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Reevaluating bounds on flavor-changing neutral current parameters inR-parity conserving
and R-parity violating supersymmetry from B0-B0 mixing
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We perform a systematic reevaluation of the constraints on the flavor-changing neutral current parameters in
R-parity conserving andR-parity violating supersymmetric models. As a typical process, we study the con-
straints coming from measurements on theB0-B0 system of the supersymmetricd13

d parameters, as well as on
the products ofl8 type R-parity violating couplings. Present data allow us to put constraints on both the real
and imaginary parts of the relevant parameters.
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I. INTRODUCTION

The answer to whether there is any new physics bey
the standard model~SM! is probably in the affirmative. One
of the most promising candidates for new physics~NP!, and
also the most studied, is supersymmetry~SUSY!, in both its
R-parity conserving~RPC! andR-parity violating ~RPV! in-
carnations. Unfortunately for the believers in a theory of e
erything, SUSY introduces a plethora of new particles, a
even in its most constrained version, a few more arbitr
input parameters over and above those of the SM. Thu
has become imperative to constrain the SUSY param
space as far as possible from existing data.

There are two aspects to this practice. First, take the
perimental data and find how much space we can allow
the SUSY parameters. Second, take the bounds obtaine
method 1 and see what signals one should observe in pre
or future experiments~and try to explain any apparen
anomalies in the present data!. Taken together, these tw
methods form a strong tool to observe indirect SUSY~or, for
that matter, any NP! signals, which is complementary to th
direct observation of the new particles in high-energy m
chines such as the CERN Large Hadron Collider~LHC!.

Since SUSY breaks at a high scale, there is no compel
mechanism to suppress the flavor-changing neutral cur
~FCNC! effects once we take the renormalization group~RG!
evolutions into account. The problem is most severe for
gravity-mediated SUSY breaking@supergravity~SUGRA!#
type models. A huge number of models have been propo
to solve this problem; we will not go into them here. Rath
we will focus on an equally important area of study, vi
constraining the FCNC parameters from experimental d
This shows which models are to stay and which are not.
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The problem is worse in the RPV version of SUSY, sin
there exists a large number of FCNC couplings from the v
beginning. There are no theoretical limits on these coupli
except that they should not be nonperturbative even at
scale of the grand unified theories~GUTs!. The only way to
constrain the individual couplings and the products of t
~or more! of them is from experimental data.

We will just discuss, as a sample process, the mixing
neutralB mesons, and the effects of RPC and RPV SUSY
it ~more processes will be discussed in a subsequent p
cation!. Why this process? The reasons are manifold.~i! The
theoretical parts of the SM and SUSY are both well kno
~including higher-order QCD corrections!, apart from the un-
certainties in some of the inputs.~ii ! The mixing and the
CP-asymmetry data have reached sufficient precision,
order-of-magnitude improvements are likely to occur in t
near future.~iii ! The SM amplitude is one loop, so that th
RPC SUSY amplitude, which must be a one-loop proce
has a fair chance of competing, even with high sparti
masses.~iv! The RPV SUSY amplitude is also one loop an
competes on the same ground~there may even be tree-leve
amplitudes, but the couplings are highly suppressed!. ~v!
There are some decay channels, e.g.,B→fK @1#, B→h8K
@2#, B→pp @3#, which indicate that there may be signals
NP hidden inB decays~although a SM explanation is neve
ruled out!.

The effects of RPC SUSY inB0-B0 mixing have been
exhaustively studied in the literature, and constraints w
put on the FCNC parameters of different SUSY mod
@4–6#. Apart from that, SUSY effects on variousB decay
processes~radiative, leptonic, semileptonic, and nonlepton!
have been thoroughly investigated, but we are not going
discuss this aspect in the present paper@7#. A similar exercise
has also been performed for RPV SUSY models@8,9#.

In this paper, we will explore the robustness of some
the FCNC parameters in RPC and RPV SUSY as quote
the literature@5,6,9#. The importance of this is threefold
first, this will serve as an update of the existing results in
light of new data; second, this will show that the bounds c
get substantially relaxed once we take all the SM uncerta
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ties into account~a systematic study of the SUSY FCN
parameters, taking this point consistently into account,
not been performed as far as we know, although Ref.@6#
does it in a sufficiently exhaustive way for RPC SUSY onl!;
and third, since the constraints obtained in this paper are
most conservative ones, it should tell the experimenters w
sort of signal is to be expected at the most. We will a
show how robust these bounds are if there happens to
natural cancellation between RPC and RPV SUSY effect

Here one must note the limitations of theB-related experi-
ments in constraining the NP models. Apart from the exp
mental uncertainties@sin(2b), Cabibbo-Kobayashi-Maskaw
~CKM! elements, branching fractions, etc.#, there are a num-
ber of inherent theoretical uncertainties, most of which st
from the nonperturbative nature of low-energy QCD. To d
entangle signatures of NP, one must be fairly lucky to ge
sizable deviation from the SM prediction. This is precise
the reason why signatures of RPC SUSY will be unobse
able in those decay modes that have a tree-level amplitud
the SM.

