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Lepton transverse polarization in the B\Dl n l decay due to the electromagnetic
final state interaction
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The effect of lepton transverse polarization inB0→D2l 1n l , B1→D̄0l 1n l decays (l 5t,m) is analyzed
within the framework of the standard model in the leading order of heavy quark effective theory. It is shown
that a nonzero transverse polarization appears due to the electromagnetic final state interaction. The diagrams
with intermediateD,D* mesons contributing to the nonvanishingPT are considered. Regarding only the
contribution of these mesons, the values of thet-lepton transverse polarization averaged over the physical

region in theB0→D2t1n l andB1→D̄0t1n l decays are equal to 2.6031023 and21.5931023, respectively.
In the case of muon decay modes the values of^PT& are equal to 2.9731024 and26.7931024.
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I. INTRODUCTION

In spite of the remarkable phenomenological success
the standard model~SM! the problem of theCP-violation
mechanism still remains unexplained. In the SMCP viola-
tion appears due to the complexity of the Cabibb
Kobayashi-Maskawa~CKM! matrix; however, there is a se
of models offering other mechanisms ofCP violation. For
instance, the Weinberg three Higgs boson doublets mod
one of the simplest SM extensions, whereCP violation ap-
pears due to the complex Higgs boson couplings to fermi
@1#. Investigation of theCP-violation phenomenon will help
us to understand this mechanism and, hence, to clarify on
the fundamental problems of elementary particle physics

The experimental observables sensitive toCP-violating
effects are, for example, transverse lepton polarization
weak decays and theT-odd correlation. Muon transverse po
larization in theK1→m1np0, K1→m1ng processes is ob
ject of intensive study by many theoretical and experimen
groups. In some SM extensions a nonzero transverse m
polarization appears already at the tree level@2,3#. The SM
contribution to lepton transverse polarization is equal to z
in the leading order, and this fact explains the smallnes
the SM background. The final state interaction gives rise
nonzero CP-conserving contribution to PT . In K1

→m1ng decay the lepton transverse polarization appear
the one-loop level and varies in the range of (0.0221.1)
31023 on a Dalitz plot. ThePT value averaged over th
physical region with the cut on photon energyEg
>20 MeV is equal to 4.7631024 @2#. In K1→m1np0 de-
cay the muon transverse polarization is of order;1026

@4,5#, and therefore this decay is rather effective in search
for new physics effects. A measurement of muon transve
polarization in this process was carried out by the KEK-E2
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experiment, where the following result was obtained@6#:

PT520.004210.0049~stat!10.0009~syst!. ~1!

This experimental result does not allow us to state that
value ofPT is stipulated by new physics effects. However,
increase of experimental accuracy is planned in the nea
future, which seems very promising from the point
CP-violation research.

Another experimental observable, suppressed in the
is theT-odd correlation in charged kaon decays@7# ~the dis-
tribution of the decay width over the kinematical variab
which is the mixing product of the final particle moment
for instance,pW p•@pW m3qW # in K1→p0m1ng decay!. The
small SM contribution to this observable can be explained
the same way, as the SM contribution to the lepton transve
polarization inKl2g decay. Here, new perspectives to sea
for T-odd contributions from new physiscs are connec
with the OKA experiment@8#, where it is planned to achiev
;73105 events forKl3g decay.

Aside from K-meson decays, it is possible to study t
lepton transverse polarization in similarB-meson decays. It
should be noted that the value ofPT is especially sensitive to
CP-violating Higgs boson Yukawa couplings in these d
cays. Obviously, in the case ofB→D (* )tnt , the value of the
transverse polarization, due to the complexity of these c
plings, is (mbmt)/(msmm);800 times greater thenPT in the
analogousK→pmnm decay.

In @9–11# the effects ofCP-violating transverse polariza
tion of leptons in the decaysB→D(* ) ln in various SM ex-
tensions were analyzed. From these studies it follows that
t-lepton transverse polarization can have valuesPT<1 in
models withCP-violation in the Higgs sector@9,10#, and
PT<0.26 in the leptoquark models@11#. Thus, one can ex-
pect that the value of the transverse polarization in vari
extensions of the SM is rather large. However, to estim
the impact of new physics and perform a dedicated study
the polarization phenomenon it is necessary to carry out
,
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calculation of the SM contribution to this observable. In th
paper we calculate theCP-conserving SM contribution to
PT in B1→D̄0l 1n decays (l 5t,m). For simplicity, the cal-
culations are carried out in the framework of heavy qu
effective theory~HQET! the leading approximation of 1/mQ
expansion. It is shown below that the value of the transve
polarization is not equal to zero if and only if there is
nonzero phase shift of decay form factors. The electrom
netic final state interaction induces a nonzero phase shi
the one-loop level and that, in turn, results in a nonzero va
of PT . In our calculations we take into account only th
(D,D* ) doublet contribution to the transverse polarizatio

In the next section we discuss the matrix elements c
tributing to the polarization value. In Sec. III the procedu
for the transverse polarization calculation is given. The l
section contains results and discussion.

