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b\sg confronts B-violating scalar couplings: R-parity violating
supersymmetry or diquarks

Debrupa Chakraverty* and Debajyoti Choudhury†
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We investigate the possible role that baryon number violating Yukawa interactions may take in the inclusive
decayB→Xsg. The constraints, derived using the experimental results of the CLEO Collaboration, turn out, in
many cases, to be more stringent than the existing bounds.
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The standard model~SM! of the strong, weak, and elec
tromagnetic interactions is in very good agreement with
most all present experimental data, even though a few
portant predictions have not yet been tested. Still, m
physicists would readily admit that the SM cannot be
final theory, both on aesthetic grounds as well as on acco
of certain well-founded technical objections. As a result, n
merous attempts have been and are being made in the
of a more fundamental theory. Experimentally, there ha
been two main strategies to probe new physics. On the
hand, we attempt to directly produce and observe new
ticles at high energy colliders. On the other, we look
virtual effects of such particles and/or interactions in vario
low and intermediate energy processes. The decayb→sg is
an excellent candidate for the latter option@1–14#. Experi-
mentally, the branching ratio for the inclusive decayB
→Xsg has been measured by CLEO@15# and ALEPH@16#
to be

BR~B→Xsg!5H ~3.1560.93!31024 ~CLEO!,

~3.1161.52!31024 ~ALEPH!.
~1!

The above are in good agreement with each other and
the SM prediction @17# of BR(B→Xsg)5(3.2960.33)
31024. While a small window for the contribution of new
physics does remain, this agreement can obviously be u
to constrain deviations from the SM.

In this paper, we investigate the influence that a sca
diquark may have on the above decay.1 Diquarks abound in
many grand unified theories~with or without supersymme
try! and even in composite models@18#. While vector di-
quarks are constrained to be superheavy2 ~with masses of the
scale of breaking of the additional gauge symmetry!, no such
restrictions apply to the masses of scalar diquarks. Co
quently, such particles can be as light as the electrow
scale. For example, a diquark like behavior can be fou

*Email address: rupa@mri.ernet.in
†Email address: debchou@mri.ernet.in
1A brief discussion on the sensitivity of the branching ratioB

→Xsg to scalar diquark-top contribution has been presented in R
@17#.

2We do not consider the case of nongauged vector diquark
such theories are nonrenormalizable.
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even in a low energy theory such as the minimal supers
metric standard model~MSSM!, albeit in the version with
brokenR-parity.

A generic diquark is a scalar or vector particle th
couples to a quark current with a net baryon numberB5
62/3. Clearly, it may transform as either aSU(3)c triplet or
a sextet. Concentrating on the scalars~for reasons mentioned
above!, the generic Yukawa term in the Lagrangian can
expressed as

L Y
(A)5hi j

(A)q̄i
cPL,RqjFA1H.c., ~2!

where i , j denote quark flavors,A denotes the diquark type
and PL,R reflect the quark chirality. Standard model gau
invariance demands that a scalar diquark transform eithe
a triplet or as a singlet underSU(2)L and that it have aU(1)
hyperchargeuYu5 2

3 , 4
3 , 8

3 . The full list of quantum numbers
is presented in Table I. It is clear that the couplingshi j

(1) ,
hi j

(4) , hi j
(5) , andhi j

(7) must be symmetric under the exchan
of i and j while hi j

(2) , hi j
(3) , hi j

(6) , andhi j
(8) must be antisym-

metric under the same exchange. For the other two set
couplings, viz.h̃i j

(3) andh̃i j
(4) , there is no particular symmetr

property. Note that the quantum numbers ofF2,4,6 allow
them to couple to a leptoquark~i.e., a quark-lepton! current
as well. This implies that these particular diquarks could a
mediate lepton-number~L! violating processes. Clearly, in
order to coexist with non-negligibleB violating diquark cou-
plings, such leptoquark couplings need to be suppressed
verely so as to prevent rapid proton decay.