We will consider only the gluino-mediated box for th
RPC SUSY amplitude. This constrains the mixing para
eters d13

d between the first and third generations for t
down-quark sector. Although the neutralino- and charg
Higgs-boson-mediated boxes are expected to be small c
pared to the gluino box, an almost equally large contribut
comes from the chargino diagram@10,11#. Since the latter
diagram constrains the mixing in the up-quark sector~thed13

u

parameters!, it will not be relevant for our future discussion
The relevant details are to be found in Sec. II. For R
SUSY we will consider only one product coupling givin
rise to a new mixing amplitude to be nonzero at a time.

We will assume, just for simplicity, that NP affects on
the mixing amplitude, but there is no NP in the subsequ
decay processes. On the one hand, this means that thCP
asymmetry in the channelB→J/cKS measures the phase
the box amplitude. This is easy to implement for RPV SU
by choosing appropriate combinations of nonzero flav
dependent couplings.1 For RPC SUSY, this assumptio
amounts to neglecting loop-induced SUSY contributions
tree-level SM ones, which is a safe assumption.

The QCD corrections to the box amplitude have be
implemented up to next to leading order~NLO!, for both
RPC and RPV SUSY. The relevant anomalous dimens
matrix may be found in@6#.

The paper is organized as follows. In Sec. II, we brie
recall the FCNC phenomena in RPC and RPV SUSY a
discuss our numerical inputs in Sec. III. Section IV de
with the constraints coming from RPC SUSY, while Sec.
does the same job for the RPV version. In Sec. VI we su
marize and conclude.

1However, this is true only for channels likeB→J/cKS . The
channelB→p1p2, which measuresa, has RPV contributions
both in mixing and in subsequent decay, and they must be tre
together@12#.
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II. B0-B0 MIXING IN SUSY

A. B0-B0 in the SM

The off-diagonal element in the 232 effective Hamil-
tonian for the neutralB system causes the mixing betwee
the gauge eigenstatesB0 ([b̄d) and B0 ([bd̄) @13#. The
mass difference between the two mass eigenstatesDMd is
given by

DMd52uM12u, ~1!

where

M12[
^B0uHe f fuB0&

2mB

5
GF

2

6p2 ~VtdVtb* !2hBmBf B
2BBmW

2 S0~xt!, ~2!

with xt5mt
2/mW

2 , and

S0~x!5
4x211x21x3

4~12x!2 2
3x3ln x

2~12x!3 . ~3!

We follow the convention of Ref.@13# for normalization of
the meson wave functions. The perturbative QCD correcti
are parametrized byhB , while the nonperturbative correc
tions are dumped inBB . f B is theB meson decay constan
The subleading boxes with two charm quarks or one cha
and one top quark are entirely negligible~the same holds for
RPC SUSY; however, due to the nonuniversal nature of
relevant couplings, this is not true for the RPV version!.

For B decays to a flavor-blind final statef ~e.g.,J/cKS)
where there are no nonzero CKM phases in the decay am
tude, the measuredCP asymmetry is proportional to the
imaginary part of the mixing amplitude. For theB0-B0 box,
this is sin(2b) as arg(Vtd)52b ~we will implicitly assume
the Wolfenstein parametrization of the CKM matrix, a
though the physical observables are parametrization inv
ant!. For theBs box, the amplitude is real, so there is noCP
violation in the SM @to the leading order, i.e., neglectin
O(l4) terms in the CKM matrix, wherel5Vus'0.22].

NP adds up one~or more! new term inM12. Even if it is
real, the effective phasebe f f should change fromb. Thus,
DMd andACP(B→J/cKS), taken together, should constra
both the real and the imaginary parts of the NP amplitud

Suppose there is one NP amplitude with a weak phas
22f so that one can write

M125uM12
SMuexp~22ib!1uM12

NPuexp~22if!. ~4!

This immediately gives the effective mixing phasebe f f as

be f f50.5 arctan
uM12

SMusin~2b!1uM12
NPusin~2f!

uM12
SMucos~2b!1uM12

NPucos~2f!
~5!

and the mass difference between theB meson mass eigen
states as

ed
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REEVALUATING BOUNDS ON FLAVOR-CHANGING . . . PHYSICAL REVIEW D69, 016004 ~2004!
DMd52@ uM12
SMu21uM12

NPu212uM12
SMuuM12

NPucos2~b2f!#1/2.

~6!

