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B-physics constraints on baryon number violating couplings: Grand unification,
supersymmetry, or compositeness

Debrupa Chakraverty* and Debajyoti Choudhury†
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~Received 5 January 2001; published 4 May 2001!

We investigate the role that baryon number violating interactions may play inB phenomenology. Present in
various grand unified theories, supersymmetric theories withR-parity violation and composite models, a

fundamental diquark state could be quite light. Using the data onB decays as well asB-B̄ mixing, we find
strong constraints on the couplings that such a light diquark state may have with the standard model quarks.
Our analysis is most general in nature, and the particular models mentioned above are only specific examples
thereof.
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I. INTRODUCTION

It is now widely accepted that the standard model~SM!,
despite its great success, is only an effective theory. The
plaguing it may be cured only in the context of a more fu
damental theory operative at higher energies. The ques
find such a theory has, over the years, inspired many a m
going beyond the SM. Three of the most attractive classe
such models are those incorporating grand unification@1#,
supersymmetry@2# or compositeness@3#. The exact nature o
such a theory, however, is a matter of intense debate, o
sioned, not in the least, by the absence of any experime
signature yet. It is not surprising, thus, that the search
new physics effects constitutes a major component of
search in high energy physics. Such efforts can be broa
classified into two categories. On the one hand there are
direct searches typified by high energy collider experime
where new particles are sought to be produced on-shell
detected through their subsequent decays. The other
proach concentrates on indirect effects as can be ded
from possible deviations from the SM predictions for low
energy observables. In this article we shall focus on one s
set of low and intermediate energy experiments.

The next decade will see a blossoming of experimen
facilities planning to exploreB-B̄ mixing as well asB-meson
decays with greater accuracy and for an increasing num
of different final states. In light of these upcoming expe
ments~CLEO, BaBar, BELLE, HERAB, BTEV and LHCB!,
it is of importance to examine their sensitivity to new phy
ics beyond the SM.

In this paper, we investigate the possible influence tha
baryon number violating interaction may have onB phenom-
enology. Within the SM, baryon~B̂! and lepton~L̂! number
conservations come about due to accidental symmetries
other words, such conservations are not guaranteed by
principle, but are rather the consequences of the choice o
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particle content.1 In extensions of the SM, such an acciden
occurrence is obviously not guaranteed. For example, e
in the simplest grand unified theories~GUTs!, both the gauge

and the scalar sector interactions violate each ofB̂ andL̂. The
corresponding particles, namely the diquarks@4# and lepto-
quarks@5#, have been studied in the literature to a consid
able extent.

Simultaneous breaking of bothB̂ and L̂ symmetry is ob-
viously a recipe for disaster as this combination is more th
likely to lead to rapid proton decay. Within GUTs, gaug
boson-mediated proton decay could be naturally suppre
by postulating the symmetry breaking scale to be very lar
However, there do exist a class of GUTs@6#, where the next
set of thresholds need not be very high andB̂-violating gauge
particles can be relatively light. Proton decay, however,
mains suppressed on account additional symmetries in
theory. Suppression of the scalar mediated contribution
proton decay in a generic GUT, on the other hand, is ea
to obtain: the particle content can be so chosen that the
no diquark-leptoquark mixing, at least as far as the lig
sector is concerned.

In the case of the minimal supersymmetric stand
model ~MSSM!, though, we do not have the option of d
manding the ‘‘offending’’ fields~the supersymmetric part
ners of the SM fermions! to be superheavy. Ruling out th
undesirable terms necessitates the introduction of a disc
symmetry,R[(21)3(B̂2L̂)12Ŝ ~with Ŝ denoting the spin of
the field! @7#. Apart from ruling out bothB̂ and L̂ violating
terms in the superpotential, this symmetry has the additio
consequence of rendering the lightest supersymmetric p
ner absolutely stable. However, such a symmetry isad hoc.
Hence, it is of interest to consider possible violations of t
symmetry especially since it has rather important experim
tal consequences, not the least of which concerns the de
tion of the supersymmetric partners.

It can thus be argued that, in such models as well as
models of compositeness@3#, it is quite likely that baryon
number violating interactions may not be suppressed too

1Indeed, nonperturbative effects within the SM itself do bre
B̂1L̂ symmetry.
©2001 The American Physical Society02-1
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TABLE I. Gauge quantum numbers and Yukawa couplings of 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!

V1
m

q i j
(1)(Q̄Li)

cgmdR jV1
m ~6̄, 2, 1

3!

V2
m

q i j
(2)(Q̄Li)

cgmdR jV2
m ~3, 2, 1

3!

V3
m

q i j
(3)(Q̄Li)

cgmuR jV3
m ~6̄, 2, 2

5
3!

V4
m

q i j
(4)(Q̄Li)

cgmuR jV4
m ~3, 2, 2

5
3!
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verely. Even more interestingly, such processes may be
diated by relatively low-lying states, generically called d
quarks.

This paper is organized as follows: Section II constitute
brief review on diquarks. Section III deals with hadronicB
decays. In Sec. IV, we concentrate onB-B̄ mixing. Section V
contains the numerical results. We conclude in Sec. VI w
a summary and outlook.