We make a brief interlude here to discuss the MSSM@19#.
WhereasB andL are ~accidentally! preserved in the SM~at
least in the perturbative context!, it is not so within the
MSSM. Supersymmetry and gauge invariance, together w
the field content, allow terms in the superpotential that v
late eitherB or L @20#. Catastrophic rates for proton deca
can be avoided though by imposing a globalZ2 symmetry
@21# under which the quark and lepton superfields change
a sign, while the Higgs superfields remain invariant. Rep
sentible asR[(21)3B2L12S, whereS is the spin of a field,
this ‘‘R-parity’’ is positive for the SM fields and negative fo
all the supersymmetric partners. However, while this sy
metry is useful in preventing phenomenologically unacce
able terms, it has no theoretical foundation and is entirelyad
hoc in nature. Hence, it is of interest to examine the con

f.
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TABLE I. Gauge quantum numbers and Yukawa couplings of scalar diquarks (Qem5T31Y/2).

Diquark type Coupling SU(3)c3SU(2)L3U(1)Y

F1 hi j
(1)(Q̄Li)

cQL jF1 (6̄, 3, 2
2
3 )

F2 hi j
(2)(Q̄Li)

cQL jF2 ~3, 3, 2
2
3 )

F3 @hi j
(3)(Q̄Li)

cQL j1h̃i j
(3)(ūRi)

cdR j#F3 (6̄, 1, 2
2
3 )

F4 @hi j
(4)(Q̄Li)

cQL j1h̃i j
(4)(ūRi)

cdR j#F4 ~3, 1, 2
2
3 )

F5 hi j
(5)(ūRi)

cuR jF5 (6̄, 1, 2
8
3 )

F6 hi j
(6)(ūRi)

cuR jF6 ~3, 1, 2
8
3 )

F7 hi j
(7)(d̄Ri)

cdR jF7 (6̄, 1, 4
3 )

F8 hi j
(8)(d̄Ri)

cdR jF8 ~3, 1, 4
3 )
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quences of violating this symmetry, not in the least beca
it plays a crucial role in the search for supersymmetry. In
study, we shall restrict ourselves to the case where only
B-violating terms are nonzero. Such scenarios can be m
vated within a class of supersymmetric grand unified theo
~GUT! as well @22#. The corresponding terms in the supe
potential can be parametrized as

WR”5l i jk9 ŪR
i D̄R

j D̄R
k , ~3!

where ŪR
i and D̄R

i denote the right-handed up-quark a
down-quark superfields, respectively. The couplingsl i jk9 are
antisymmetric under the exchange of the last two indic
The corresponding Lagrangian can then be written in te
of the component fields as

LR”5l i jk9 ~ui
cdj

cd̃k* 1ui
cd̃j* dk

c1ũi* dj
cdk

c!1H.c. ~4!

Thus, a single term in the superpotential corresponds tothree

different diquark interactions, namely, two of typeh̃i j
(4) and

one of typehi j
(8) .

The best direct bound on diquark type couplings com
from the analysis of dijet events by the Collider Detector
Fermilab~CDF! Collaboration@23#. Considering the proces
qiqj→FA→qiqj , an exclusion curve in the (mFA

,hi j
(A))

plane can be obtained from this data. Two points need to
noted though. At app̄ collider like the Tevatron, theuu and
dd fluxes are small and hence the bounds obtained are
tively weak. This is even more so for quarks of the second
third generation~which are relevant for the couplings that w
are interested in!. Secondly, such an analysis needs to ma
assumptions regarding the branching fraction ofFA into

TABLE II. 1 s upper bounds on the individual scalar diqua
couplings formF i

5100 GeV from Refs.@24# and @29#.

Couplings Limits Couplings Limits

h33
(1) 0.35 h̃33

(3) 1.12

h23
(1) 0.89 h̃32

(3) 1.11

h23
(3) 0.54 l3129 0.50

h33
(4) 0.60 l3139 0.50

h23
(4) 0.66 l3239 0.50
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quark pairs, a point that is of particular importance in t
context ofR-parity violating supersymmetric models.

There also exist some constraints derived from low
ergy processes. Third generation couplings, for example,
be constrained from the precision electroweak data at
CERN e†e2 collider LEP @24# or, to an extent, by demand
ing perturbative unitarity to a high scale@25#. Couplings in-
volving the first two generations, on the other hand,
constrained3 by the nonobservance of neutron-antineutr
oscillations or from an analysis of rare nucleon and me
decays@26,27#. While many of these individual bounds ar
weak, certain of theirproductsare much more severely con
strained by the data on neutral meson mixing andCP viola-
tion in theK sector@28#. We have displayed the best upp
bound on the relevant individual Yukawa couplings in Tab
II. It is our aim, in this article, to derive analogous, bu
stronger bounds.

