb535 and no mixing. For the case of the limits onl i jk ,
we find that the bound relaxes by up to 9%. In the case
the l i jk8 or l i jk9 R” p couplings we obtain a 30% or 6% wea
ening of the the bound respectively. Thus, to a 30% accur
level, the bounds of the Table III are stable over a la
range of tanb. Of course there is a strong dependence of
perturbativity bounds in the regions tanb&3 and tanb*40
upon the input value of tanb @24,34#. The bounds from these
values of tanb are stronger than for tanb55 and so present
ing the bounds for tanb55 yields a conservative estimate

VI. SUMMARY

We have examined changes in empirical bounds onR” p
couplings as they are renormalized to the unification sc
07501
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working to one loop accuracy in perturbation theory but

cluding all of the 45 trilinear supersymmetricR” p couplings.
The latest empirical bounds upon the couplings have b
collated in Tables I, II. The bounds uponl i jk8 presented in
Table I in parentheses are new except forl3338 , and are de-
rived from the requirement of perturbativity below the uni
cation scale. They are the most stringent bounds on th
couplings depending upon the squark mass. We have d
onstrated that at high energy, the empirical bounds upon

dominantR” p couplings are more severe than the empiri
bounds applied atMZ and are displayed in Table III. The
bounds are made stronger by a factor of 2–5 from th
renormalization. These upper bounds are still applicable
der changes in theCP-violating phase and the inclusion o
quark mixing. They are also approximately stable~at the
30% level! to changes in the parameter tanb. However,
when quark mixing is included some of the limits becom
several orders of magnitude more severe than their w
scale counterparts due to newR-parity violating operators
being induced in the renormalization between high and l
scales. These very strong limits are dependent upon the
mion mass texture, as we have demonstrated by calcula
them in the cases where the quark mixing is wholly with
the down quark sector or wholly within the up quark sect
While a CP violating phase in the CKM matrix does no

affect the bounds, the weak scaleR” p couplings acquire smal
imaginary components from the renormalization. The m
nitudes of these phases are dependent upon the mass te
assumed. Since in generalR” p terms can be induced via non
renormalizable operators in GUT or other unified mode
this analysis is hopefully useful for their phenomenology a
construction. A necessary condition upon any unified mo
is that it satisfy the upper bounds given in Table III. Strong
constraints arising from bounds upon induced couplings
pend upon the fermion mass texture assumed and so mu
checked on a case-by-case basis. The results presented
represent the most comprehensive collation of bounds u
trilinear supersymmetricR” p couplings to date.
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