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T-odd correlations in B\K* l¿lÀ decay beyond the standard model
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T-odd correlations as physical observables in theB→K* l 1l 2 decay are studied using the most general form
of the effective Hamiltonian. It is observed that these quantities are very sensitive to the new physics. We
estimate the potential of discovery of these quantities at future hadron colliders.
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I. INTRODUCTION

RareB decays, induced by flavor changing neutral curr
~FCNC! b→s(d) transitions, provide potentially the string
est testing ground in the standard model~SM! at the loop
level. Moreover,b→s(d) l 1l 2 decay is also very sensitive t
new physics beyond the SM. New physics effects mani
themselves in rareB decays in two different ways, eithe
through new contributions to the Wilson coefficients existi
in the SM or through new structures in the effective Ham
tonian which are absent in the SM.

Recently, time-reversal~T! violation has been measured
the K0 system@1#. Unfortunately, the origin ofT, as well as
CP violation which also has been obtained experimentally
the K0 system, remains unclear. In the SM, both violatio
come from a weak phase of the Cabibbo-Kobayas
Maskawa~CKM! matrix @2#. The SM predicts also the vio
lation of CP in the B0 system~see, for example,@3#!. The
study of CP violation constitutes one of the main resear
areas of the workingB factories @4#. These factories have
already reported evidence forCP violation in theB systems,
namely sin 2b50.74160.067 @5#. In this work we investi-
gate T-violating effects in theB→K* l 1l 2 using the most
general form of the effective Hamiltonian. It should be not
that T-violation effects in theLb→L l 1l 2 andB→K* l 1l 2

decays were studied in the framework of the supersymme
model in @6# and @7# as well as in theLb→L l 1l 2 decay
using the most general form of the effective Hamiltonian
@8#, respectively.

It is known that for a general three-body decay, the trip
spin correlationss•(pi3pj ) are the T-odd observables
wheres, pi , and pj are the spin and final momenta of th
final particles. Thus in theB→K* l 1l 2 decay, theT-odd
observables can be constructed in two different ways: ei
by choosing lepton polarization as the polarization of
final particles, or by choosing polarization ofK* .

The first possibility, i.e., the choice of the lepton polariz
tion in the B→K* l 1l 2 decay, was studied in detail in@9#.
For this reason in the present work, in investigating
T-violating effects, we choose the second possibility, nam
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we chooseK* polarization to represent the polarization
the final state.

The paper is organized as follows. In Sec. II, using t
most general, model independent form of the decay am
tude for theb→sl1l 2 transition, we studyT violation in the
B→K* l 1l 2 decay. Section III is devoted to the numeric
analysis and concluding remarks.

II. THEORETICAL BACKGROUND

The matrix element of theB→K* l 1l 2 decay is described
by theb→sl1l 2 transition at quark level. The decay amp
tude for theb→sl1l 2 transition, in a general, model inde
pendent form can be written in the following form@9–11#:

M5
Ga

&p
VtbVts* H CSLs̄ismn

qn

q2 Lb l̄gml

1CBRs̄ismn

qn

q2 Rb l̄gml 1CLL
tot s̄LgmbL l̄ Lgml L

1CLR
tot s̄LgmbL l̄ Rgml R1CRLs̄RgmbRl̄ Lgml L

1CRRs̄RgmbRl̄ Rgml R1CLRLRs̄LbRl̄ Ll R

1CRLLRs̄RbL l̄ Ll R1CLRRLs̄LbRl̄ Rl L

1CRLRLs̄RbL l̄ Rl LJ , ~1!

whereL5(12g5)/2 andR5(11g5)/2 are the chiral opera
tors andCX are the coefficients of the four-Fermi interactio
Note that this form of the decay amplitude is motivated
various extensions of the SM, such as the two Higgs dou
model and supersymmetric models. The first two of the
coefficients,CSL andCBR describe the penguin contribution
which correspond to22msC7

e f f and 22mbC7
e f f in the SM,

respectively. The next four terms in Eq.~1! represent the
vector type interactions, of whom the two with the coef
cientsCLL

tot and CLR
tot do exist in the SM in the forms (C9

e f f

2C10) and (C9
e f f1C10), respectively, i.e.,

CLL
tot5C9

e f f2C101CLL ,
~2!