These are going to be our basic formulas. The only rem
ing task is to findM12

NP .
Note that even iff50, be f f5” b, which means that even

for real NP amplitudes, the constraints vary with the cho
of b. The CP asymmetry inB→J/cKS measuresbe f f .
However, with NP contributing toDMd , the B0-B0 mixing
input to the standard CKM fit is lost, andb essentially be-
comes a free parameter. The same happens forVtd also. We
will discuss these issues in Sec. III.

B. R-parity conserving SUSY

In RPC SUSY models there can be two more independ
phasesfA andfB apart from the CKM phase, but the ele
tric dipole moment of the neutron constrains them to
small @;O(1022–1023)# unless the squarks are extreme
heavy or there is a fine-tuning between them@14#. We take
both of them to be zero, a choice which can be theoretic
motivated, sincefA(fB) is the relative phase between th
common trilinearA term ~bilinear B term! and the common
gaugino massM @15#. Even then one can have new cont
butions toCP violation coming from SUSY FCNC effect
@4#. The origin of SUSY FCNC can be easily understoo
quark and squark mass matrices are not simultaneously d
onalizable. Atq2;mW

2 , radiative corrections induced by up
type~s!quark loops are important. These corrections are ty
cally of the order of log(LS/mW) (LS is the SUSY breaking
scale! and hence can be large for SUGRA type models. T
generates FCNC which occurs even in the quark–squa
neutral gaugino vertices, but the flavor structure is contro
by the CKM matrix. However, this last feature need not
true in any arbitrary SUSY model, particularly those wi
nonuniversal mass terms.

One generally works in the basis where the quark fie
are eigenstates of the Hamiltonian. SUSY FCNC can be
corporated in two ways:~i! vertex mixing, an approach
where the squark propagators are flavor and ‘‘chirality2

conserving, and the vertices violate them;~ii ! propagator
mixing, where flavor and ‘‘chirality’’ are conserved in th
vertices but changed in the propagators. The second
proach is preferred for phenomenological analysis, since
higher-order QCD corrections are known better. This is a
known as the mass insertion approximation@5,16#.

At the weak scale one can write the 636 squark mass
matrix ~say the down type! as

M̃D
2 5S M̃DLL

2 u tree1DLL
2 DLR

2

DRL
2 M̃DRR

2 u tree1DRR
2 D ~7!

where theD terms incorporate the FCNC effects. Differe
FCNC effects are parametrized in terms ofdAB

i j [DAB
i j /m̃2,

2Squarks cannot have a chirality, but this is just a loose term
denote the partners of the respective chiral fermions.
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wherem̃5Am1m2, the geometric mean of the masses of t
two participating squarks,i and j are flavor indices, andA
andB are chiral indices. Thed ’s are completely calculable in
the constrained minimally supersymmetric standard mo
but this is not true in general. Theoretically, for the succ
of perturbative analysis, one expectsudu,1. The gluino-
mediated box diagrams causingB0-B0 mixing constrain only
d13’s of different chiralities in the down-quark sector.@Thus,
dAB

13 in our notation means (d13
d )AB in the more conventiona

notation; there is, however, no chance of confusion since
do not deal with thedu parameters.# The same thing can be
said for the up-quark sector by considering the chargino c
tributions @10#.

TheDB52 effective Hamiltonian can be written in a gen
eral form as

H e f f
DB525(

i 51

5

ciOi1(
i 51

3

c̃i Õi1H.c. ~8!

where

O15~ b̄gmPLd!1~ b̄gmPLd!1 ,

O25~ b̄PRd!1~ b̄PRd!1 ,

O35~ b̄PRd!8~ b̄PRd!8 ,

O45~ b̄PLd!1~ b̄PRd!1 ,

O55~ b̄PLd!8~ b̄PRd!8 , ~9!

and PR(L)5(11(2)g5)/2. The subscripts 1 and 8 indicat
whether the currents are in color-singlet or in color-oc
combination. TheÕis are obtained from correspondingOis
by replacingL↔R.

The Wilson coefficients have been computed at the h
scaleMS ~chosen to be the arithmetic mean of the avera
squark mass and the gluino mass! by evaluating the diagram
in Fig. 1. We quote the results@5#:

c152R@24x f6~x!166f̃ 6~x!#~dLL
13 !2,

c252R@204x f6~x!#~dRL
13 !2,

c35R@36x f6~x!#~dRL
13 !2,

c452R$@504x f6~x!272f̃ 6~x!#dLL
13dRR

13

2132f̃ 6~x!dLR
13 dRL

13 %,

c552R$@24x f6~x!1120f̃ 6~x!#dLL
13dRR

13

2180f̃ 6~x!dLR
13 dRL

13 %. ~10!