II. DIQUARKS: A BRIEF REVIEW

In this section we shall briefly examine all possible tre
level B̂-violating couplings involving the SM quarks. W
shall adopt a purely phenomenological standpoint with
any particular reference or prejudice to the origin of su
couplings or states. A generic diquark2 is a scalar or vector
particle that couples to a quark current with a net bary
numberB̂562/3. Clearly, underSU(3)c , it may transform
as either a triplet or a sextet. For scalars, the Yukawa term
the Lagrangian can be expressed as

LSD5hi j
(A)q̄i

cPL,RqjFA1H.c., ~1a!

where i , j denote quark flavors,A denotes the diquark typ
and PL,R reflect the quark chirality. Standard model gau
invariance demands that a scalar diquark transforms eithe
a triplet or as a singlet underSU(2)L . For a vector diquark,
on the other hand, the relevant term in the Lagrangian ca
parametrized as

LVD5q i j
(A)q̄i

cgmPL,RqjVA
m1H.c. ~1b!

with VA transforming as aSU(2)L doublet. The full list of
quantum numbers, for either case, is presented in Tab

2These diquarks should not be confused with the two qu
‘‘bound’’ states that appear in discussion of baryons. Rather, to
scale thatB-physics probes, these are essentially fundamental
lars or vectors.
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Clearly, the couplingshi j
(1) , hi j

(4) , hi j
(5) andhi j

(7) must be sym-
metric under the exchange ofi and j while hi j

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

(6)

andhi j
(8) must be antisymmetric. For the other couplings, v

h̃i j
(3) , h̃i j

(4) , and q i j
(A) , no such symmetry property exist

Hereafter, we assume these couplings to be real.3 Note that
the quantum numbers ofF2,4,6 as well as those ofV2,4

m allow
them to couple to a leptoquark~i.e., a quark-lepton! current
as well. Clearly, the non-observance of proton decay imp
that suchL-violating couplings must be suppressed severe

It should be noted that we are not demanding that
vector diquarks correspond to some gauge theory. Whil
might be rightly argued that a theory with non-gauged vec
particles is non-renormalizable, one should keep in mind t
such states may well be there in an effective theory. Since
would be studying the phenomenological implications on
at the lowest order of perturbation theory, renormalizabil
is not an issue here.

We now turn to the MSSM, where bothB̂- and L̂-
violating terms are allowed, in general, by supersymmetry
well as gauge invariance. As stated earlier, catastrophic r
for proton decay can be avoided by imposing a globalZ2
symmetry@7# under which the quark and lepton superfiel
change by a sign, while the Higgs superfields remain inv
ant. However, since such a symmetry is entirelyad hoc
within the purview of the MSSM, it is conceivable that th
R-parity may be broken while keeping either ofB̂ or L̂ intact.
In our study, we shall restrict ourselves to the case wh
only the B̂-violating terms are non-zero. Such scenarios c
be motivated from a class of supersymmetric GUTs as w
@8#. The corresponding terms in the superpotential can
parametrized as

WR”5l i jk9 ŪR
i D̄R

j D̄R
k , ~2!

k
e
a-

3The extension to complex couplings is straightforward. T
imaginary parts, however, can be better constrained from an an
sis of theCP violating decay modes.
2-2
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TABLE II. The effective four quark operator for various diquarks. The operators forF2 , F4 , F8 , V2

andV4 mirror those forF1 , F3 , F7 , V1 andV3 respectively, albeit with a different color factor~see text!.
HereL(R)517g5.

Diquark type Effective four quark operator

F1

hij
(1)hkl

(1)

16mF1

2 @~ ūkgmLui !~ d̄lg
mLdj !1~ d̄kgmLdi !~ ūlg

mLuj !

1~ d̄kgmLui !~ ūlg
mLdj !1~ ūkgmLdi !~ d̄lg

mLuj !

12~ d̄kgmLdi !~ d̄lg
mLdj !] 1H.c.

F3

hij
(3)hkl

(3)

8mF3

2 @~ūkgmLui!~d̄lg
mLdj!1~d̄kgmLdi!~ūlg

mLuj!

2~d̄kgmLui!~ūlg
mLdj!2~ūkgmLdi!~d̄lg

mLuj!]1H.c.

h̃i j
(3)h̃kl

(3)

8mF3

2 ~ ūkgmRui !~ d̄lg
mRdj !1H.c.

h̃i j
(3)hkl

(3)

8mF3

2 @~ d̄kRui !~ ūlRdj !2~ ūkRui !~ d̄lRdj !

1
1

4
$~ d̄ks

mnRui !~ ūlsmnRdj !2~ ūks
mnRui !~ d̄lsmnRdj !%] 1H.c.

F7

hij
(7)hkl

(7)

8mF7

2 ~d̄kgmRdi!~d̄lg
mRdj!1H.c.

V1

2qij
(1)qkl

(1)

4mV1

2 @~ūkgmLui!1~d̄kgmLdi!#~d̄lg
mRdj!1H.c.

V3

2qij
(3)qkl

(3)

4mV3

2 ~d̄kgmLdi!~ūlg
mRuj!1H.c.
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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. ~3!

Thus, a single term in the superpotential corresponds to
of type h̃i j

(4) and one of typehi j
(8) diquark interactions.