CLR
tot5C9

e f f1C101CLR .
©2002 The American Physical Society06-1
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The remaining last four terms describe the scalar type in
actions.

The effective Wilson coefficientC9
e f f is given by@12,13#

C9
e f f5C9~m!1Ypert

1
3p

a2 C~0! (
Vi5J/c,c8,...

k i

G~Vi→ l 1l 2!mv i

mVi

2 2q22 imVi
GVi

, ~3!

where C(0)53C11C213C31C413C51C6 , mVi
and

G(Vi→ l 1l 2) are the masses and the widths of thec family,
andYpert(q

2/mb
2) arises from the one-loop matrix element

the four-quark operators and can be found in@12,13#. The
last term in Eq.~3! describes the long distance contributio
from the real intermediatec̄c states@14#. The factork i for
the lowest resonances are chosen askJ/c51.65 andkc8
52.36 ~see@15#! and for the higher resonances the avera
of the kJ/c andkc8 have been used.

ExclusiveB→K* l 1l 2 decay is described in terms of ma
trix elements of the four-quark operators in Eq.~1! over me-
son statesB and K* , which are parametrized in terms o
form factors. The decay amplitude for theB→K* l 1l 2 de-
cays is found to be

M5
Ga

4&p
VtbVts* $ l̄ gm~12g5!l @22VL1

emnls«* nplqs

2 iVL2
«n* 1 iVL3

~«* q!Pm1 iVL4
~«* q!qm#

1 l̄ gm~11g5!l @22VR1
emnls«* nplqs2 iVR2

«n*

1 iVR3
~«* q!Pm1 iVR4

~«* q!qm#

1 l̄ ~12g5!l @ iSL~«* q!#1 l̄ ~11g5!l @ iSR~«* q!#%,

~4!

whereP5p1pB , q5pB2p, andp and« are theK* meson
four-momentum and four-polarization vectors, andVLi

and

VRi
are the coefficients of left- and right-handed lepton

currents with vector structure, andSL,R are the coefficients o
the scalar currents with left and right chirality. Definitions
the form factors and functionsVLi ,Ri

can be found in@16#.

In order to obtainT-odd termsemnabqm«* npl
aPb, we

study the B→K* l 1l 2→(Kp) l 1l 2 process. The helicity

amplitudeMl
l l l̄ l of the B→K* l 1l 2 decay can be written a
11500
r-

e

Ml i

l l l̄ l5(
lV*

hlV* LlV*

l l l̄ lHlV*

l i , ~5!

where

LlV*

l l l̄ l5«V*
m ^ l 2~pl 2,l i !l

1~pl 1,l̄ j !uJm
l u0&,

~6!

HlV*

l i 5«V*
m ^K* ~p,l i !uJm

i uB~pB!&,

where«V* is the polarization vector of the virtual interme
diate vector boson~g or Z!, satisfying the relation

2gmn5(
lV*

hlV* «lV

m «lV*
n ,

where the summation is over the helicitieslV* 561,0,s of
the virtual intermediate vector boson, with the metric defin
as h15h052hs51 ~see@17,18#!. In Eq. ~6!, Jm

l and Jm
i

represent the leptonic and hadronic currents, respectivel
Using Eqs.~4!–~6!, we get, for the helicity amplitudes,

M6
115sinu lA6

11 ,

M6
125~216cosu l !A6

12 ,

M6
215~16cosu l !A6

21 ,

M6
225sinu lA6

22 ,
~7!

M0
115cosu lA0

111B0
11 ,

M0
125sinu lA0

12 ,

M0
215sinu lA0

21 ,

M0
225cosu lA0

221B0
22 ,

whereu l is the polar angle of position in the rest frame of t
intermediate boson with respect to its helicity axis. Expli
expressions of the functionsA and B are presented in the
Appendix ~see also@16#!.