HereR5as
2/216mq̃

2 andx5mg̃
2/mq̃

2 . The coefficientsc̃i can
be obtained from the correspondingci , again withL↔R.
The functionsf 6 and f̃ 6 are given by

o

4-3
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FIG. 1. Gluino-mediated SUSY contributions toB0-B0 mixing. One needs to add the crossed diagrams too. The crosses on the
propagators denote the insertion of the relevantd parameters. All chirality combinations are possible for the quarks, which we do not s
explicitly.
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f 6~x!5
6~113x!ln x1x329x229x117

6~x21!5 ,

f̃ 6~x!5
6x~11x!ln x2x329x219x11

3~x21!5 . ~11!

Next, one should evolve these coefficients down to the lo
energy scale, taken, following Ref.@6#, to be m5mb
54.6 GeV, using the NLO QCD corrections. The low-sca
Wilson coefficients are

ci~m!5(
r

(
s

~br
i ,s1hcr

i ,s!harcs~MS! ~12!

whereh5as(MS)/as(mt). For the numerical values of th
a, b, andc matrices we refer the reader to Eq.~10! of Ref.
@6#.

The operatorsOi are also to be renormalized at the sca
m. The expectation values of these operators betweenB0 and
B0 at the scalem are given by

^O1~m!&5
2

3
mB

2 f B
2B1~m!,

^O2~m!&52
5

12
SmB

2 f B
2B2~m!,

^O3~m!&5
1

12
SmB

2 f B
2B3~m!,

^O4~m!&5
1

2
SmB

2 f B
2B4~m!,

^O5~m!&5
1

6
SmB

2 f B
2B5~m!, ~13!

where

S5S mB

mb~mb!1md~mb! D
2

. ~14!

The B parameters, whose numerical values are given in S
III, have been taken from@17#. Note that the expectation
values are scaled by a factor of 2mB over those given in
some literature due to our different normalization of the m
01600
-

c.

-

son wave functions. It is trivial to check that both conve
tions yield the same values for physical observables.

We wish to draw the reader’s attention to the fact th
with changingx, the interference pattern between the S
box and the SUSY box changes. For example, if only (dLL

13 )2

is nonzero, there is a constructive interference with the
box if x,2.1, and a destructive interference otherwise. T
is just becausec1 changes sign as we go to higher values
x. Thus, if one chooses (dLL

13 )2 to be real,be f f goes down
from b for low x, and goes up for highx. Near the crossove
region, the SUSY contribution almost vanishes, so one ca
principle have larged parameters. We do not analyze the
regions since they smell of a fine-tuning, but one should k
this point in mind.

C. R-parity violating SUSY

R parity is a global quantum number, defined
(21)3B1L12S, which is11 for all particles and21 for all
superparticles. In the minimal version of supersymmetry a
some of its variants,R parity is assumed to be conservedad
hoc, which prevents single creation or annihilation of sup
particles. However, models with brokenR parity can be con-
structed naturally, and such models have a number of in
esting phenomenological consequences@18,19#. Some of
theseR-parity violating models can be motivated from a
underlying GUT framework@20#.

It is well known that in order to avoid rapid proton deca
one cannot have a simultaneously lepton number and ba
number violating RPV model, and we shall work with a le
ton number violating one. This leads to slepton/sneutri
mediatedB decays, and new amplitudes forB0-B0 mixing
with charged sleptons and up-type quarks~and maybeW,
charged Higgs bosons, and charged Goldstone bosons! flow-
ing inside the loop~see Fig. 2!. Since the current lower
bound on the slepton mass is weaker than that on the sq
mass, larger effects within the reach of the current round
experiments are more probable in this scenario. We start w
the superpotential

Wl85l i jk8 LiQjDk
c , ~15!

wherei , j ,k51,2,3 are quark and lepton generation indic
L andQ are theSU(2)-doublet lepton and quark superfield
and Dc is the SU(2)-singlet down-type quark superfield
Written in terms of component fields, this superpotential g
4-4
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FIG. 2. R-parity violating contributions toB0-B0 mixing. ~a! corresponds toL4 and~b! to L2 amplitudes~see text for their meanings!.
One must add the crossed diagrams, as well as the diagrams in~b! where theW is replaced by the charged Higgs boson or the char
Goldstone boson. The internal slepton can be of any generation, and so can be the internal charge12/3 quarks, generically depicted asu.
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erates six terms, plus their Hermitian conjugates, but for
present purpose the only relevant term is

LR” .2l i jk8 ẽL
i d̄R

k uL
j 1H.c. ~16!

With such a term, one can have two different kinds of box
shown in Fig. 2, that contribute toB0-B0 mixing: first, the
one where one has two sleptons flowing inside the lo
along with two up-type quarks@21#, and second, the on
where one slepton, oneW ~or charged Higgs boson or Gold
stone boson!, and two up-type quarks complete the loop@9#.
It is obvious that the first amplitude is proportional to t
product of four l8-type couplings, and the second to th
product of twol8-type couplings timesGF . We call them
the L4 andL2 boxes, respectively, for brevity.