The best direct bound on diquark type couplings is
rived from an analysis of dijet events at the Tevatron@9#.
Considering the processqiqj→FA→qiqj , an exclusion
curve in the (mFA

,hi j
(A)) plane can be obtained from this dat

A similar statement holds for the vector particles as w
Two points need to be noted though. At app̄ collider like the
Tevatron, theuu and dd fluxes are small and hence th
bounds are relatively weak. This is even more true for qua
of the second or third generation~which are relevant for the
couplings that we are interested in!. Secondly, such an analy
sis needs to make assumptions regarding the branching
tion of FA (VA) into quark pairs, a point that is of particula
importance in the context ofR-parity violating supersymmet
ric models.
11200
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There also exist some constraints derived from low
ergy processes. Third generation couplings, for example,
be constrained from the precision electroweak data at CE
e1e2 collider LEP@10# or, to an extent, by demanding pe
turbative unitarity to a high scale@11#. Couplings involving
the first two generations, on the other hand, are constrain4

by the non-observance of neutron-antineutron oscillations
from an analysis of rare nucleon and meson decays@12,13#.
While many of these individual bounds are weak, certain
their productsare much more severely constrained by t
data on neutral meson mixing andCP violation in the K
sector@14# as well as from radiativeb→sg decay@15#. It is
our aim, in this article, to derive analogous but strong
bounds.

At energy scales well below the mass of the diquark,
latter can be integrated out and effective four quark opera
obtained. In Table II, we list these for each diquark type.
few points should be noted here:

we have not displayed the operators resulting fromF5

4Although 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.
2-3
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and F6 as these do not contribute~at the lowest order! to
eitherB decays orB-B̄ mixing;

for convenience’s sake, we have Fierz-rearranged the
erators and, in the process, exchanged the charge-conju
fermion fields ~which come in naturally! for their non-
conjugated counterparts;

within a diquark multiplet, we have assumed all the fie
to be mass degenerate since large splittings within a mu
let are anyway disfavored by LEP data;

we have neglected the evolution of the diquark media
effective four-quark interactions from the electroweak sc
down toB meson scale through renormalization group eq
tions;

we have not displayed the extra color factors that app
on account of the diquark states being colored objects.
said factors can be determined by reexpressing four qu
operators of the forms (3c̄^ 3c)1 and (6c^ 6̄c)1 in terms of
the corresponding (1c^ 1c)1 and (8c^ 8c)1 current struc-
tures. Thus, transforming (q̄i

cGqj )(q̄lG8qk
c) to the form

(q̄kG9qi)(q̄lG-qj ) implies that we are dealing with linea
combinations of the form

~ 3̄c^ 3c!15
2

3
~1c^ 1c!12~8c^ 8c!1

~6c^ 6̄c!15
2

3
~1c^ 1c!11

1

2
~8c^ 8c!1 . ~4!

These extra color factors need to be included while calcu
ing the hadronic matrix elements.

Looking at Table II, it is obvious that the effective Hami
tonian for the full theory can be parametrized as

Heff5(
i 50

9

biHi ~5a!

with

H05~ q̄1gmRb!~ q̄2gmRq3! H15~ q̄1gmLb!~ q̄2gmLq3!

H25~ q̄1gmRb!~ q̄2gmLq3! H35~ q̄1gmLb!~ q̄2gmRq3!

H45~ q̄1Lb!~ q̄2Rq3! H55~ q̄1Rb!~ q̄2Lq3!

H65~ q̄1Lb!~ q̄2Lq3! H75~ q̄1Rb!~ q̄2Rq3!

H85~ q̄1smnLb!~ q̄2smnLq3!

H95~ q̄1smnRb!~ q̄2smnRq3!. ~5b!

The strengthsbi include both the SM contributions as well a
diquark contributions~as in Table II! wherever applicable.

It now remains to calculate the hadronic matrix eleme
for Hi , a task that is rendered very difficult by the associa
strong interaction dynamics. Hence, instead of attempting
exact calculation, one normally takes recourse to some
propriate approximation. In the ‘‘naive factorization’’ ap
proach@16#, the matrix elements of a four-quark operator a
11200
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approximated by products of matrix elements of the ass
ated quark bilinears. As an example, the amplitude for
decayB→X11X2 ~whereX1,2 are arbitrary mesons! can be
expressed as

^X1X2~ uq̄1Gb!~ q̄2G8q3!uB&

'^X1uq̄1GbuB&^X2uq̄2G8q3u0&

1^X2uq̄1GbuB&^X1uq̄2G8q3u0&

1
1

Nc
^X1uq̄1G9buB&^X2uq̄2G-q3u0&

1
1

Nc
^X2uq̄1G9buB&^X1uq̄2G-q3u0& ~6!

where the last two terms refer to Fierz rearranged curre
Of course, only some of the matrix elements are no
vanishing. For one, within this approximation, the contrib
tions of the tensor operators in Eq.~5b! vanish identically. It
should be noted that Eqs.~5b! and ~6! contain only color-
singlet currents. For color-octet currents to contribute, o
would need to consider additional gluon exchanges. S
effects are clearly not factorizable. Within this approxim
tion then, the color octet parts of Eq.~4! can be neglected, or
in other words, the contribution of a color-sextet diquark
almost indistinguishable from that of the correspondi
color-triplet one.