Using the helicity amplitudes given in Eq.~7!, the angular
distribution in B→K* (→Kp) l 1l 2 is given by the follow-
ing expression:
dG5
3G2a2

217p6mB
3mr

2q2 uVtbVts* uB~K* →Kp!dq2d cosuKd cosu ldwl1/2~mB
2,mK*

2 ,q2!l1/2~mK*
2 ,mK

2 ,mp
2 !l1/2~q2,ml

2,ml
2!

3$2 cos2 uK@cos2 u lN11sin2 u lN212 cosu l Re~N3!1N4#1sin2 uK@sin2 u lN51~11cos2 u l !N612 cosu lN7

12 sin2 u l sin 2w Im~N8!22 sin2 u l cos 2w Re~N8!#1& sin 2uK sinu l cosw Re~cosu lN91N10!

2& sin 2uK sinu l sinw Im~cosu lN111N12!%. ~8!
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Various angles in Eq.~8! are defined as follows:uK is the
polar angle of theK meson in the rest frame of theK*
meson, measured with respect to the helicity axis, i.e.,
outgoing direction of theK* meson.u l is the polar angle of
the l 1 in the dilepton rest frame, measured with respect
the helicity axis of the dilepton, andw is the azimuthal angle
between the two planes defined by the momenta of the de
productsK* →Kp andV→ l 1l 2. Also, explicit expressions
of the functionsNi are given in the Appendix.

It follows from Eq. ~8! that terms with;N8 , N11, and
N12 contain an imaginary part. If we rewrite Eq.~8! for the
SM case, we immediately see that there are two poss
sources forT violation: T violation coming from ImC9

ef fC7* ,
andT violation coming from ImC10C7* .

In SM only C9
e f f has an imaginary part@see Eq.~3!#.

Therefore we can conclude thatT-odd observables could b
nonzero in the processes involving strong phases or abs
tive parts even without weakCP violating phase. In this
work we explore the possibility of the existence ofT viola-
tion due to the new weakCP-violating phases. It follows
from Eq. ~8! that in order to have nonvanishingT violation
interactions of a new type must exist, and contributions
different new Wilson coefficients must have weak C
violating phases.

In order to discard terms;Im C9
ef fC7* which give rise toT

violation in the SM, we consider the followingT-odd observ-
able

FIG. 1. The dependence of the statistical significance« on the
new Wilson coefficientCLL and on the weak phasef for the B
→K* m1m2 decay.

TABLE I. The B→K* transition form factors in a three
parameter fit. The values of the form factors are taken from@20#.

F(0) aF bF

A1 0.3460.05 0.60 20.023
A2 0.2860.04 1.18 0.281
V 0.4660.07 1.55 0.575
T1 0.1960.03 1.59 0.615
T2 0.1960.03 1.49 20.241
T3 0.1360.02 1.20 0.008
11500
e

o

ay

le
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-

^O&5E OdG, ~9!

whereO is theT-odd correlation, given by

O5
~pB•pK!@pB•~pK3pl 1!#

upBu2upKu2~qpl1& !
. ~10!

In theK* rest frame,O5cosuK sinuK sinul sinw. The statis-
tical significance of the T-odd observable in Eq.~8! is deter-
mined by@7#

«5
*ODG

A*dGA*O2dG
. ~11!

It should be noted that in Eq.~11!, integration overq2 is
carried out in order to eliminate theq2 dependence of«. Our
final remark in this section is thatT-odd effects that are re
lated with the CP violation and CP violating asymmetry b
tween the decay rates ofB→K* l 1l 2 and B̄→K̄* l 1l 2 are
discussed in the second reference in@10#.

FIG. 2. The same as in Fig. 1 but for the Wilson coefficie
CLR .

FIG. 3. The same as in Fig. 1 but for the Wilson coefficie
CRR.
6-3
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III. NUMERICAL ANALYSIS

In this section we will study the dependence of the sta
tical significance« on the new Wilson coefficients. For th
B→K* transition form factors, which are the main inp
parameters in«, we use the light cone QCD sum rule
method prediction@19–21#. The dependence of the form fac
tors onq2 can be written in terms of the three parameters

F~q2!5
F~0!