The effective Hamiltonian for theL4 boxes reads~no sum
over k)

HL45
~l ik18 * l ik38 !2

32p2m̃l
2

I S mqk

2

m̃l
2 D Õ1, ~17!

wherem̃l is the slepton mass, andÕ1 has been defined in Eq
~9!. Actually, there can be different up-type quarks and d
ferent generations of sleptons flowing in the box, but t
makes the Hamiltonian proportional to the product of fourl8
couplings, which we avoid for simplicity. The functionI (x)
is given by

I ~x!5
12x212x logx

~12x!3 . ~18!

For L2 boxes, there are three different types of amplitude
the Feynman gauge: involving, along with a slepton, aW, a
charged Higgs boson, or a charged Goldstone boson.
sum is given by@9#

HL25
GFl8 ik1* l ik38

4A2p2
Vukb* Vukd@~11cot2b!xk

2J~xk!1I ~xk!#O4

~19!

wherexk5muk

2 /mm̃l

2 ,

J~x!5
22~x21!1~x11!logx

~x21!3 , ~20!
01600
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and cotb5vd /vu , the ratio of the vacuum expectation valu
of the two Higgs bosons that give mass to the down- and
up-type quarks, respectively~not to be confused with the
phase ofVtd). The Hamiltonian is slightly modified if one
has different up-type quarksuk andul in the box:

HL25
GFl8 ik1* l ip38

4A2p2
Vukb* Vupd@~11cot2b!xkxpK~xk!

1L~xk!#O4 , ~21!

where we have assumedmk.mp ; if not, the arguments ofK
andL are to be replaced byxp . The functions are given by

K~x!5
x212 logx

~x21!2 ,

L~x!512xK~x!. ~22!

Note that one can have an imaginary part in the amplitu
when the internal quarks are both light, but we neglect t
effect for our present purpose.3 Also note that in the light of
LEP data, which definitely favor tanb>2 –3 @23#, the Gold-
stone boson contributions are dominant over the char
Higgs boson contributions, which are suppressed by co2b.
In deriving the above expressions, we have assumed all
lars flowing inside the box to have equal mass.

In general both thel8-type couplings can have a phas
but one of them can be absorbed in the definition of
slepton propagator, so it is enough to consider the one
maining phase.

It is easy to see that the relevant equations~4!–~6! need to
be slightly modified to include two NP amplitudes when t
same quarks flow in the loop; this being a trivial exercise,
do not show the formulas explicitly. For small values of t
correspondingl8 couplings,HL2 dominatesHL4, but the
role may get reversed for large values of the product c
pling. Thus, one gets two bands in the RPV coupling ver

3Even from dimensional arguments, the ratio of the imaginary a
the real parts of the mixing amplitude should at most be of the or
of mb

2/mt
2 @22#, and hence the phase introduced by such an ima

nary part can be neglected in the analysis.
4-5
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DMd plane, and our bounds correspond to the outer ba
There is no such complication when only theL2 amplitude is
present.

III. NUMERICAL INPUTS

The important numerical inputs used in our work
shown in Table I. A few points are to be noted.

Unless shown in the table, we have not taken the exp
mental uncertainty of a quantity into account. For examp
we have used the central values of the CKM elements,
cept that ofVtd and Vub , in our analysis. They are take
from Ref. @28#, extracted without the world average o
sin(2b). This is justified since now sin(2b) itself has a NP
contribution and so should not be used to extract the va
of the CKM parameters.

Vtd is determined fromDMd ; thus, the SM fit forVtd no
longer works when there is one or more NP amplitudes in
box. Since theCP asymmetries are controlled by phases n
all of which are in the CKM matrix, the usual argument
the so-called universal unitarity triangle~UUT! @29# does not
hold. In essenceVtd becomes a free parameter, controll
only by the unitarity of the CKM matrix. To take into ac
count this feature, we have taken the 95% confidence l
~C.L.! for Vtd , extracted without the global average
sin(2b), for our analysis@28#. The same holds forVub ,
which contains the phaseg. As pointed out by@6#, g also
becomes a free parameter. We address this issue by kee
the range ofg within 1s C.L. quoted by@27#, while Vub is
varied over its 95% C.L. range. This, we have checked,
sentially covers the whole region generated by a narro
range ofVub and a wider range ofg covering 0 to 2p, with
the constraint that the three-generation CKM matrix is u
tary ~i.e., the unitarity triangle should close!. The bounds are
of the same order, but slightly more conservative for
former case.