Within the SM, the quark level transitionb→sg is medi-
ated, at the lowest order, by electromagnetic penguin
grams shown in Figs. 1~a!–1~d!. While only the top-quark
diagrams have been shown, for consistency’s sake, o
charge 2/3 quarks should also be included. However, th
contributions are negligible on two counts:~i! the small mix-
ing angles and~ii ! the corresponding loop integrals bein
suppressed to a great extent due to the smallness of the
quark masses. The matrix element for this process is t
governed by the dipole operator:

2
4GF

A2
Vts* VtbS e

32p2DC7
SM~mW!s̄smnFmn@mb~11g5!#b.

~5!

The QCD corrections to this process are calculated via
operator product expansion based on the effective Ha
tonian

Heff52
4GF

A2
Vts* Vtb(

i 51

8

Ci~m!Oi~m!, ~6!

3Although many of these analyses have been done for the cas
R-parity violating models, clearly similar bounds would also app
to nonsupersymmetric diquark couplings as well.
9-2
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b→sg CONFRONTSB-VIOLATING SCALAR . . . PHYSICAL REVIEW D 63 075009
which is then evolved from the electroweak scale down
m5mb through renormalization group~RG! equations. A
large correction owes itself to the chromomagnetic opera
b→sG (G being a gluon!

2
4GF

A2
Vts* VtbS gs

32p2DC8
SM~mW!s̄asmnGab

mn@mb~11g5!#bb ,

~7!

which arises from the diagrams of Figs. 2~a!–2~c!. The Wil-
son coefficientsC7

SM(mW) and C8
SM(mW) can be evaluated

perturbatively@30–32# at themW scale where the matchin
conditions are imposed. The explicit expressions are

C7
SM~mW!5xF725x28x2

24~x21!3 1
x~3x22!

4~x21!4 ln xG ,
C8

SM~mW!5xF215x2x2

8~x21!3 2
3x

4~x21!4 ln xG , ~8!

wherex5mt
2/mW

2 .
The leading order result for the relevant Wilson coe

cient atmb , theB-meson scale, is given by

C7~mb!5h16/23FC7
SM~mW!2

8

3
C8

SM~mW!~12h22/23!

1
232

513
~12h219/23!G ~9!

with h[as(mW)/as(mb), calculated using the leadingm de-
pendence ofas , and the present world average value of t
strong coupling constant viz.as(mZ)50.11860.005. To
this order, then,

G~b→sg!5
aGF

2mb
5

32p4 UVtbVts* C7
SM~mb!U2

, ~10!

wherea is the fine structure constant. As the above de
rate suffers from large uncertainties due tomb and the
Cabibbo-Kobayashi-Masakawa~CKM! matrix elements, it is
prudent to normalize it against the measured semilepto
decay rate of theb quark

FIG. 1. Feynman diagrams that determine the one loopb→sg
decay amplitude.
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G~b→cen̄e!5
GF

2mb
5

192p3 k~z!g~z!uVcbu2, ~11!

wherez5mc
2/mb

2 and

g~z![128z18z22z4212z2 ln z

is the phase space factor. The analytic expression fork(z),
the one loop QCD correction to the semileptonic decay,
be found in Ref.@33#. The explicit dependence onmb

5 is thus
removed, while the ratio of the CKM elements in the sca
decay rate, viz.,

UVts* Vtb

Vcb
U50.97660.010 ~12!

is much better determined than the individual elements.
An updated, next to leading order~NLO!, analysis@33# of

the B→Xsg branching ratio with QED corrections has be
presented in Ref.@17#. Incorporating both the NLO QCD and
the resummed QED corrections, the Wilson coefficie
C7

eff(mb) in SM can be expanded as

C7
eff~mb!5C7~mb!1

as~mb!

4p
C7

(1)~mb!1
a

as~mb!
C7

(em)~mb!.

~13!