III. HADRONIC B DECAYS

Within the SM, hadronicB decays may proceed throug
either tree levelW boson exchange diagrams and/or throu
penguin diagrams~both QCD and electroweak!. The corre-
sponding effective Hamiltonian, including the QCD corre
tions have been presented in Refs.@16,17#. For brevity’s
sake, we do not repeat the entire list here. It suffices to
member that the SM amplitudes are proportional to
Fermi constantGF , the relevant product of two CKM matrix
elementsVibVjk* and/or VtbVtk* ~with i and j as generic up
type quarks andk as down type quark! and the combination
of the Wilson coefficients that incorporates the short dista
QCD corrections at theB mass scale. The considerable su
pression due to the smallness of the CKM mixing is wh
makesB-decays sensitive to new physics effects.

Reverting to the calculation of the hadronic matrix e
ments, the decay constantf i for a generic~pseudoscalar or
vector! meson is defined through the relations

TABLE III. Values of decay constants in MeV.

f p f r f K f K* f D f D* f Ds
f D

s*
f J/C

131 207 158 214 200 230 250 275 40
2-4
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^P~pP!uq̄ jgmg5qi u0&52 i f PpP
m

^V~pV!uq̄ jgmqi u0&5 f VmVem. ~7!

Here it is assumed that the meson is composed of aqj q̄i pair.
The decay constants are best determined from an analys
the respective leptonic decay modes and the relevant

TABLE IV. Form factors at zero momentum transfer in th
BSW model.

Decay mode F1(0) F0(0) V(0) A1(0) A2(0) A0(0)

B→p 0.33 0.33
B→K 0.38 0.38
B→D 0.69 0.69
B→r 0.33 0.28 0.28 0.28
B→K* 0.37 0.33 0.33 0.32
B→D* 0.71 0.65 0.69 0.62
11200
of
es

are listed in Table III. The matrix elements for the associa
density operators may then be evaluated using the D
equation:

]a~ q̄igaqj !5 i ~mj2mi !q̄iqj

]a~ q̄igag5qj !5 i ~mj1mi !q̄ig5qj .

The matrix elements for quark bilinears between aB me-
son and a pseudoscalar-vector meson can be parametriz
terms of form factors:

TABLE V. Values of pole masses in GeV.

Current m(02) m(12) m(11) m(01)

ūb 5.28 5.32 5.37 5.73

d̄b 5.28 5.32 5.37 5.73

s̄b 5.37 5.41 5.82 5.89

c̄b 6.30 6.34 6.73 6.80
model
t
.

w a
-

^P~pP!uq̄ jgm~12g5!buB~pB!&5F ~pB1pP!m2
mB

22mP
2

q2
qmGF1~q2!1

mB
22mP

2

q2
qmF0~q2!

^V~pV!uq̄ jgm~12g5!buB~pB!&52emnaben* pB
apV

b 2V~q2!

~mB1mV!
2 i S em* 2

e* •q

q2
qmD ~mB1mV!A1~q2!

1 i S ~pB1pV!m2
~mB

22MV
2 !

q2
qmD ~e* •q!A2~q2!

~mB1mV!

2 i
2mV~e* •q!

q2
qmA0~q2!, ~8!

whereq5pB2pP(V) ande is the polarization vector ofV. The apparent poles atq250 are fictitious since

F1~0!5F0~0!

2mVA0~0!5~mB1mV!A1~0!2~mB2mV!A2~0!.

The numerical values of the form factors can be calculated within a given model. For our analysis, we adopt the BSW
@19,18#, and the relevant form factors, at zero momentum transfer, are given in Table IV@16,19#. It can easily be checked tha
choosing a different model for the calculation of hadronic matrix elements would not change our results appreciably

For theq2 dependence of these form factors we assume a simple pole formula@16,19# F(q2)5F(0)/(12q2/mpole
2 ) with

the pole massmpole the same as that of the lowest lying meson with the appropriate quantum numbers (JP501 for F0 ; 12

for F1 andV; 11 for A1 andA2 ; 02 for A0). The values of these pole masses are presented in Table V@16,19#.
With Eqs. ~7! and ~8! in place, calculation of the full matrix elements, within the factorization approximation, is no

straightforward task. Consider the decayB(bq̄4)→M1(q1q̄4)M2(q2q̄3) whereMi are generic mesons~pseudoscalar or vec
tor!. For simplicity’s sake, assume that no two quarks are identical so that the quark bilinears@see Eq.~6!# cannot relate the
B to M2. In this case, the amplitudes are given by
2-5
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A@B→P1P2#5 i f P2
~mB

22mP1

2 !F0
B→P1~mP2

2 !F2b01b11b22b32
~b42b52b61b7!mP2

2

~mb2mq1
!~mq2

1mq3
!G

A@B→P1V2#52 f V2
mV2

F1
B→P~mV2

2 !@b01b11b21b3#~e* •pP1
!

A@B→V1P2#52mV1
f P2

~e* •pP2
!A0

B→V1~mP2

2 !Fb01b12b22b31
~b41b52b62b7!mP2

2

~mb1mq1
!~mq2

1mq3
!G

A@B→V1V2#5 f V2
mV2F2emnabe2

m* e1
npB

apV1

b
V~mV2

2 !

~mB1mV1
!
~b01b11b21b3!2 i ~e1* •e2!~mB1mV1

!

3A1~mV2

2 !~2b01b12b21b3!12i ~pB•e2!~pB•e1* !
A2~mV2

2 !