The imaginary part ofd ’s crucially depends on the choic
of b. For our analysis, we have varied sin(2b) between 0 and

TABLE I. Input parameters used for the numerical analysis.

Quantity Value Remarks

mB 5.2794 GeV @24#

mW 80.423 GeV @24#

DMd 0.50260.007 ps21 @25#

sin(2bef f) 0.681–0.784 @26#, at 1s C.L.
be f f 21.4° –26.0° Assumed to be,90°
g 44° –72° @27#, at 1s C.L.

mt
MS̄(mt

MS̄) 166 GeV @27#

mb
MS̄(mb

MS̄) 4.23 GeV @6#

mb(mb) 4.6 GeV
md(mb) 5.4 MeV
hB 0.5560.01 @27#

f BABB 230628628 MeV @27#

as(mZ) 0.117260.002 @24#

uVtdu3103 6.3–9.6 @28#, at 95% C.L.
uVubu3103 2.49–4.55 @28#, at 95% C.L.
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1, putting a special emphasis on those values which m
b'be f f .

The most important parameter for the RPC SUSY analy
is the average squark mass, which we fix at 500 GeV, ef
tively neglecting the splitting caused by the SU~2! D term.
The gluino mass is varied between 0.3,mg̃

2/mq̃
2
,4.0. The

bounds more or less scale with the squark mass, as ca
seen from Eqs.~8! and~10!. This, however, leaves out som
models, e.g., those with an extremely light gluino.

For RPV SUSY analysis, we take all sleptons to be d
generate at 100 GeV. The bounds on the product coupl
scale as the square of the slepton mass. The charged H
boson is also assumed to be at 100 GeV. As is discus
below, the precise value of the Higgs boson mass is no
crucial input.

The value of tanb ~the SUSY parameter! is fixed at 3,
compatible with the lower bound of the recent LEP analy
@23#. A glance at Eqs.~19! and ~21! should convince the
reader that the bounds are not very sensitive to the e
value of tanb, unless it is small, since the Goldstone cont
butions independent ofb control the show. We have explic
itly checked the robustness of the bounds with the variat
of tanb.

The B parameters have been taken from@17# and atm
5mb read

B150.87~4!24
15 , B250.82~3!~4!, B351.02~6!~9!,

B451.16~3!27
15 , B551.91~4!27

122. ~23!

The low-energy Wilson coefficients can be found in@6#.

IV. RESULTS FOR RPC SUSY

The real and imaginary parts of the SUSY amplitude b
ing established through the real and imaginary parts of
correspondingd ’s, it is easy to find the limits on those rea
and imaginary parts. We perform a scan on the comp
range ofVtd and f BABB, as well as on the SUSY phasef,
where genericallyd25ud2uexp(22if), over the range 0 top.
We demand thatDMd and sin(2bef f) should lie between the
values specified in Table I. The results are obtained for v
ous values ofb, even for extreme values like sin(2b)50 or
1.

Tables II and III summarize our results. In Table II, w
show the bounds on variousd parameters~and their combi-
nations! when they are real, assuming only one to be nonz
at a time. Note how the interference pattern changes fordLL

13

with x; it is constructive for smallx and destructive for large
x. Nearx52, the crossover occurs, so one can have a la
value for dLL

13 . A look at the corresponding Wilson coeffi
cients and hence the interference pattern should help
reader to understand the missing entries. Without theCP-
asymmetry constraint, nontrivial entries would occur eve
where@5#.

Table III shows the real and imaginary parts fordLL
13 and

dLR
13 for several values of sin(2b). Due to the presence of th

nonzero SUSY phase, all entries are nonvanishing. Also,
rise ofdLL

13 nearx52 is less pronounced. We do not show t
4-6
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TABLE II. Bounds on thed13 parameters when they are all real.

sin 2b x Au(dLL
13 )2u Au(dLR

13 )2u AudLL
13dRR

13 u AudLR
13 dRL

13 u

0.3 0.046 0.021 — —
1.0 1.0 0.099 0.023 — —

2.0 0.27 0.026 — —
4.0 — 0.031 — —
0.3 0.017 0.0075 0.0030 0.0040

0.732 1.0 0.036 0.0080 0.0033 0.0068
2.0 0.10 0.0095 0.0039 0.0099
4.0 0.090 0.012 0.0048 0.015
0.3 — — 0.0078 0.011

0.5 1.0 — — 0.0088 0.018
2.0 — — 0.010 0.026
4.0 0.235 — 0.012 0.039
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entries for negative values of sin(2b); they are more or less
equal with their counterparts for positive sin(2b). There are a
few exceptions, which do not change the general result.

We caution the reader that these bounds are the most
servative ones at the particular benchmark points that
have chosen, but by no means signify the impossibility
having largerd ’s at other points in the SUSY paramet
space. In particular, note that these bounds scale with
squark mass.

