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Looking for novel CP-violating effects in B̄\K* l¿lÀ
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TheCP-violating asymmetries in the exclusive decayB̄→K* l 1l 2 ( l 5e,m,t) are predicted to be exceed-
ingly small in the standard model~SM!, thereby offering an opportunity to assess various new-physics sce-

narios. We derive quantitative predictions for various integrated observables inB̄→K* m1m2 decay in the
presence of physics beyond the SM with additionalCP phases and an extended operator basis. In particular, a
model-independent analysis ofCP asymmetries that require the presence of unitarity phases, in addition toCP
violation, is performed. We find that in the low dimuon invariant mass region 2mm<Mm1m2,MJ/c , theCP
asymmetries are highly suppressed by small dynamical phases, assuming that new physics is unlikely to
significantly alter the Wilson coefficients of the operators governing two-body hadronicB decays. Taking into
account current experimental data on the measuredb→sg rate and the upper limit onB(B0→K* 0m1m2),
CP-violating effects of a few percent are estimated, even in the presence of new physics withCP phases of
O(1). By contrast, in the high dimuon invariant mass regionMc8,Mm1m2<(MB2MK* ) significant
CP-violating effects are possible. Given a branching ratio of 1.831026, the CP asymmetries can be quite
substantial (;20% or more!, and thus may serve as a means of discovering physics transcending the SM.
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I. INTRODUCTION

CP violation has been observed so far only in the neu
kaon system. Within the standard model~SM!, the experi-
mental results on indirect (eK) and direct (e8/eK) CP vio-
lation can be explained by the complex phase of
Cabibbo-Kobayashi-Maskawa~CKM! matrix if one takes
into account the large theoretical uncertainties associ
with the hadronic matrix elements that enter the analysis
e8/eK @1#. It therefore remains an open question whether
CKM mechanism ofCP violation can account for the new
experimental result one8/eK .

A great deal of effort is given to the study ofCP violation
in the B system, which will provide invaluable informatio
on the pattern ofCP violation and open up the possibility t
look for new physics. In this paper we are concerned with
exclusive decayB̄→K* l 1l 2 which is of special interest be
cause~i! it probes the underlying effective Hamiltonian d
scribing flavor-changing neutral current~FCNC! processes in
B decay,~ii ! the analysis ofCP-violating effects in decays
governed byb→sl1l 2 may offer a deeper insight into th
mechanism ofCP violation since the SM prediction forCP
asymmetries is extremely small, typically&1023 @2#, and
~iii ! the processB̄→K* m1m2 is a very promising decay
mode since it is likely to be observed in the next round oB
physics experiments. The most stringent limit has been
by the Collider Detector at Fermilab~CDF! of B(B0

→K* 0m1m2),4.031026 at the 90% C.L.@3# to be com-
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pared with the SM prediction of (1.960.7)31026 @4#.
The object of the present work is to explore the possibi

of sizable CP asymmetries inB̄→K* l 1l 2 decay, whose
observation would clearly indicate the presence of phys
beyond the SM. We perform a largely model-independ
analysis by considering a new-physics scenario with ad
tional CP phases and an extended operator basis, taking
account existing experimental data onB̄→Xsg and the upper
bound onB0→K* 0m1m2.

Our paper is organized as follows. Section II contains
SM operator basis and short-distance matrix element for
processB̄→K* l 1l 2. A formalism for dealing with realcc̄
intermediate states such asJ/c,c8 entering via the decay
chain B̄→K* Vcc̄→K* l 1l 2 is described. In Sec. III, we
briefly discuss possible extensions of the SM including th
with an extended operator basis. Section IV is concer
with the parametrization of the hadronic matrix elements a
gives the differential decay spectrum as well as the forwa
backward asymmetry. The correspondingCP-violating ob-
servables are discussed in Sec. V. Numerical estimates
integrated observables inB̄→K* m1m2 decay in the pres-
ence of new physics are given in Sec. VI. Particular attent
is paid to theCP-violating partial-rate asymmetry and th
CP-violating effect related to the angular distribution ofm2

in B and B̄ decays. Our conclusions are contained in S
VII.

II. EFFECTIVE HAMILTONIAN

A. Short-distance contributions

The effective Hamiltonian for the decayB̄→K* l 1l 2 in
the standard model is given by@5,6#
©2000 The American Physical Society13-1
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TABLE I. Numerical values of the Wilson coefficientsc1 , . . . ,c10 at m5mb within the SM.

c1 c2 c3 c4 c5 c6 c7
eff c9 c10

20.249 11.108 10.011 20.026 10.007 20.031 20.314 14.216 24.582
ol
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Heff52
4GF

A2
VtbVts* H (
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10

ci~m!Oi~m!1lu$c1~m!@O 1
u~m!

2O1~m!#1c2~m!@O 2
u~m!2O2~m!#%J , ~2.1!

where we have used the unitarity of the CKM matrix,lu

[VubVus* /VtbVts* , and the operator basis is defined as f
lows:

O15~ s̄agmPLcb!~ c̄bgmPLba!,

O 1
u5~ s̄agmPLub!~ ūbgmPLba!,

O25~ s̄agmPLca!~ c̄bgmPLbb!,

O2
u5~ s̄agmPLua!~ ūbgmPLbb!,

O35~ s̄agmPLba! (
q5u,d,s,c,b

~ q̄bgmPLqb!,

O45~ s̄agmPLbb! (
q5u,d,s,c,b

~ q̄bgmPLqa!,

O55~ s̄agmPLba! (
q5u,d,s,c,b

~ q̄bgmPRqb!,

O65~ s̄agmPLbb! (
q5u,d,s,c,b

~ q̄bgmPRqa!,

O75
e

16p2
s̄asmn~mbPR1msPL!baFmn,

O85
gs

16p2
s̄aTab

a smn~mbPR1msPL!bbGamn,

O95
e2

16p2
s̄agmPLba l̄ gml ,

O105
e2

16p2
s̄agmPLba l̄ gmg5l , ~2.2!