~mB1mV1
!
~2b01b12b21b3!G . ~9!
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For decay modes whereinq35q4, the second set amplitude
in Eq. ~6! contribute too. These additional pieces, howev
can be easily read off from Eq.~9!.

IV. B0-B̄0 MIXING

The main motivation for consideringBd
02B̄d

0 mixing to
constrain diquark couplings is that this mixing is mediat
by flavor changing neutral current, which is forbidden at t
tree level in SM. The mixing is characterized by the expe
mentally measurable mass difference

DMd5mBd

H 2mBd

L 5
u^B̄d

0uHeffuBd
0&u

mB
d
0

~10!

with H and L denoting heavy and light mass eigenstates.
recent world average value ofDMd at 1s limit is @20#

DMd5~0.47260.017!310212 s21. ~11!

In SM, this mixing proceeds through the box diagrams w
internal top quark andW boson exchanges@21,22#. The dia-
grams in which one or both top quarks are replaced by u
charm quarks are negligible on account of:~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. Integrating out the internal particles, one
gets an effective four quark interaction, with a (V2A) ^ (V
2A) current structure, and scaling as tomW

2 GF
2 uVtbVtd* u2.

The short distance QCD corrections are well determin
@21,22#, while the long-distance corrections are estimated
be small, unlike in the case ofK-K̄ mixing.

In presence of diquarks, two different types of contrib
tions may appear. If there existDb5Dd52 operators, then
such a mixing can occur at the tree level itself. Else, ad
tional contributions may appear in the form of new diqua
mediated box diagrams. However, as we are intereste
small diquark couplings, we shall confine ourselves to t
level ~in diquarks! processes only.
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In the calculation of the hadronic matrix eleme

^B̄d
0uHi uBd

0&, the vacuum saturation approximation is a co
venient one. Herein, one inserts a complete set of states
tween the two currents and assumes that the sum is d
nated by the vacuum and thus the hadronic matrix elem
are proportional tof B

2 by virtue of Eq.~7!. The bag factor,
BB , introduced to parametrize all possible deviations fro
the vacuum saturation approximation, can be evaluated
various nonperturbative approaches. We use here the va
of BB(mb) and f B as obtained by UKQCD Collaboration in
quenched lattice calculation@23#.

Incorporating the contributions of all such current stru
tures, in addition to that of the SM, we obtain

DMd5 f B
2BBmB

d
0Ub01b12b22b3

1

mB
d
0

2

~mb1md!2 ~b41b52b62b7!U . ~12!

This may then be compared with the experimental value
obtain the required constraints.

V. RESULTS

Before we determine the bounds obtainable fro
B-phenomenology, it is worthwhile to reexamine the S
predictions for the decay modes of interest; this helps
selecting the channels likely to result in stronger constrai
As mentioned earlier, within the SM, the hadronicB decays
are mediated by one or more of tree (W-mediated!, elec-
troweak penguin and QCD penguin diagrams. The branch
fractions are determined primarily by the CKM mixings o
erative in the particular decay and, in case of one-loop p
cesses, by the corresponding loop integral. For example,
decaysB2→Ds

2p0 andB̄d
0→p2p1 are suppressed in com

parison to B̄d
0→D1p2,D1Ds

2 , B2→D0Ds
2 and B̄s

0

→Ds
1p2 on account ofVub being much smaller thanVcb .
2-6
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Similar statements obviously hold for the decays into
corresponding excited states. In spite of such a suppres
the tree diagram far outweighs the one-loop contributions

any of these decays. For the decaysB2→K2p0, B̄0

→K̄0p0 ~and the correspondingPV andVV modes! though,
the tree level contributions are double Cabibbo suppres
with the consequence that these decays are dominate

penguin diagrams.5 Decays likeB2→K2K0, B2→p2K̄0,
on the other hand, are governed solely by electroweak an
QCD penguins.

A different suppression occurs for the processesB̄0

→p0p0, B̄0→D0p0. Compared to the analogous mod

B̄0→p1p2, B̄d
0→D1p2 wherein the charged mesons a

created from the vacuum by a color-singlet current, th
decays are obviously color-suppressed. In fact, the respe
short distance coefficients differ by as much as a factor o
@16#. And finally, there are the annihilation diagrams in t

decays likeB(bq̄)→X1(q1q̄)X2(q2q̄1). In these decays,b

and q̄ in B meson annihilate to produceq̄ and q2 quarks,
which, in turn form final state mesons withq1q̄1 pair, created
from vacuum. As these contributions are proportional to
wave function at zero, they are typically much smaller th
either of the tree or penguin mediated spectator contr
tions. For example, Ref.@16# argues that the annihilatio
amplitude forB→P1P2 modes is proportional to the mas
difference of the mesons in the final state and hence the
essentially no annihilation contribution toB̄→p0p0, B̄0

→K1K2 etc.
It is tempting to assume that the modes suppressed w

the SM would be the ones most sensitive to effects from n
physics. While this is largely so, a few points should
remembered. For one, color suppression and/or suppres
of annihilation diagrams are essentially independent of w
matrix elements, and hence equally applicable to either
SM or a theory with diquarks. Secondly, even for deca
wherein the SM amplitudes are Cabibbo suppressed, the
perimental data may not be precise enough for it to be a v
sensitive probe. Rather, it could well turn out that an uns
pressed mode may turn out to be one of the most sensitiv
account of the observations matching very well with the S
predictions.