For brevity’s sake, we do not give here the expressions
C7

(1)(mb) andC7
(em)(mb) as these can be found in Ref.@33#

and Ref.@17#, respectively. The inclusion of the NLO an
QED corrections in theb→sg decay rate significantly re
duces the large uncertainty present in the LO calculati
From the quark levelb→sg decay rate, it is possible to infe
the B meson inclusive branching ratioBR(B→Xsg) by in-
cluding the nonperturbative 1/mb and 1/mc corrections.
These bound state corrections have also been taken into
count in Ref.@17#.

Having delineated the formalism, it now remains to c
culate the additional contributions due to the possible pr
ence of nonzero diquark couplings. At the one-loop level,
only new contributions tob→sg andb→sG arise from the
diagrams of Figs. 1~e!–1~h! and Figs. 2~d!–2~g!,

FIG. 2. Feynman diagrams that determine the one loopb→sG
decay amplitude.
9-3
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DEBRUPA CHAKRAVERTY AND DEBAJYOTI CHOUDHURY PHYSICAL REVIEW D63 075009
respectively.4 In the generic case, apart from modifications
the coefficients ofO7,8, two additional operators arise. De
noted as

Õ75
e

32p2s̄smnFmn@mb~12g5!#b,

Õ85
gs

32p2s̄asmnGab
mn@mb~12g5!#bb , ~14!

they differ from their SM counterparts only in their chiralit
structure.5

To keep the analysis simple, we shall assume that o
one diquark multiplet is light and that all the fields within
multiplet are degenerate.6 With this simplifying assumption,
the new contributions, at the electroweak scale, are given

C7
D~mW!5

Nc

A F $QFF1~y!1QtF3~y!% l bl s* 1
mt

mb
$QtF4~y!

2QFF2~y!%r bl s* G ,
C̃7

D~mW!5
Nc

A F $QFF1~y!1QtF3~y!%r br s* 1
mt

mb
$QtF4~y!

2QFF2~y!% l br s* G ,
C8

D~mW!5A 21F $CFF1~y!1CtF3~y!% l bl s* 1
mt

mb
$CtF4~y!

2CFF2~y!%r bl s* G ,
C̃8

D~mW!5A 21F $CFF1~y!1CtF3~y!%r br s*

1
mt

mb
$CtF4~y!2CFF2~y!% l br s* G ,

A[24A2GFVts* VtbmF
2 , ~15!

where

F1~y!5
1

12~y21!4 @6y2 ln y22y323y216y21#,

F2~y!5
1

2~y21!3 @12y212y ln y#,

4Clearly, to this order, none ofF5,6 can mediate either of thes
processes and hence we shall not consider such fields any fur

5In all of these four operators, contributions proportional to t
strange quark mass have been neglected.

6Large splittings within a multiplet is disfavored by the ele
troweak precision data.
07500
ly

y

F3~y!5
1

12~y21!4 @213y26y21y316y ln y#,

F4~y!5
1

2~12y!3 @324y1y212 lny#, ~16!

with y5mt
2/mF

2 . The color factorNc is 21 and 2 for triplet

and 6̄scalar, respectively.Qt andQF are the charges of top
quark and the diquark, respectively. The color factorsCt and
CF—for the diagrams of Figs. 2~f! and 2~g!—are given in
Table III.

Note that, once again, we consider only such contri
tions, as involve the top quark. As is easy to ascertain fr
Eq. ~15!, for other quarks in the loop, the correspondi
integrals are too small to be of any consequence. Thus,
coupling to the diquarksF7,8, for example, would not be
constrained to an appreciable degree by radiativeb decays.
Furthermore, the diquarkF2 does not contribute tob→sg
due to the antisymmetric property ofhi j

(2) . In Table III, we
also display the relevant chiral Yukawa couplings~to the b
and s quarks! for different choices of the diquark. For ou
numerical results, we will assume these couplings to be re7

In estimating the effects of scalar diquark couplings, it
useful to consider the ratios@17# j7,8 with

j7[11
C7

D~mW!

C7
SM~mW!

, ~17!

and similarly forj8. For the new operatorsÕ7 and Õ8, we
define

j̃75
C̃7

D~mW!

C7
SM~mW!

~18!

and j̃8 in an analogous fashion. With these definitions, t
B→Xsg branching ratio can be written as

BR~B→Xsg!5B22~d!1~j7
21 j̃7

2!B77~d!1~j8
21 j̃8

2!B88~d!

1j7B27~d!1j8B28~d!