wherea, b are color indices,a labels the SU~3! generators,
and PL,R5(17g5)/2. Evolution of the Wilson coefficients
ci(m) in Eq. ~2.1! from the weak scalem5MW down to the
low energy scalem5mb by means of the renormalizatio
01401
-

group equations~RGE’s! then leads to the QCD-correcte
matrix element in the next-to-leading logarithmic appro
mation @5,6#

M5
GFa

A2p
VtbVts* H F ~c9

eff2c10!^K* ~k!us̄gmPLbuB̄~p!u

2
2c7

eff

s
^K* ~k!us̄ismnqn~mbPR1msPL!buB̄~p!&G

3 l̄ gmPLl 1~c10→2c10! l̄ gmPRl J . ~2.3!

Here q5p2k, s[q2 is the invariant mass of the lepto
pair, and the effective Wilson coefficientc9

eff has the form

c9
eff5c91Y~s!, ~2.4!

with

Y~s!5g~mc ,s!~3c11c213c31c413c51c6!

1lu@g~mc ,s!2g~mu ,s!#~3c11c2!

2
1

2
g~ms ,s!~c313c4!2

1

2
g~mb ,s!~4c314c4

13c51c6!1
2

9
~3c31c413c51c6!1•••, ~2.5!

where the ellipsis represents the orderas correction to the
matrix element of the operatorO9, which can be regarded a
a contribution to the form factors@7#, and hence will be
omitted in the calculations that follow. Table I summariz
our results for the Wilson coefficientsci(mb). Observe that
c7

eff , c9, andc10 are real in the framework of the SM. Th
function g(mi ,s) in the above formula arises from the on
loop contributions of the four-quark operatorsO1–O6, and is
given by ~at m5mb)

g~mi ,s!52
8

9
ln~mi /mb!1

8

27
1

4

9
yi2

2

9
~21yi !Au12yi u

3H Q~12yi !F lnS 11A12yi

12A12yi
D 2 ipG

1Q~yi21!2 arctan
1

Ayi21
J , ~2.6!

with yi54mi
2/s. This expression reduces to

g~0,s!5
8

27
2

4

9
ln~s/mb

2!1
4

9
ip, ~2.7!
3-2
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LOOKING FOR NOVEL CP-VIOLATING EFFECTS IN . . . PHYSICAL REVIEW D 63 014013
in the limit mi→0. A few remarks are in order here.
~i! The Wilson coefficientc9

eff , Eq. ~2.4!, has absorptive
parts fors.4mu

2 ands.4mc
2 , and thus contains dynamica

~unitarity! phases. As will become clear, these are prereq
sites, besides aCP-violating phase, for observingCP asym-
metries in partial rates. Since the remaining coefficientsc7

eff

andc10 do not contain any strong phases, the unitarity pha
below thecc̄ threshold are generated by light quark cont
butions, whereas fors.4mc

2 they arise mainly fromcc̄ in-
termediate states.

~ii ! Within the SM,CP violation in b→sl1l 2 transition
is caused by the ratio of CKM factors appearing inc9

eff ,
namely lu;l2 (l[Vus.0.22), which is further reduced
by a factor of order (3c11c2)/c9.0.085. As a result, the
effective Hamiltonian forb→sl1l 2 essentially involves
only one independent CKM factorVtbVts* , so thatCP vio-
lation in this channel is unobservably small. Thus, the
merical effect oflu in Eq. ~2.5! is negligible for decays
based on the transitionb→sl1l 2.

B. Resonance contributions

In addition to the short-distance contributions discus
so far, there are possible quark antiquark resonant inter
diate states likef,J/c,c8 etc. Since thes-quark contribu-
tions in Eq. ~2.5! are suppressed by small Wilson coef
cients, and terms proportional tolu may be dropped in the
case ofb→s transition, we are left with theJ/c family.

Following the procedure in Ref.@8#, we implement the
charmonium resonances utilizinge1e2 annihilation data.
The absorptive part of the one-loop functiong, Eq. ~2.6!, can
be related to the experimentally accessible quantity

R~s![s tot~e1e2→hadrons!/s~e1e2→m1m2!
~2.8!

by virtue of the optical theorem. Specifically, it is found th
@8#

Im g~mc ,s!5
p

3
RJ/c~s!, ~2.9!

with RJ/c(s)[Rcont
cc̄ (s)1Rres

J/c(s), whereas the dispersiv
part Reg(mc ,s) may be obtained via a once-subtracted d
persion relation

g~mc ,s!5g~mc,0!1
s

3E4Mp
2

` RJ/c~s8!

s8~s82s2 i e!
ds8, e→10,

~2.10!

with g(mc,0)528/9 ln(mc /mb)24/9. The continuum contri-

butions, Rcont
cc̄ , can be determined using experimental d

from Ref. @9#, while the narrow resonances are well d
scribed by a relativistic Breit-Wigner distribution@9,10#

Rres
J/c~s!5 (

V5J/c,c8, . . .

9s

a2

B~V→ l 1l 2!G tot
V Ghad

V

~s2MV
2 !21MV

2G tot
V2 ,

~2.11!
01401
i-

es

-

d
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with the properties of the vector mesons summariz
in Ref. @11#.