In obtaining numerical results, we assume that only o
pair of diquark couplings are nonzero. While this restricti
may seem unwarranted, it is an useful approximation t
allows one a quantitative appreciation of the various exp
mental constraints. Furthermore, we assume a common m
of 100 GeV for all the diquarks. As explained earlier, ma
splittings between states in a single multiplet is disfavored
LEP data. And since the effective four-Fermi operator go
asmF(V)

22 , for a general diquark mass, all our bounds on
products need only be rescaled by a factor
(mF(V) /100 GeV)2.

5In our numerical calculations, we have used the Wilson coe
cients as listed in Ref.@16# for Nc53.
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The bounds, as obtained from a given decay mode, ca
broadly classified into two sets. An experimentally observ
channel~with an associated error bar! would, in general, al-
low the diquark coupling pairs to lie in one of two non
contiguous windows, with the separation between the w
dows determined by the agreement of the SM contributi
On the other hand, decay modes that are yet to be exp
mentally seen, can only lead to a single window. For a s
cific combination of diquark couplings, we look at all suc
individual bounds and then delineate the range satisfied
each. As an illustration, let us consider the producth13

(1)h12
(1) .

At 90% C.L., the ranges allowed by individual decays are
follows:

~a!: B̄0→D1r2: @26.031022,25.331022#,

@27.331023,5.731024#

~b!: B2→D0r2: @24.731022,24.231022#,

@24.731024,4.831023#

~c!: B2→K̄0* p2: @28.931024,2.231023#

~d!: B̄0→K̄0r0: @22.131023,1.631023#.

Clearly the first window allowed by~a! is completely ruled
out by the the bounds from~c! and~d!. The same is true for
the first window from~b!. Progressively eliminating parts o
the domains allowed by the individual decays, we find th
the actual allowed range for this particular combination
only @24.731024,5.731024#. An identical strategy is
adopted for all other combinations, and we list the b
bounds in Tables VI–XIII.

A very important point is to be noted here. In the prece
ing analysis, while we have selected the range of parame
common to each constraint, we have not really used the
tire information available to us. Such an analysis would
volve the use of a statistical discriminator such as ax2 test or
a likelihood test. While such an exercise is a straightforw
one and would have led to bounds stricter than those we
the decision to forego it was a conscious one. For, in
absence of higher order corrections and a more precise
culation of the hadronic matrix elements, the bounds deri
here are only indicative. Hence, further refinement using
tistical methods is not really called for.

From Table II, it is easy to see thathi j
(1)hkl

(1) , hi j
(2)hkl

(2) ,
hi j

(3)hkl
(3) , hi j

(4)hkl
(4) , hi j

(7)hkl
(7) andhi j

(8)hkl
(8) result in both neutral

and charged current structures. In a given hadronic de
both the operators contribute with one of them being co
suppressed. Furthermore, the flavor structure determ
whether two contributions interfere constructively or d
structively. As a consequence, the bounds onhi j

(2)hkl
(2) ,

hi j
(4)hkl

(4) and hi j
(8)hkl

(8) are weaker by a factor of (Nc

11)/(Nc21) compared to those forhi j
(1)hkl

(1) , hi j
(3)hkl

(3) and
hi j

(7)hkl
(7) . A color-unsuppressed operator associated w

combinationsh̃i j
(3)h̃kl

(3) and h̃i j
(4)h̃kl

(4) are neutral current ones
their contributions to charged current decays are natur

-

2-7
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TABLE VI. Bounds onF1 couplings in units of (mF1
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

h13
(1)h11

(1)
B̄0→p1p2, B̄0→p0p0 @22.631023,1.131023#

h13
(1)h12

(1)
B̄0→D1r2, B2→p2K̄0* ,

B2→D0r2, B̄→K̄0r0 @24.731024,5.731024#

h23
(1)h22

(1)
B̄0→D1Ds

2 , B̄0→D1* Ds
2 @25.531022,25.331022#,

@26.331023,2.231023#

h23
(1)h12

(1)
B̄0→K0K̄0 @21.431023,9.531024#

h33
(1)h11

(1)
Bd

0-B̄d
0 mixing @21.431027,21.331027#,

@21.331028,2.431029#

TABLE VII. Bounds onF2 couplings in units of (mF2
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

h13
(2)h12

(2) B2→K2p0, B2→p2K̄0,
B2→K2r0 @21.231023,7.731024#

h23
(2)h12

(2) B̄0→K0K̄0 @22.831023,1.931023#

TABLE VIII. Bounds onF3 couplings in units of (mF3
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