V. RESULTS FOR RPV SUSY

We explicitly assume that the contributions coming fro
the RPC SUSY sector vanish if there are nonzero RPV in
actions. This will be justifiedpost hocwhen we discuss a
sample case where both are present and there is a poss
of cancellation.

The strategy is the same as that adopted for the prev
01600
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subsection. The phase of the RPV product coupling is va
between 0 and 2p while the magnitude of the coupling i
assumed to be only positive. The range of the scan is k
between the direct product limits, i.e., the limit one obta
when one multiplies the individual limits for the twol8
components. This limit, as can be easily checked@30#, is
most lenient for the third slepton generation. Only two of t
relevant product couplings have been bounded from o
sources: the productl i138 l i318 has a very stringent bound from
tree-levelB0-B0 mixing, of the order of 1028 ~and hence we
do not discuss this product further!, and the productl i118 l i138
has been constrained from the measured branching ratio
CP asymmetries in theB→p1p2 channel @12# ~marked
with an asterisk in Table IV!. There is no bound on the
imaginary parts of the couplings.

Table IV summarizes our results. Note that almost all
products, apart from those two discussed above and the
TABLE III. Bounds on the real and the imaginary parts ofdLL
13 anddLR

13 .

sin 2b x AuRe(dLL
13 )2u AuIm(dLL

13 )2u AuRe(dLR
13 )2u AuIm(dLR

13 )2u

0.3 0.046 0.079 0.021 0.035
1.0 1.0 0.10 0.18 0.022 0.039

2.0 0.27 0.27 0.026 0.046
4.0 0.23 0.30 0.031 0.061
0.3 0.077 0.078 0.028 0.030

0.732 1.0 0.16 0.16 0.035 0.038
2.0 0.27 0.28 0.038 0.040
4.0 0.24 0.25 0.051 0.054
0.3 0.081 0.070 0.031 0.027

0.5 1.0 0.17 0.15 0.038 0.032
2.0 0.31 0.23 0.046 0.038
4.0 0.28 0.19 0.053 0.044
0.3 0.084 0.048 0.034 0.021

0.0 1.0 0.18 0.10 0.040 0.026
2.0 0.27 0.28 0.054 0.035
4.0 0.30 0.24 0.060 0.032
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TABLE IV. Upper limits on the real and imaginary parts of the relevantl8l8 couplings for sin(2b)
50.732. The numbers in parentheses show the maximum possible value, for some other sin(2b). All the
products, except the one marked with a dagger, show improvements over the corresponding bounds
from the direct product of the bounds of the relevantl8’s ~for i 53), shown in the fourth column. All the
numbers in the fourth column are from@30#, except the one marked with an asterisk, which is from@12#. The
bounds on the imaginary parts are new.

l8l8 combination Re(l8l8) Im(l8l8) Direct bound

( i31)(i33) 1.831023 1.731023 0.202
( i21)(i23) 1.231023 ~0.022! 1.2(1.4)31023 0.27
( i11)(i13) 2.4(2.6)31023 2.5(2.6)31023 2.731023*
( i11)(i23) 0.016 0.016 0.057
( i11)(i33) 0.026† 0.026† 0.026
( i21)(i13) 2.5(3.0)31024 2.831024 0.057
( i21)(i33) 0.098 0.1 0.23
( i31)(i23) 1.431024 1.35(1.6)31024 0.26
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marked with a dagger, have been improved, some by or
of magnitude. Six among these eight entries were consid
by the authors of@9#. One may note that they obtaine
bounds which have the same orders of magnitude as the
that we get. However, there are several ways in which
have improved upon their calculation, apart from taking
updated data as input. These improvements are~i! imposition
of the CP-asymmetry constraint, which was not available
their time ~this helps us to obtain the bounds on the ima
nary parts of the couplings!; ~ii ! incorporation of the NLO
QCD corrections, which are anyway expected to
small—at least, they should not change the numbers by,
a factor of 2;~iii ! scan over the full range of the input pa
rameters, as we have already discussed; and~iv! consider-
ation of the SM contribution, and the possibilities of inte
ference between SM,L2, andL4 amplitudes. Also note tha
the authors of@9# computed the bounds for tanb51.

Our bounds are more or less insensitive to the pre
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value of sin(2b) ~the UT angle!; the exceptions are shown i
the table. Another feature is that the real and imaginary p
have almost the same bounds. Figure 3 highlights this na
in detail for the product couplingl i318 l i338 .

Let us try to understand this figure. There are three m
regions, the first one~like a smeared cross! encompassing the
origin, the second one, divided into four almost symmetri
fragments, arounduRe(l i318 l i338 )u5531024, and a third
fragmented region aboutul i318 l i338 u51531024. It is the out-
ermost third region which gives the bound. It is easy to e
plain the origin of these three regions, and it sheds light
the role of sin(2b) in determining the parameter space.