To account for experimental data on directJ/c produc-
tion via the relation

B~B̄→K* Vcc̄→K* l 1l 2!5B~B̄→K* Vcc̄!B~Vcc̄→ l 1l 2!,
~2.12!

whereVcc̄5J/c, c8, . . . , oneusually modifies the Breit-
Wigner distribution in Eq.~2.11! by introducing anad hoc
factor kV @7,12#. This suggests that the factorization ansa
inherent in the approaches that have been advocated t
corporate resonance effects inb→sl1l 2 ~see, e.g., Ref.@13#!
is inadequate for two-body hadronic decays ofB mesons.
Using the set of form factors that will be discussed belo
one findskJ/c51.7, kc852.4, whereas for the remainin
resonances we shall take~as in Ref.@4#! k52. In Fig. 1, we
show the real and imaginary parts ofg(mc ,ŝ) based on Eq.
~2.10!, as a function ofŝ5s/MB

2 .

III. EFFECTIVE HAMILTONIAN AND NEW PHYSICS

The new-physics contribution to the decay modeb
→sl1l 2 can manifest itself in two distinct ways:~i! The
absolute values and phases of the Wilson coefficients at
electroweak scale are modified.~ii ! New operators in addi-
tion to the ones defined in Eq.~2.2! arise. We consider them
in turn.

A. Wilson coefficients and new physics

The non-standard contributions can be divided into th
main groups@14#: first, models with tree-level contribution
to the four-quark operators such as supersymmetry~SUSY!
with broken R parity or models withZ-mediated flavor-
changing neutral currents; second, models with contributi
at the one-loop level with new particles running in the lo
like SUSY with conservedR parity or models with four
quark generations; third, models with no significant effect
the above Wilson coefficients including multi-Higgs-doub
models with natural flavor conservation and left-right sy
metric models.

Let us begin with the Wilson coefficientsc3 , . . . ,c6 of
the QCD penguin operators. It follows from the RGE ana
sis that their numerical values atm5mb are essentially de-
termined by the Wilson coefficientc2 of the four-quark op-
eratorO2 at the electroweak scale. Thus, in order to ha
considerable deviations from the SM predictions for the
efficientsc3–c6, one needs large new-physics contributio
to the short-distance coefficientc2, which in turn would af-
fect the theoretical branching ratio for two-body non-lepton
B decays. Recent studies@15# suggest, however, that th
short-distance coefficients of the SM can account for exist
data if one allows departures from the naive factorizat
prescription.

For the numerical analysis here, we adopt the SM val
for the Wilson coefficientsc1 , . . . ,c6 summarized in Table
I. Furthermore, it is convenient for later use to parametr
the new-physics contributions to the remaining coefficie
3-3
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FIG. 1. The predictedŝ dependence ofg(mc ,ŝ) using experimental data one1e2→hadrons via a dispersion relation, Eq.~2.10!,

including the effects ofcc̄ resonances~solid curve!. Note that Img(mc ,ŝ)Þ0 is entirely due to unitarity phases. Also shown is the res
of the perturbative calculation according to Eq.~2.6! ~dashed curve!.
nt
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s of
c7
eff , c9

eff , and c10 by the following ratios~defined at the
scalem5mb):

R75c7
eff/c7

eff,SM[uR7ueif7, ~3.1a!

R95c9 /c9
SM[uR9ueif9, ~3.1b!

R105c10/c10
SM[uR10ueif10, ~3.1c!

where we recall Eq.~2.4!, and

ci5ci
SM1ci

new, ~3.2!

with ci
SM shown in Table I. Note that the Wilson coefficie

c10 in the above does not depend on the renormaliza
scale, and thusc10[c10(MW).

B. Extended operator basis

It is conceivable that physics beyond the SM induces n
operator structures containing scalar, pseudoscalar, and
sor interactions, in addition to the SM operator bas
Eq. ~2.2!.

The Wilson coefficients of the scalar operators
01401
n

w
en-
,

O 9
S5 s̄aPLba l̄ l ,

O 10
S 5 s̄aPLba l̄ g5l ,

O 9
S85 s̄aPRba l̄ l ,

O 10
S85 s̄aPRba l̄ g5l ~3.3!

involve the lepton mass in most extensions of the SM, a
hence will give only small contributions in the case ofl 5e

or m. Moreover, possible tensor-type operatorss̄smnb l̄smnl

and s̄ismnb l̄sabl emnab can be safely neglected since the
numerical contributions have been found to be small@16#.

This leaves an extended operator basis which consist
the SM operators and the opposite-chirality operators@16,17#

O785
e

16p2
s̄asmn~mbPL1msPR!baFmn,

O885
gs

16p2
s̄aTab

a smn~mbPL1msPR!bbGamn,

O985
e2

16p2
s̄agmPRba l̄ gml ,

O108 5
e2

16p2
s̄agmPRba l̄ gmg5l . ~3.4!
3-4
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IV. DECAY DISTRIBUTION FOR B̄\K* l¿lÀ

A. Form factors

The hadronic matrix elements appearing in Eq.~2.3! can
be expressed in terms ofs-dependent form factors~recall s
[q2), namely@18#

^K* ~k!us̄gmPL,RbuB̄~p!&

5 i emnaben* paqb
V~s!

MB1MK*

7
1

2 H em* ~MB1MK* !A1~s!2~e* •q!~2p2q!m

3
A2~s!

MB1MK*
2

2MK*
s

~e* •q!@A3~s!2A0~s!#qmJ ,

~4.1!

with the conventione0123511, q5p2k, and

^K* ~k!us̄ismnqnPR,LbuB̄~p!&

52 i emnaben* paqbT1~s!6
1

2 H @em* ~MB
22MK*

2
!

2~e* •q!~2p2q!m#T2~s!1~e* •q!

3Fqm2
s

MB
22MK*

2 ~2p2q!mGT3~s!J , ~4.2!

whereT1(0)5T2(0), andem is theK* polarization vector.
The form factorA3 can be written in terms ofA1 andA2, i.e.