h13
(3)h12

(3) B2→p0K2, B2→K2r0,

B̄0→D1r2 @21.931024,2.931024#

h23
(3)h12

(3)
B2→p0Ds

2 , B̄0→r0J/C @21.531023,1.731023#

h̃13
(3)h̃11

(3) B̄0→p0p0, B2→p2p0 @23.331023,2.931023#

h̃13
(3)h̃12

(3) B̄0→p0K̄0* , B2→p0K2 @21.131023,7.831024#

h̃13
(3)h̃21

(3) B2→p2D0, B2→r2D0,

B̄0→D0p0 @21.231023,1.431023#

h̃23
(3)h̃22

(3) B2→D0Ds
2* , B̄0→D1Ds

2 @28.731023,3.131022#

h̃23
(3)h̃21

(3) B̄0→p0J/C, B̄0→r0J/C @24.231023,4.231023#

h̃23
(3)h̃12

(3) B2→Ds
2p0 @21.431022,2.031022#

h13
(3)h̃11

(3) B̄0→p0p0, B̄0→p1p2 @25.131023,7.431023#

h12
(3)h̃13

(3) B2→K2p0, B̄0→p1K2,
B2→D0p2 @21.431023,2.231023#

h13
(3)h̃12

(3) B2→K2p0, B̄0→p1K2, @23.331023,1.431023# ,

h13
(3)h̃21

(3) B̄0→D0p0, B2→D0p2,
B2→D0r2 @25.231023,2.231023#

h23
(3)h̃22

(3) B̄0→D1Ds
2 , B2→D0Ds

2 ,

B̄0→D1Ds
2* @24.931023,1.531022#

h12
(3)h̃23

(3) B2→p0Ds
2 @21.631022,1.131022#

h23
(3)h̃12

(3) B2→p0Ds
2 @21.131022,1.631022#
112002-8
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TABLE IX. Bounds onF4 couplings in units of (mF4
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

h13
(4)h11

(4)
B̄0→p1p2, B̄0→p0p0 @21.131023,2.631023#

h13
(4)h12

(4)
B̄0→p1K2, B̄s

0→K1K2,

B̄0→K̄0r0 @28.131024,5.431024#

h23
(4)h22

(4)
B̄0→D1Ds

2 , B̄0→D1* Ds
2 @22.231023,6.531023#,

B2→D0Ds
2 @5.331022,5.531022#

h23
(4)h12

(4)
B2→p0Ds

2 ,B̄0→r0J/C @23.431023,3.131023#

h̃13
(4)h̃11

(4) B̄0→p0p0, B2→p2p0 @23.331023,2.931023#

h̃13
(4)h̃12

(4) B̄0→p0K̄0* , B2→p0K2 @21.131023,7.831024#

h̃13
(4)h̃21

(4) B2→p2D0, B2→r2D0,

B̄0→D0p0 @21.231023,1.431023#

h̃23
(4)h̃22

(4) B2→D0Ds
2* , B̄0→D1Ds

2 @28.731023,3.131022#

h̃23
(4)h̃21

(4) B̄0→p0J/C, B̄0→r0J/C @24.231023,4.231023#

h̃23
(4)h̃12

(4) B2→Ds
2p0 @21.431022,2.031022#

h11
(4)h̃13

(4) B̄0→p1p2, B̄0→p0p0 @23.631023,6.431023#

h13
(4)h̃11

(4) B̄0→p1p2, B̄0→p0p0 @26.431023,3.631023#

h12
(4)h̃13

(4) B̄s
0→K1K2, B̄0→p1K2 @21.531022,21.231022

@22.331023,1.531023#

h13
(4)h̃12

(4) B̄s
0→K1K2, B̄0→p1K2,

B̄0→K̄0* p0, B2→K2r0 @21.531023,2.331023#

h13
(4)h̃21

(4) B̄0→D0p0, B2→D0r2 @23.731023,2.231022#

h22
(4)h̃23

(4) B̄0→D1Ds
2 , B2→D0Ds

2 , @23.531023,1.031022#

@7.431022,8.831022#

h23
(4)h̃22

(4) B̄0→D1Ds
2 , B2→D0Ds

2 ,

B̄0→D1* Ds
2 @21.031022,3.531023#

h12
(4)h̃23

(4) B2→p0Ds
2 @28.031023,1.231022#

h23
(4)h̃12

(4) B2→p0Ds
2 @21.231022,8.031023#
a

ca
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te
g

te

the
ks,

in
color-suppressed. Hence the corresponding bounds
weaker. Similarly, sincehi j

(3)h̃kl
(3) andhi j

(4)h̃kl
(4) , are associated

only with scalar, pseudoscalar and tensor operators, they
not contribute toB→VV decays. And finally, as the diquark
F7,8 couple only to down-type quarks, they can contribu
only to those decays that occur in the SM solely throu
penguin diagrams.

The diquarkF3 differs from F4 only by color quantum
number. But since the color factors for triplet and sex
diquarks are accidentally equal andh̃i j

(3) and h̃i j
(4)’s have no
11200
re

n-

h

t

specific symmetry property under the exchange ofi andj, the
bounds on the product of these couplings are exactly
same. A similar story obtains for other sets of diquar
(V1 ,V2) and (V3 ,V4).