1~j7j81 j̃7j̃8!B78~d!. ~19!

er.

7The extension to complex couplings is straightforward. T
imaginary parts, however, can be better constrained from an an
sis of theCP violating decay modes.

TABLE III. Values of the coefficientsCF , Ct , and chiral
Yukawa couplings for different types of scalar diquarks.

Diquark type CF Ct l b l s r b r s

F1 25/2 1/2 h33
(1)/A2 h32

(1)/A2 0 0
F2 1/2 1/2 0 h32

(2)/A2 0 0
F3 25/2 1/2 0 h32

(3)
h̃33

(3) h̃32
(3)

F4 1/2 1/2 h33
(4) h32

(4)
h̃33

(4) h̃32
(4)
9-4
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FIG. 3. The partial width for
B→Xsg as a function of the prod-
uct of the diquark and/orR parity
violating couplings for a fixed di-
quark mass of 100 GeV. The
shaded region represents the 1s
limits of the experimentally ob-
served value.
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In a parton level analysis, the photon would be monoch
matic, with Eg5Eg

max5mb/2. However, once the gluon
Bremsstrahlung contribution is included, the photon sp
trum becomes nontrivial and, for experimental purposes,
needs to make an explicit demand on the photon ene
namely

Eg.~12d!Eg
max, ~20!

whered is the fraction of the spectrum above the cut. T
values forBi j (d) are listed in Ref.@17# for different choices
of the renormalization scalemb and the photon energy cuto
parameterd. As is well known, some ambiguities exist in th
choice ofmb which should, typically, lie in the regionmb/2
to 2mb . For our analysis, we used the values ofBi j (d) for
mb5mb and d50.9 from Ref.@17#. We have checked tha
theBi j (d)’s for other values ofd ~listed in Ref.@17#! do not
alter the bound significantly.

Since the new physics becomes operative only above
electroweak scale, the additional contributions to the ope
tors O7 andO8 will serve only to change the Wilson coeffi
cients atmW .
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Of course, the additional operatorsÕ7 and Õ8 would in-
fluence the RG equations forC7 andC8 as well. However,
since we are primarily interested in smallC7,8

D (mW), it is safe
to neglect any term in the RG equations involving these p
ticular coefficients.

In the absence of anL-violating coupling, these diquark
clearly do not influence the semileptonic decay modes of
B meson. Thus, we may continue to normalize the radia
b-decay againstb→cen̄e in order to avoid the severe depe
dence onmb . In Fig. 3, we plot the branching ratioBR(B
→Xsg) in presence of a diquark~multiplet! of mass
100 GeV. We continue to work under the assumption t
only one pair of couplings is nonzero. That the curves sho
be parabolic in the product of the two couplings in quest
is obvious. To appreciate the fact that many of these cur
have their minimum coincide with the SM value, one nee
to consider the chirality structure of the corresponding
quark couplings~see Table III!. For example, combination
involving either ofh̃32

(3) or h̃32
(4) scalar couplings to the strang

quark involve only thesR . From Eqs.~15!, it is then easy to
see that the Wilson coefficientsC7,8 remain unaltered from
TABLE IV. Limits on the scalar diquark couplings formF i
5100 GeV.

Products
of couplings

Bounds fromB→Xsg

1s 2s

h33
(1)h32

(1) @21.0,20.85# @21.1,20.74#
@29.331022,5.831022# @20.2,0.12#

h̃33
(3)h32

(3) @21.531024,2.431024# @23.131024,5.131024#

@2.331023,2.731023# @2.131023,2.931023#

h̃33
(3)h̃32

(3) @20.12,0.12# @20.18,0.18#

h33
(4)h32

(4) @28.031022,0.13# @20.16,0.26#
@1.3,1.5# @1.1,1.6#

h33
(4)h̃32

(4) @21.831023,1.831023# @22.631023,2.631023#

h̃33
(4)h32

(4) @27.731023,26.631023# @28.131023,25.831023#

@26.631024,4.231024# @21.431023,8.631024#

h̃33
(4)h̃32

(4) @20.35,0.35# @20.51,0.51#
9-5
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FIG. 4. The partial width for
B→Xsg as a function of diquark
mass.~a! For each curve, the asso
ciated product of diquark and/orR
parity violating couplings is held
to be 1, while all other couplings
are set to be vanishingly smal
The shaded region represents t
1s limits of the observed value
~b! As in ~a!, but the nonzero
products of diquark and/orR par-
ity violating couplings are held to
be 0.005.
-
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their SM value. Consequently, the new contribution addsin-
coherentlywith the SM amplitude. For the rest of the com
binations, though, the interference term is nonnegligi
leading to a shift in the minimum. Hence, unlike those
the first set of combinations~ones involving h̃32

(3,4)), the
branching ratios corresponding to these sets are in agree
with the experimental numbers fortwo non-contiguous
ranges of the product.