A3~s!5
MB1MK*

2MK*
A1~s!2

MB2MK*

2MK*
A2~s!, ~4.3!

with the relationA3(0)5A0(0). The terms proportional to
qm in Eqs.~4.1! and~4.2! do not contribute to the differentia
decay rate when the final leptons are massless. For the re
presented below, we adopt theB→K* form factors of Ref.
@4# which have been obtained using light cone sum r
~LCSR! results, and are displayed in Table II. Througho
our discussion, we assume the above form factors to be
in the absence of final-state interactions.

TABLE II. LCSR predictions for theB→K* form factors with

f ( ŝ)5 f (0)exp(c1ŝ1c2ŝ
2), ŝ5s/MB

2 @4#. Recall thatA3 is given in
terms ofA1 andA2 via Eq. ~4.3!.

V A1 A2 A0 T1 T2 T3

f (0) 0.457 0.337 0.282 0.471 0.379 0.379 0.26
c1 1.482 0.602 1.172 1.505 1.519 0.517 1.12
c2 1.015 0.258 0.567 0.710 1.030 0.426 1.12
01401
ults

e
t
al,

B. Differential decay spectrum

Squaring the matrix element~2.3!, summing over spins
and introducing the shorthand notation

l~a,b,c!5a21b21c222~ab1bc1ac!, ~4.4!

M̂ i5Mi /MB , m̂i5mi /MB , ŝ5s/MB
2 ,

~4.5!

X5
1

2
l1/2~1,ŝ,M̂K*

2
!, ~4.6!

the spectrum ofB̄→K* l 1l 2 decay with respect toŝ andu l ,
the angle betweenl 2 and the outgoing hadron in the dilepto
center-of-mass system, is@19#

dG~B̄→K* l 1l 2!

dŝd cosu l

5
GF

2a2MB
5

29p5
uVtbVts* u2XA12

4m̂l
2

ŝ

3@A~ ŝ!1B~ ŝ!cosu l1C~ ŝ!cos2u l #.

~4.7!

The quantitiesA, B, C are defined as follows:

A~ ŝ!5
2X2

M̂K*
2 F ŝM̂K*

2 f 1~ ŝ!1
1

4 S 11
2ŝM̂K*

2

X2 D
3 f 2~ ŝ!1X2f 3~ ŝ!1 f 4~ ŝ!G12m̂l

2I ~ ŝ!, ~4.8!

B~ ŝ!58XA12
4m̂l

2

ŝ
Re$c10* @c9

effŝAxAy

2c7
eff~AxBy1AyBx!#%, ~4.9!

C~ ŝ!5
2X2

M̂K*
2 S 12

4m̂l
2

ŝ
D F ŝM̂K*

2 f 1~ ŝ!2
1

4
f 2~ ŝ!

2X2f 3~ ŝ!2 f 4~ ŝ!G , ~4.10!

with the auxiliary functions

I ~ ŝ!54X2f 1~ ŝ!1 f 2~ ŝ!1 f 5~ ŝ!, ~4.11!

f 1~ ŝ!5~ uc9
effu21uc10u2!Ax

21
4uc7

effu2

ŝ2
Bx

2

2
4 Re~c7

effc9
eff* !

ŝ
AxBx , ~4.12!

f 2~ ŝ!5 f 1~ ŝ!x→y , f 3~ ŝ!5 f 1~ ŝ!x→z , ~4.13!
3-5
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f 4~ ŝ!5
1

2
~12 ŝ2M̂K*

2
!F ~ uc9

effu21uc10u2!AyAz

1
4uc7

effu2

ŝ2
ByBz2

2 Re~c7
effc9

eff* !

ŝ
~AyBz1AzBy!G ,

~4.14!

f 5~ ŝ!5uc10u2F28X2Ax
223Ay

21
X2

M̂K*
2 $@2~11M̂K*

2
!2 ŝ#Az

12Ay%Az1
4X2

ŝM̂K*
$M̂K* ~A32A0!

2@~12M̂K*
2

!Az1Ay#%~A32A0!G . ~4.15!

In these equations,

Ax5
V~ ŝ!

11M̂K*
, Ay5~11M̂K* !A1~ ŝ!, Az52

A2~ ŝ!

11M̂K*
,

~4.16!
on

di
n

l

e
th

01401
Bx52T1~ ŝ!~m̂b1m̂s!,

By52~12M̂K*
2

!T2~ ŝ!~m̂b2m̂s!, ~4.17!

Bz5FT2~ ŝ!1
ŝ

12M̂K*
2 T3~ ŝ!G ~m̂b2m̂s!, ~4.18!

with the form factors listed in Table II.
A further observable of interest is the forward-backwa

~FB! asymmetry ofl 2, defined as

AFB~ ŝ!5

E
0

1

d cosu l

dG

dŝd cosu l

2E
21

0

d cosu l

dG

dŝd cosu l

E
0

1

d cosu l

dG

dŝd cosu l

1E
21

0

d cosu l

dG

dŝd cosu l

,

~4.19!

and we obtain
AFB~ ŝ!512XA12
4m̂l

2

ŝ

Re$c10* @c9
effŝAxAy2c7

eff~AxBy1AyBx!#%

@3A~ ŝ!1C~ ŝ!#
. ~4.20!
s to
this

n
of
li-
the

ons
Note that the Wilson coefficients in the above expressi
are defined through Eq.~3.2!. The decay distributions in the
presence of new physics with additional operators are
cussed further in Sec. VI. We now proceed to a discussio
CP-violating observables in the processB̄→K* l 1l 2.