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

parity violating coupling l i jk9 . Thus the constraints on

h̃i j
(4)h̃kl

(4) are equivalent to those onl im j9 lkml9 . The upper

bound onh̃23
(4)h̃22

(4) is marginally weaker than that, quoted

@13# and @24#. The upper bound onh̃11
(4)h̃13

(4) is much weaker
TABLE X. Bounds onF7 couplings in units of (mF7
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

h13
(7)h11

(7)
B̄0→p0p0 @21.131023,1.331023#

h13
(7)h12

(7)
B2→p2K̄0, B2→p0K2

B̄0→p0K̄0 @23.931024,7.331024#

h23
(7)h12

(7)
B̄0→K0K̄0 @29.531024,1.431023#

h33
(7)h11

(7)
Bd

0-B̄d
0 mixing @21.431027,21.331027#,

@21.331028,2.431029#
2-9
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TABLE XI. Bounds onF8 couplings in units of (mF8
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

h13
(8)h12

(8)
B2→p2K̄0, B2→p0K2

B2→p2K̄0* @27.931024,1.231023#

h23
(8)h12

(8)
B̄0→K0K̄0 @21.931023,2.831023#

TABLE XII. Bounds onV1 couplings in units of (mV1
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

q13
(1)q11

(1)
B̄0→p1p2, B̄0→r0r0 @26.231023,3.231023#

q31
(1)q11

(1)
B̄0→p0p0 @22.131023,1.731023#

q13
(1)q12

(1)
B̄0→p1K2, B2→K2p0, @21.431023,2.031023#,

B̄0→r1K2 @1.031022,1.131022#

q13
(1)q21

(1)
B2→p2K̄0, B2→p2K̄0* @21.031023,22.631023#,

B2→D0r2 @28.131024,9.831024#

q31
(1)q12

(1)
B̄0→K̄0p0, B2→p2K̄0

B2→p2K̄0* @29.831024,8.131024#

q31
(1)q21

(1) B2→p0K2, B2→r0K2 @21.531023,5.331024#

q23
(1)q22

(1)
B̄0→D1Ds

2 , B2→D0Ds
2

B2→D0* Ds
2 @29.231023,3.131023#

q23
(1)q12

(1)
B̄0→K0K̄0 @21.331023,1.931023#

q23
(1)q21

(1) B0→p0J/C, B0→r0J/C, @22.131023,2.131023#

q32
(1)q12

(1)
B0→K0K̄0 @24.731023,7.031023#

q32
(1)q21

(1)
B0→K0K̄0 @21.931023,1.331023#

q33
(1)q11

(1)
Bd

0-B̄d
0 mixing @25.431028,24.831028#,

@24.931029,8.9310210#

TABLE XIII. Bounds onV3 couplings in units of (mV3
/100 GeV) at 90% C.L.

Product of couplings Mode Allowed region

q13
(3)q11

(3)
B̄0→p1p2 @23.231023,1.031022#

q31
(3)q11

(3)
B̄0→p0p0 @21.431023,1.831023#

q13
(3)q12

(3)
B̄0→p1K2, B̄0→r1K2 @21.231022,21.031022#,

@22.031023,1.431023#

q13
(3)q21

(3)
B2→D0r2, B̄0→D0* r0 @21.031023,9.031023#

q31
(3)q12

(3)
B̄0→D0p0, B2→D0p2 @21.531023,4.131023#

q31
(3)q21

(3) B2→p0K2, B2→K2r0 @27.331024,1.731023#

q32
(3)q22

(3)
B̄0→D1Ds

2 , B2→D0Ds
2 @21.531023,4.331023#

q23
(3)q22

(3) B2→D0* Ds
2 @22.231021,21.431021#,

@22.031022,5.731022#

q23
(3)q12

(3)
B̄0→Ds

2p1 @21.131022,1.431022#

q23
(3)q21

(3)
B̄0→r0J/C @22.531023,2.131023#

q32
(3)q12

(3)
B̄0→p0J/C @22.531023,2.131023#

q32
(3)q21

(3) B2→Ds
2p0 @27.031023,1.031022#
112002-10
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than that listed in@13# and@24#. For otherh̃i j
(4)h̃kl

(4) , we obtain
more stringent bounds. For most of the nonsupersymme
product of two diquark couplings, our predicted bounds
much stronger.

In a few hadronic decays (B2→K2J/C, B2→p2J/C
etc.!, the SM predictions do not agree with the experimen
observation even at 2s level. While this could be construe
as an indication of new physics~in our case diquarks!, we
prefer to tread a more conservative path. Consequently
have not included such decays in our analysis.

Turning to Bd
0-B̄d

0 mixing, it is obvious that a tree-leve
contribution will accrue from any four-quark operator th
violates bothb and d number by two units each. Furthe
more,F2 , F3 andF8 do not contribute toBd

0-B̄d
0 mixing by

virtue of the antisymmetric nature of their couplings und
exchange of the flavor indices. ThusBd

0-B̄d
0 mixing only im-

poses limits on the parameter space ofF1 , F7 , V1 andV2

diquarks. Unlike in the SM,Bd
0-B̄d

0 occurs at tree level in the
presence of nonzero diquark couplings. Accordingly, we
tain most stringent bounds onh33

(A)h11
(A) andq33
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VI. CONCLUSION

In summary, we have studied the leading order effects
scalar and vector diquark and/orR parity violating couplings
on hadronicB decays andB-B̄ mixing. Clearly a diquark
must have more than one non-zero couplings to SM field
be able to mediate such processes. We take the econ
standpoint that onlyany twoof such couplings are non-zero
Analyzing the present data onB-decays, we derive con
straints on such pairs that are significantly stronger th
those derived from other low energy processes. Theore
improvements on nonfactorization effects and estimates
annihilation form factors as well as precise measurement
the decay modes at the upcomingB factories in the near
future will improve our bounds on the parameter space
diquarks and/or R parity violating couplings in the minim
supersymmetric SM.
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