12aF~q2/mB
2 !1bF~q2/mB

2 !2 . ~12!

The value of the parametersFi(0), a, andb for various form
factors are presented in Table I.

In further numerical analysis, we use next-to-leadi
logarithmic approximation results for the values of the W
son coefficientsC7 , C9

e f f , andC10 at m5mb @12,13#. As has
already been noted, in the process under consideration,
only short distance contributions are taken into accoun
the Wilson coefficientsC9

e f f @see the expression forC9
e f f

given in Eq.~3!#. The new Wilson coefficients vary in th
range2uC10u<CX<uC10u. The experimental bounds on th
branching ratio of theB→K* m1m2 @21#1 and B→m1m2

decays@22# suggest that this is the right order of magnitu
range for the vector and scalar interaction coefficients. T
present experimental values on the branching ratioB(B
→Kl 1l 2)5(0.7820.2420.11

10.2410.1131026) lead to stronger restric
tions on some of the new Wilson coefficients, name
21.5<CT<1.5, 23.3<CTE<2.6, 22<CLL ; CRL<2.3
while for all remaining coefficients24<CX<4. Note that if
the latest results for the branching ratio for theB
→K* l 1l 2 decay are taken into account~see the footnote
below!, the allowed regions of the new coefficients a
22.5<CLL<0, 0<CRL<4, and all remaining coefficient
vary in the region24<CX<4. As has already been noted,
order to obtain considerable statistical significance«, the
new Wilson coefficients must have a new weak phase.

1The latest result released by the BaBar Collaboration for
branching ratio of theB→K* l 1l 2 decay is B(B→K* l 1l 2)
5(1.6820.58

10.6860.18)31026.

FIG. 4. The same as in Fig. 1 but for the Wilson coefficie
CRL .
11500
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simplicity we assume that all new Wilson coefficients hav
common weak phasef. The dependence of the« on the
Wilson coefficientsCLL , CLR , CRL , and CRR and on the
weak phasef for the B→K* m1m2 decay is presented in
Figs. 1–4. Note that the dependence of« on the Wilson
coefficients for scalar interactions for theB→K* m1m2 de-
cay is not presented since for all their valuesu«u is very small
~< 0.2%!.

From these figures we see that« gets its largest value fo
CLL about 5%, forCLR and CRR about 3%, andCRL about
4%, for theB→K* m1m2 decay.

The situation is quite different from the previous case
the B→K* t1t2 decay. In this case contributions comin
from the scalar type interactions are dominant~see Figs.
5–8!, while vector type interactions give negligibly sma
contributions to«. We observe from these figures that« gets
its maximum value;4% for CLRLR and CRLLR. We also
note that in the present workCBR andCSL are assumed to be
identical, as is the case in the SM, since the experiment
measured branching ratio ofB→Xsg decay is very close to
the SM prediction@23–25#.

Finally we would like to discuss the detectability of« in
the experiments. In order to observe this effect at thens
level, the required number ofB mesons areNB5n2/(B«2).
If the branching ratio takes on the following values

e

t
FIG. 5. The dependence of the statistical significance« on the

new Wilson coefficientCLRRL and on the weak phasef for the B
→K* t1t2 decay.

FIG. 6. The same as in Fig. 5 but for the Wilson coefficie
CLRLR.
6-4
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B~B→K* l 1l 2!5H 2.031026 for m mode

2.031027 for t mode,

then to be able to observeT-violating effects ofO in the B
→K* l 1l 2 decay at the 3s level, with «;3%, at least

NB5H 53109 for m mode

531010 for t mode,

B mesons are needed. Since at LHC and BTeV mach
1012bb̄ pairs are expected to be produced per year@26#, the
observation ofT-violating effects in theB→K* l 1l 2 decay
is quite possible.