V. CP-VIOLATING OBSERVABLES

Suppose the decay amplitude forB̄→F has the genera
form

A~B̄→F !5eif1A1eid11eif2A2eid2, ~5.1!

whereA1,2 are real matrix elements,d i andf i are the strong
phases (CP-conserving! and weak phases (CP-violating! re-
spectively. UsingCPT invariance, which requires that th
total decay rate for particle and antiparticle be equal,
decay amplitude for the conjugate process takes the form

Ā~B→F̄ !5e2 if1A1eid11e2 if2A2eid2, ~5.2!

giving rise to theCP asymmetry
s

s-
of

e

ACP[
uAu22uĀu2

uAu21uĀu2
5

22r sinf sind

112r cosf cosd1r 2
, ~5.3!

with r 5A2 /A1 , f5f12f2, and d5d12d2. Notice that
in the limit r !1 the asymmetry is approximatelyACP'
22r sinf sind. Inspection of Eq.~5.3! reveals that a non-
zero partial-rate asymmetry requiresCP violation (fÞ0)
and the presence of dynamical phases (dÞ0), the latter be-
ing provided by the one-loop functiong(mi ,s) present in the
Wilson coefficientc9

eff @Eq. ~2.4!#.
To determine the impact of the strong phases on theCP

asymmetries, it is useful to separate those contribution
the decay amplitude that generate absorptive parts. To
end, we choosed15f250 in Eq. ~5.1! and require that
A2eid2 vanish whenY(s)→0. Moreover, as discussed i
Sec. III, the corrections to the short-distance coefficients
the SM multiplying the absorptive parts of the decay amp
tude are not expected to be large in many extensions of
SM or required by current data on two-body hadronicB de-
cays@15#. Consequently, the strong phases inb→sl1l 2 de-
cay are essentially unaffected by possible new interacti
transcending the SM, so that the non-standard effects onCP
asymmetries can be described by the two parametersr and
f.
3-6
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FIG. 2. The quantityRY[2Im @Y( ŝ)#/uY( ŝ)u in b→sl1l 2 decay vsŝ for the low-ŝ ~a! and high-ŝ ~b! regions, withŝ5s/MB
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In order to get a quantitative idea of the magnitude
unitarity phases inb→sl1l 2 transition, we plot in Fig. 2 the
parameterRY[2Im @Y( ŝ)#/uY( ŝ)u for two different regions
of the dilepton invariant mass, namely

4m̂l
2< ŝ<~M̂J/c2ecut!

2, ~M̂c81ecut8 !2< ŝ<~12M̂K* !2,

~5.4!

which we refer to as the low-ŝ and high-ŝ region
respectively.1 As we alluded to earlier, in the low-ŝ region
the strong phase is suppressed by small Wilson coeffici
of the QCD penguin operators, whereas in the high-ŝ region
it can be large.

Figure 3 shows the dependence ofACP on r for different
choices of the weak phase sinf in the low-ŝ and high-ŝ
regions. Observe that the asymmetry is maximized wher
51 ~i.e. the two interfering amplitudes are of comparab
size! but is strongly suppressed if eitherr @1 or r !1.

Using the two-dimensional decay distributio
dG/dŝd cosul derived in the preceding section, we may d
fine the following averageCP asymmetries:

1We useecut50.2 GeV/MB and ecut8 50.1 GeV/MB in the case
of m1m2 in the final state.
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f
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-

^ACP
D &5

E
ŝ0

ŝ1
dŝE

D
d cosu l

dGsum

dŝd cosu l

E
ŝ0

ŝ1
dŝE

21

11

d cosu l

dGsum

dŝd cosu l

,

^ACP
S &5

E
ŝ0

ŝ1
dŝE

S
d cosu l

dGdiff

dŝd cosu l

E
ŝ0

ŝ1
dŝE

21

11

d cosu l

dGsum

dŝd cosu l

, ~5.5!

where

E
D,S

[E
0

1

7E
21

0

, ~5.6!

Gsum5G~B̄→K* l 1l 2!1Ḡ~B→K̄* l 1l 2!, ~5.7!

Gdiff5G~B̄→K* l 1l 2!2Ḡ~B→K̄* l 1l 2!. ~5.8!

Notice that the asymmetryACP
D is a CP-violating effect in

the angular distribution ofl 2 ~or equivalently the Dalitz-plot
distribution! in B and B̄ decays whileACP

S represents the
asymmetry in the partial widths of these decays. The spe
feature of the former is that it can be determined even for
untagged equal mixture ofB andB̄ events, i.e. without flavor
identification. We emphasize that both asymmetries are
3-7
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FIG. 3. CP-violating asymmetryACP , Eq. ~5.3!, as a function ofr for ~a! the low-ŝ region with sind520.1 and~b! the high-ŝ region
with sind520.5.
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underCP but even under ‘‘naive’’T, and thus vanish in the
limit that there are no strong phases.2

VI. NUMERICAL ANALYSIS

In the remainder of this paper, we wish to focus on t
B̄→K* m1m2 mode. We start this section with a brief di
cussion of the experimental constraints that we shall be u
in our subsequent calculations.

A. Experimental constraints

Constraints on the parametersRi , Eqs.~3.1!, are provided
by the following experimental results:~i! The CDF Collabo-
ration has recently obtained the upper bound

B~B0→K* 0m1m2!,4.031026 ~6.1!

at 90% C.L. @3#. ~ii ! The measurement of the inclusiv
branching ratioB(B̄→Xsg) yields @21#

2.031024,B~B̄→Xsg!,4.531024 ~95% C.L.!.
~6.2!

2For a review ofCP-odd observables, we refer the reader to R
@20#.
01401
e

g

Employing the leading-order result forB(B̄→Xsg) ~see,
e.g., Ref.@22#!, useful bounds can be placed on the absol
value ofR7: namely,

0.881,uR7u,1.321. ~6.3!