In each of Eqs.~15!, the second term, whenever allowe
is clearly the dominant piece. This enhancement by the
tor of mt /mb comes into play only when the diquark co
plings to the bottom and the strange quarks have pieces
opposite chirality. In other words, for a diquark of the ty
F3 ~or F4), the simultaneous presence of both the allow
types of couplings is severely constrained by the data oB
→Xsg.

In Table IV, we capture the essence of Fig. 3 in the fo
of actual limits that can be set on such products of couplin
for a diquark mass of 100 GeV. Understandably, thes
bounds are weaker than the 1s ones. Similarly, the color-
sextet couplings are more severely constrained than
color-triplet ones. As discussed above, for a few of the pr
ucts there are two noncontiguous bands allowed. For
combinationh33

(4)h32
(4) , though, the second window~both at

the 1s and 2s levels! lies close to the perturbative limit and
hence, is phenomenologically uninteresting.

As discussed earlier,h̃i j
(4) is analogous to the trilinea

R-parity violating couplingl i jk9 . Thus the constraints on
07500
e
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h̃33
(4)h̃32

(4) are equivalent to those on the productl3k29 l3k39 . For
each of these couplings, the bestindividual bound comes
from the precision measurements at theZ pole @24,29#, and
amounts tol3k29 ,l3k39 ,0.50 at the 1s level for squark
masses of 100 GeV. We thus do not do very well as far
this particular combination is concerned. This can be att
uted to both the chirality and the color structure of the o
erator, each of which is ‘‘unfavorable’’ as far theb→sg
decay is concerned. For most of the other combinati
though, we dosignificantly betterthan the product of indi-
vidual bounds@24#.

In our effort to compare with the results available in t
literature, we have, until now, held the diquark mass to
100 GeV and varied the strength of its coupling. In reali
though, a diquark is more likely to be somewhat heavier.
the sake of completeness, we next investigate the de
dence on the diquark mass~Fig. 4!, while holding the prod-
uct fixed. As is expected, the extra contribution falls off wi
mF . The falloff is somewhat slower thanmF

22 @see the ex-
pressions forFi(y) in Eq. ~16!# and the effects persist til
mF;3 TeV. The different rates of falloff are governed b
the dominantFi(y) in each case. The case for the combin
tion h̃33

(3)h32
(3) looks somewhat nontrivial. However, the sha

is just a consequence of accidental cancellations betw
various terms of Eq.~19!. As the extent of these cancella
tions depend crucially on the value of the diquark couplin
not much should be read into the shape in general or
minimum in particular. The two dependences (mF and cou-
e
e

g

FIG. 5. The region of the pa-
rameter space allowed by th
data when all other couplings ar
set to zero. The lightly shaded
area agrees with the data at 1s
level, whereas the encompassin
darker region agrees at 2s.
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pling strength! that we have studied can be combined to r
out parts of the parameter space. In Fig. 5, we exhibit this
two particular combinations. In each figure, the shaded
gions of the parameter space are in agreement with the
perimental results at the designated level. Forh33

(1)h32
(1) , the

second allowed region is beyond the perturbative limit.
In summary, we have studied the effects of the sca

diquark and/orR-parity violating coupling to the branchin
ratio B→Xsg. Amongst the possible new contributions, t
l.

ys

A.

s.

07500
r
-
x-

r

scalar diquark mediated diagram yield promising effec
The precise measurement of this branching ratio at the
comingB factories in near future and the reduction of the
retical uncertainty will only improve our limits on the prod
uct of different scalar diquark and/orR-parity violating
couplings.

D. Choudhury acknowledges the Department of Scie
and Technology, India, for financial support.
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