The first one is governed by the SM, and the differen
between the experiment and the theory is filled up by R
Note that this region has points only for sin(2b)50.732;
thus, the SM is allowed without any NP. There is a satel
region, for sin(2b)50.5, where the SM is not allowed~from
FIG. 3. The real and imaginary
parts ofl i318 l i338 for various values
of sin(2b).
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TABLE V. The possible decay channels of theB meson driven by the different RPV product coupling
The final state mesons are not shown explicitly. For the semileptonic decays, the outgoing leptons mu
the same generation, denoted byi.

l8l8 combination Decay channels l8l8 combination Decay channels

( i31)(i33) b→d, i, i , b→dn in i ( i21)(i23) b→cc̄d, b→ss̄d
( i11)(i23) b→cūd, b→sd̄d b→d, i, i , b→dn in i

( i21)(i13) b→uc̄d, b→ds̄d ( i11)(i13) b→uūd, b→dd̄d

b→d, i, i , b→dn in i
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the ACP constraint!, and RPV fills in to generate the nece
sary CP asymmetry. The second region includes points
extreme values of sin(2b): 0 or 1. The SM is not allowed
and one needs a greater role from RPV to obtain the
servedCP asymmetry. Although bothL2 andL4 boxes are
allowed for this RPV coupling, theL2 box dominates here
However, they come with opposite signs, so there is a reg
where they interfere destructively~particularly with increase
of the coupling!, and the RPV contribution may even go
zero, leaving only the SM. This generates the third reg
and explains why one has points even for sin(2b)50.732.

It is a possibility that both RPC and RPV SUSY a
present, however pathological that may seem. Even in
extreme case the bounds are never changed by orde
magnitude, unless there is a very precise fine-tuning.
example, with onlydLL

13 andl i218 l i338 present~this particular
combination is chosen since both of them have compar
upper bounds!, the bounds are relaxed toAuRe(dLL

13 )2u
50.22, AuIm(dLL

13 )2u50.26, Re(l i218 l i338 )50.12,
Im(l i218 l i338 )50.11, for x51 and sin(2b)50.732. Thus we
have reasons to be confident about these bounds. Th
more so if the limits have different orders of magnitude.

Most of these product couplings contribute to vario
B-decay channels, both nonleptonic and semileptonic. T
are listed in Table V. It is easy to check which mesons a
leptons come out in the final stage. The presente1e2 B
factories, as well as the future hadronic machines, should
tighter constraints on these RPV product couplings.

VI. SUMMARY AND CONCLUSIONS

In this paper we have enlisted the constraints on the
and imaginary parts of the FCNC parameters of b
R-parity conserving andR-parity violating SUSY, coming
from B0-B0 mixing. For RPC SUSY, these are the conve
tional d13

d parameters of different chiralities. The same ana
sis was performed by@6#; our results differ slightly from
theirs due to two reasons. We have performed a scan ove
SM quantities, includingVtd and f B

2BB , and our range of
scan forg is different from theirs. Weaker constraints o
thesed parameters can also be derived from the radia
decayb→dg.
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For the RPV SUSY scenario, the FCNC parameters
the l8-type lepton number violating couplings. One need
product of two such couplings to generateB0-B0 oscillation.
There can be several such products, depending on the ch
of the quarks and sleptons flowing inside the box, whose
and imaginary parts have been bounded from the experim
tal data. The bounds on the real parts update the work of@9#
while the bounds on the imaginary parts are derived for
first time in this paper.

If we ever find a signal for NP inB factories, how can we
be certain that it indeed comes from SUSY? There are th
steps to ascertain that. First, sort out those channels w
show an abnormality. Second, try to find the model that c
explain these anomalies. And third, check whether there
other channels where one may expect to see an anomaly
whether the anomaly may be present in the data. If there
prospective channel, one should look for it. Confirmation
the nature of the NP is never possible without the study
such correlated signals. Such correlated signals may eve
the direct production of new particles, e.g., in the Large H
ron Collider. A possible discriminating signal between RP
and RPV SUSY is the fact that the RPV version may
highly flavor specific, and so one would expect the abse
of anomaly in such channels as may be affected in a m
flavor-blind model such as the RPC SUSY.

For the help of our experimentalist colleagues, we list
possible decay modes of the B meson which are driven
the RPV product couplings discussed here. A careful stud
the possible channels in present and futureB factories should
be able to put tighter constraints on the parameter space
particular, the proposed higher-luminositye1e2 B factories
should make both sin(2b) and DMd precision observables
and the bounds are expected to be improved by at least
order of magnitude, if we do not discover SUSY by th
time.
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