B. Integrated observables inB̄\K* µ¿µÀ

Below we present our predictions~i! for the non-resonan
invariant mass spectrum of the muon pair and~ii ! for the
low-ŝ and high-ŝ region, as defined in Eq.~5.4!. The reso-
nance effects are taken into account by employing Eqs.~2.9!
and ~2.10!.

~i! The branching ratio resulting from the SM operat
basis given in Eq.~2.2! can be conveniently written as

B5@a01a1uR10u21a2uR7u21a3uR9u21a4Im R71a5Im R9

1a6Re~R7R9* !1a7Re R71a8Re R9#31027. ~6.4!

Here we have introduced the coefficientsai[a i1b i which
allow us to incorporate the effects of new operatorsOi8 @Eq.
~3.4!# into our computation of the branching ratio by simp
replacing

~a i1b i ! f ~Ri !→a i f ~Ri1Ri8!1b i f ~Ri2Ri8!, ~6.5!
.
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LOOKING FOR NOVEL CP-VIOLATING EFFECTS IN . . . PHYSICAL REVIEW D 63 014013
where we have defined the quantitiesRi8 analogous to those
in Eqs. ~3.1!. Our numerical results for the coefficientsa i
andb i are listed in Table III.

~ii ! Similarly, we parametrize the average FB asymme
as

^AFB&52@Re R10* ~a01a1R71a2R9!1a3Im R10#S 1027

B D ,

~6.6!

with the values ofai tabulated in Table III. As before, th
average FB asymmetry in the presence of chirality-flipp
operators can be obtained from Eq.~6.6! by the following
replacements:

~a i1b i ! f ~R7 ,R9 ,R10!→a i f ~R72R78 ,R92R98 ,R101R108 !

1b i f ~R71R78 ,R9

1R98 ,R102R108 !. ~6.7!

~iii ! Our results for theCP asymmetries are as follows:

TABLE III. Numerical estimate of the coefficientsai[a i1b i

entering the expressions for the integrated branching ratioB and the

average FB asymmetrŷAFB& in B̄→K* m1m2 decay, as described
in the text.

Coefficients B nr B low B high

(a0 ,b0) (0.03,0.12) (0.02,0.08) (0.02,0.13)
(a1 ,b1) (1.89,8.64) (0.62,3.84) (0.36,1.76)
(a2 ,b2) (1.05,1.06) (0.95,0.90) (0.01,0.04)
(a3 ,b3) (1.62,7.34) (0.54,3.26) (0.30,1.50)
(a4 ,b4) 2(0.07,0.18) 2(0.01,0.02) 2(0.02,0.10)
(a5 ,b5) (0.23,0.93) (0.01,0.07) (0.11,0.60)
(a6 ,b6) 2(1.52,3.12) 2(0.90,1.59) 2(0.13,0.52)
(a7 ,b7) 2(0.15,0.30) 2(0.12,0.21) (0.02,0.07)
(a8 ,b8) (0.33,1.41) (0.18,0.91) 2(0.08,0.44)

Coefficients ^AFB&nr ^AFB& low ^AFB&high

(a0 ,b0) (0.33,0.33) (0.16,0.16) 2(0.05,0.05)
(a1 ,b1) 2(1.27,1.42) 2(0.69,0.77) 2(0.16,0.18)
(a2 ,b2) (3.29,3.29) (0.94,0.94) (0.82,0.82)
(a3 ,b3) (0.25,0.25) (0.01,0.01) (0.16,0.16)
01401
y

d

^ACP
S & low5~a0Im R71a1Im R9!S 1029

B̂low D , ~6.8!

^ACP
S &high5~a0Im R71a1Im R9!S 1028

B̂highD ,

~6.9!

and

^ACP
D & low52a0sinf10uR10uS 1029

B̂low D , ~6.10!

^ACP
D &high52a0sinf10uR10uS 1028

B̂highD ,

~6.11!

B̂[(B1B̄)/2 being theCP-averaged branching ratio@see
Eqs.~5.1! and~5.2!#. It is obvious that̂ ACP

S & is sensitive to
the CP-violating phasesf7 and f9, while ^ACP

S & also
probes the phasef10. The predictions for the coefficientsai
are reported in Table IV.

C. Numerical results and predictions

We first analyze theCP asymmetries in the context of th
SM operator basis, Eq.~2.2!. To determine the implications
of new physics for theCP asymmetries, we adopt the fo
lowing procedure. The absolute value ofR7 is chosen such
that it satisfies the constraints implied by the measureb
→sg rate, Eq.~6.3!, while the remaining parametersR9 and
R10 are required to be consistent with the current experim
tal upper limit on the non-resonant branching ratioB(B0

→K* 0m1m2) given in Eq. ~6.1!. To gain predictivity we
take uR7u to be unity, so that we end up with a set of fre
parameters comprisingf7 , f9, anduR9u. In fact, imposing
the requirement that the non-resonant branching ratio c
cide with the experimental upper bound or, alternative
with the SM prediction, the quantityR10 is computed for any
given set of the parametersf7 ,f9 ,uR9u.3 This enables us to
consider a scenario where the predictedb→sg fraction co-
incides with the SM expectation while the non-resona
branching ratio ofB̄→K* m1m2 may well be accessible in
the next round ofB experiments.
ount the
TABLE IV. Values of the coefficientsai[a i1b i for CP-violating observables inB̄→K* m1m2.