APPENDIX

In this appendix we present the explicit expressions of
functionsA, B, andNi entering into Eqs.~7! and ~8!:

A6
1156&ml H ~CLL

tot1CLR
tot!H61

2

q2 ~CBRG61CSLg6!

1~CRR1CRL!h6J ,

A6
2252A6

11 ,

FIG. 7. The same as in Fig. 5 but for the Wilson coefficie
CRLRL.

FIG. 8. The same as in Fig. 5 but for the Wilson coefficie
CRLLR.
11500
es

e

A6
125Aq2

2 H @CLL
tot~12v !1CLR

tot~11v !#H61@CRL~12v !

1CRR~11v !#h61
2

q2 ~CBRG61CSLg6!J ,

A6
215A6

12~v→2v !,

A0
1152mlF ~CLL

tot1CLR
tot!H01~CRL1CRR!h0

1
2

q2 ~CBRG01CSLg0!G ,
~A1!

A0
2252A0

11 ,

B0
11522ml$~CLR

tot2CLL
tot!HS

01~CRR2CRL!hS
0%2

2

mb
q2@~1

2v !~CLRLR2CRLLR!2~11v !~CLRRL2CRLRL!#HS
0,

B0
225B0

11~v→2v !,

A0
1252Aq2 H @CLL

tot~12v !1CLR
tot~11v !#H01@CRL~12v !

1CRR~11v !#h01
2

q2 ~CBRG01CSLg0!J ,

A0
215A0

12~v→2v !,

where v5A124ml
2/q2 is the lepton velocity, superscript

denote helicities of the lepton and antilepton, and subscr
correspond to the helicities of theK* meson, and further-
more,

H656l1/2~mB
2,sM ,q2!

V~q2!

mB1mK*
1~mB1mK* !A1~q2!,

H05
1

2AsMq2 F2~mB
22sM2q2!~mB1mK* !A1~q2!

1l~mB
2,sM ,q2!

A2~q2!

mB1mK*
G ,

HS
05

l1/2~mB
2,sM ,q2!

2AsMq2 F2~mB1mK* !A1~q2!

1
A2~q2!

mB1mK*
~mB

22sM !12AsM~A32A0!G ,
G6522@6l1/2~mB

2,sM ,q2!T1~q2!1~mB
22sM !T2~q2!#,

t

t

6-5
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G05
1

AsMq2 F ~mB
22sM !~sB

22sM2q2!T2~q2!

2l~mB
2,sM ,q2!S T2~q2!1

q2

mB
22sM

T3~q2! D G ,
~A2!

h65H6~A1→2A1!,

hS
05HS

0~A1→2A1 ,A2→2A2!,

h05H0~A1→2A1 ,A2→2A2!,

g65G6~T2→2T2!,

g052G0 .

N15uA0
11u21uA0

22u2,

N25uA0
12u21uA0

21u2,

N35A0
11~B0

11!* 1A0
22~B0

22!* ,

N45uB0
11u21uB0

22u2,
.

11500
N55uA1
11u21uA2

11u21uA1
22u21uA2

22u2,

N65uA1
12u21uA2

21u21uA2
12u21uA1

21u2,
~A3!

N75uA2
12u21uA1

21u22uA1
12u22uA2

21u2,

N85A1
11~A2

11!* 1A1
12~A2

12!* 1A1
21~A2

21!*

1A1
22~A2

22!* ,

N95A0
11~A2

112A1
11!* 2A0

12~A2
121A1

12!*

2A0
21~A2

211A1
21!* 1A0

22~A2
222A1

22!* ,

N105B0
11~A2

112A1
11!* 1A0

12~2A2
121A1

12!*

1A0
21~A2

212A1
21!* 1B0

22~A2
222A1

22!* ,

N115N9~A1
11→2A1

11 ,A1
12→2A1

12 ,A1
21

→2A1
21 ,A1

22→2A1
22!,

N125N10~A1
11→2A1

11 ,A1
12→2A1

12 ,A1
21

→2A1
21 ,A1

22→2A1
22!.
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