Coefficients ^ACP
S & low ^ACP

S &high ^ACP
D & low ^ACP

D &high

(a0 ,b0) 2(0.99,1.76) 2(0.25,1.03) (1.05,1.05) (1.62,1.62)
(a1 ,b1) (1.20,7.22) (1.16,5.98) 2 2

3As far as newCP-violating phases are concerned, we note that in the context of a specific model one has also to take into acc
severe constraints on the electric dipole moments of electron and neutron.
3-9
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FIG. 4. The parametersr and sinf @see Eq.~5.3!# vs f7 andf9 in the low dimuon invariant mass region. For simplicity, we have tak
uR7u5uR9u51 while R10 is chosen to coincide with the experimental upper limit on the non-resonant branching ratio, i.e.B nr54.0
31026.
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As mentioned above, the value of the strong phase en

ing the amplitude of theB̄→K* m1m2 process depends o
the Wilson coefficientsc1 , . . . ,c6 which we have assume
to be unaffected by new-physics contributions. Hence,
value of the strong phase sind is fixed, and estimated to b

20.07 and20.51 in the low-ŝ and high-ŝ domain respec-
tively.

Last, using the parametrization for the amplitude given
Eq. ~5.1!, and employing the integrated expressions abo
we determiner and sinf numerically as a function o
f7 ,f9, anduR9u.

1. CP asymmetry in the partial widths

Figures 4 and 5 show the parametersr, sinf, andACP
S in

the low dimuon invariant mass region as a function of
phasesf7 and f9, taking uR9u51 and requiring thatB nr

54.031026.4 It may be noted that the predictions for th
averageCP asymmetry depend very little on the phasef7
and its absolute value is no greater than 1%, regardles
the size of theCP-violating phases. If we allow for devia

4The impact of new phases on the partial-rate asymmetry iB̄
→K* l 1l 2 decay for the case ofuRi u51 has also been studied i
Ref. @23#.
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FIG. 5. CP-violating average asymmetrŷACP
S & in the low

dimuon invariant mass region vsf7 and f9, with the parameters
uRi u ( i 57,9,10) as in Fig. 4.
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FIG. 6. The parametersr and sinf appearing inACP , Eq. ~5.3!, as a function off7 andf9 for the high dimuon invariant mass region
with uR7u5uR9u51. The ratioR10 is chosen to be consistent with the experimental upper limit on the non-resonant branching ratio g
Eq. ~6.1!.
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tions from uR9u51, the magnitude of theCP asymmetry
does not change significantly. We may therefore concl
that the partial-rate asymmetry, indicative ofCP violation,
in the low-ŝ region is too small to be observable~assuming
that the indispensable strong phase does not receive any
stantial non-standard contributions!.

We now turn our attention to the high-ŝ region. It is clear
from the above discussion that physics beyond the SM
give rise to sizableCP asymmetries above thec8 resonance
where we expect to have an appreciable strong phase but
a lower branching ratio. In fact, in the high-ŝ region we find
the approximate relationr high.2r low, whereas the numerica
value of the weak phase sinf is of the same order of mag
nitude in both the low and the high dimuon invariant ma
region. This can be seen in Figs. 6 and 7, where we show
results forr, sinf, andACP

S . For certain values of the phase
f7 andf9, the CP asymmetry can be of order610%. As
far as theoretical uncertainties are concerned, we merely
mark that the numerical estimates for averageCP asymme-
tries are largely independent of the parametrizations of fo
factors, so that the theoretical uncertainty associated w
real cc̄ intermediate states discussed in Sec. II gives by
the largest uncertainty in the predictedCP asymmetry.

Next we consider the case where we allow for high
values ofuR9u. We begin by noting that foruR9u.1.75 some
01401
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FIG. 7. CP-violating average asymmetrŷACP

S & in the high in-
variant mass region of the muon pair, as a function off7 andf9.
The parametersuRi u ( i 57,9,10) have been chosen as in Fig. 6.
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FIG. 8. The quantityRCP[^ACP
D &high/sinf10 @cf. Eq. ~6.11!# as a function off7 andf9 with uR7u51. ~a! uR10u51.9 anduR9u is chosen

such that it coincides with the upper limit onB(B0→K* 0m1m2). ~b! uR10u51.2 and the SM branching fraction of 1.831026 has been
adopted.
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part of the (f7 ,f9) parameter space is already excluded
the experimental upper bound on the non-resonant branc
ratio, Eq. ~6.1!. Exploiting the fact thatACP

S depends only
weakly on the phasef7, we may takef754.8 ~see Fig. 6!.
Then, settinguR9u51 we find a magnitude of the averag
CP asymmetry varying from20.05 to 0.12, whereas fo
uR9u51.75 we predict the range20.15<^ACP

S &<0.20. In
this latter case, numerical values ofr between 0.26 and 0.3
are estimated while sinf can be maximal. In particular, fo
uR9u51.75 the weak phase sinf is nearly unity if we de-
mand the non-resonant branching fraction to be 4.031026.

Let us now discuss a scenario in which we abandon
assumption of having a non-resonant branching ratio of
31026. We focus here on the high-ŝ region as we do no
expect any significant deviation from our results obtained
the region below the charmonium resonances. We first c
sider the case where the branching ratio is still fixed to
SM value ofB nr51.831026. Further, we takef754.8 and
uR9u50.9. ~Note that larger values ofuR9u are not consisten
with the SM branching ratio.! As a result, the weak phas
sinf exhibits almost the samef9-dependent behavior as i
the previous case with maximum branching ratio prese
allowed by experiment. In addition, a smaller value forB nr

leads to a wider range ofr, namely 0.47<r<0.70. As for
CP violation, an average asymmetry of anything betwee
20.20 and 0.30 is predicted.

It is also interesting to analyze the case in which
branching ratio is not fixed to any particular value but is s
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e
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compatible with the experimental results described abo
Remembering thatR10 contributes only to the branching ra
tio, we setR1050 in order to get the highest possible valu
for theCP asymmetry~see Sec. V!. Consequently, the inter
ference of the termsR7 andR9 now plays an essential role a
the branching ratio diminishes for certain values off9, and
so r can be unity~which corresponds to the maximal size
the CP asymmetry!. In this case, theCP asymmetrŷ ACP

S &
varies considerably and can take on any value betwe
20.5 and 0.4 for B nr ranging from 5.031027 to 1.6
31026.

2. CP asymmetry in the angular distribution of µÀ

A similar analysis has been carried out for the asymme
ACP

D , Eq. ~5.5!, which is of considerable interest since
probes the phase ofR10. Here again theCP asymmetry in
the low-ŝ domain is fairly small, typically a few percent, an
we therefore concentrate on the high-ŝ region where
CP-violating effects are not suppressed by small unitar
phases. Results for the ratioRCP[^ACP

D &high/sinf10 as a
function of f7 and f9 are displayed in Fig. 8. Demandin
that uR9u reproduce the experimental upper bound on
non-resonant branching ratio leads to the predictions sh
in Fig. 8~a!. Moreover, the quantityR10 obeys the constrain
uR10u<1.9. On the other hand, assuming the SM predict
of B nr51.831026, we obtain the results shown in Fig. 8~b!.
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In this case, present experimental data onB(B0

→K* 0m1m2) lead to the upper bounduR10u<1.2. In both
cases, theCP asymmetry in the angular distribution ofm2 in
B and B̄ decays turns out to be about210%.5

Finally, taking uR9u50 we find that theCP asymmetry
can be as large as225% for a rather lowuR10u, which cor-
responds to a non-resonant branching fraction ofO(1027).
If we consider instead a branching ratio ofB nr'1026, the
asymmetry can reach to values of215%.

3. Comment on CP violation and additional operators

As seen in the preceding, within the framework of the S
operator basis it is possible to account for the maxim
values of theCP-violating asymmetries. Hence our quan
tative results forCP violation in the decayB̄→K* m1m2

are not affected by the chirality-flipped operators@Eq. ~3.4!#
once existing experimental constraints are taken into
count. In other words, the observation of an appreciableCP
asymmetry alone does not provide a test of the chira
structure of operators that enter the effective Hamiltoni
and thus is not sufficient to disentangle different new-phys
scenarios.

VII. SUMMARY AND CONCLUSIONS

We have performed a largely model-independent anal
of the exclusive decayB̄→K* l 1l 2 in the presence of phys
ics transcending the SM. In particular, we have investiga
the implications of newCP-violating phases for the deca
B̄→K* m1m2, and derived analytic expressions for th
branching ratio, the FB asymmetry, and certainCP-violating
observables. The formalism presented is applicable to
effective Hamiltonian containing the SM operator basis
well as operators with a different chirality structure. We ha
studied in some detail theCP asymmetries in the partia
rates and the angular distribution ofm2 in B̄→K* m1m2

and B→K̄* m1m2 decays, which require the simultaneo
presence of weak and strong phases. Adopting the SM
erator basis and assuming that new-physics contribution
two-body non-leptonicB decays are unlikely to be signifi
cant, theCP-violating effects in the 2mm<Mm1m2,MJ/c
domain are estimated to be small~up to at most a few per
cent!. Ultimately, this result is a consequence of the sm
ness of the dynamical phase associated with the absor
part of the penguin diagram; thus, the presence of large n
standardCP-violating phases does not necessarily imply s
ableCP-violating effects in the lower part of the decay spe

5An analysis of such aCP-violating effect in the presence o
non-standardZ couplings has recently been performed in Ref.@24#,
which estimates an asymmetry of about 10% in the high dim
invariant mass region.
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trum. Even so, studies ofCP-violating effects in the low-ŝ
region will provide a crucial test of the SM, since any ind
cation ofCP violation would represent new physics. On th
other hand, in the high dimuon invariant mass regionMc8
,Mm1m2<(MB2MK* ) appreciableCP-violating effects
can show up, which are consistent with current experime
data on theb→sg branching fraction and the upper boun
on B(B0→K* 0m1m2). We find thatCP asymmetries up to
30% can arise for a non-resonant branching ratio of
31026. That is, new physics gives the same rate as in
SM while largeCP-violating effects may occur. It should b
kept in mind that our numerical results for theCP asymme-
tries in the high dimuon invariant mass region are plagu

with theoretical uncertainties due mainly to realcc̄ interme-
diate states, so that precise predictions are more difficu
this case. Nevertheless, theCP asymmetries provide a par
ticularly useful tool for discovering new physics and the
study may gain insight into the mechanism ofCP violation.
Given an asymmetry of 20% and a branching ratio of 3

31027 in the high-ŝ region, a measurement at 3s level will

necessitate at least 7.53108 bb̄ pairs, which seems to be
achievable in theB-factory era~see, e.g., Ref.@25#!. In this
connection it is worth pointing out that the asymmetryACP

D ,
which is aCP-violating effect related to the angular distr

bution ofm2 in B andB̄ decays, has the piquant feature th
it does not require flavor identification and can be obtain

from a measurement of the sum ofB and B̄ events.
As far as new operators are concerned, we have arg

that in the case of massless leptons, i.e.l 5e or m, the domi-
nant contributions may come from operators with a non-S
chirality structure. However, since the SM operator basis
accommodate maximumCP asymmetries, the inclusion o
new operator structures does not affect the main conclus
of our analysis, but it is worth considering once sufficie
data are accumulated. We are thus eagerly awaiting the
comingB experiments which will provide useful informatio
on the short-distance coefficients governing FCNC proces
like b→sg andb→sl1l 2.

We conclude that theCP asymmetries in the exclusiv
decayB̄→K* l 1l 2 can serve as an important test of the S
mechanism ofCP violation and hence provide a testin
ground for new physics. A measurement of these asym
tries in forthcomingB experiments would signal the presen
of non-standard physics and rule out the SM as a prim
source ofCP violation.
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