II. MATRIX ELEMENTS

The general form for thêD(D* )uVm(Am)uB& matrix el-
ements is as follows:

^D~k!uVmuB~p!&5 f 1~pm1km!1 f 2~pm2km!,

^D~k!uAmuB~p!&50,

^D* ~k,e!uVmuB~p!&52 ivemnaben* kapb ,

^D* ~k,e!uAmuB~p!&5a1~e* !m1a2~e* p!pm

1a3~e* p!km, ~2!

whereVm5b̄gmc andAm5b̄gmg5c.
The ^D(k)uAmuB(p)& matrix element is equal to zero

since it is impossible to construct an axial vector compo
of the two momenta available. In our calculations we use
following definition of the Levi-Civitàtensor:e012351.

Estimates of the transverse polarization are carried ou
the leading order of HQET, i.e., under the assumption
mb ,mc→`. In this approximation the form factors of th
process are expressed in terms of the Isgur-Wise func
j(vv8) @12,13# and, accordingly, expressions~2! can be re-
written as

^D~k!uVmuB~p!&5
j~v!

AmDmB

~mDpm1mBkm!,

^D~k!uAmuB~p!&50,

^D* ~k,e!uVmuB~p!&52 i
j~v!

AmDmB

emnaben* kapb ,

^D* ~k,e!uAmuB~p!&5
j~v!

AmDmB

@~mBmD1pk!e* m

2~e* p!km#, ~3!

wherev5(pk)/(mDmB). Except for the given matrix ele
ments, it is necessary to take into account the matrix
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ments of the vector current betweenD and D (D* and D)
states. In the framework of HQET the form factors of the
matrix elements are also expressed through the Isgur-W
function:

^D~p8!uc̄gmcuD~k!&5j~v8!~p8m1km!,

^D~p8!uc̄gmcuD* ~k,e!&52 i
j~v8!

mD
emnabenpa8kb ,

~4!

wherev85(kp8)/(mDmB). The D andD* mass difference
is neglected in Eqs.~3! and ~4! as it does not contribute to
these matrix elements in the leading order of HQET.

The functionj is conventionally parametrized as

j~v!512r2~v21!. ~5!

In numerical estimates we use the valuer250.94 obtained in
@14# within the framework of the potential quark model. Th
result is in good agreement with the experimental data@13#.
Different values cannot drastically change the numerical
sults, since the kinematical area of the decay is quite narr
In the B→Dtnt decay, v varies from 1 to (mB

21mD
2

2mt
2)/2mBmD51.43, and in theB→Dmnm decay this value

varies in the range of 1–1.59.
The ^DuJe.m.

m uD* & and ^DuJe.m.
m uD& matrix elements,

whereJe.m.
m is the electromagnetic current, are also requir

It is possible to write down this operator as the sum of hea
and light quark components:

Je.m.
m 5Jh

m1Jl
m . ~6!

The matrix elements of the heavy component of this elec
magnetic current are expressed through the Isgur-Wise fu
tion ~4!:

^D~p8!uJh
muD~k!&52qcj~v8!~p8m1km!,

^D~p8!uJh
muD* ~k,e!&5 iqc

j~v8!

mD
emnabenpa8kb , ~7!

whereqc is the c-quark charge. The matrix elements ofJl
m

have the form

^D~p8!uJl
muD~k!&5ql f l

1~q2!~p8m1km!,

^D~p8!uJl
muD* ~k,e!&5 iqlb f l

2~q2!emnabenpa8kb , ~8!

whereql is the light quark charge andf l
(1,2)(0)51. The con-

stantb evaluated in@15# is equal to 1.9 GeV21. In our cal-
culations we use aq2 dependence of thef l

i(q2) form factors
( i 51,2), obtained under the assumption of the domin
contribution of thev andr resonances to these form facto
@16#. Neglecting thev- and r-meson mass difference, th
expressions forf l

i take the form
9-2
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LEPTON TRANSVERSE POLARIZATION IN THEB→Dln l DECAY . . . PHYSICAL REVIEW D 66, 074019 ~2002!
f l
i5

1

12q2/mr
2

, i 51,2, ~9!

wheremr is ther-meson mass.

III. LEPTON TRANSVERSE POLARIZATION

The amplitude ofB→D(D* ) l 1n l decay can be written a
follows:

M5
GF

A2
Vcb* ^DuVm2AmuB&ū~pn!~11g5!gmv~pl !,

~10!

whereGF is the Fermi constant andVcb* is the corresponding
CKM matrix element. The matrix elements^DuVm2AmuB&
are discussed in the previous section. For the case of thB
→Dln l process it is convenient to introduce the followin
parametrization of the amplitude:

M5
GF

A2
Vcb* ū~pn!~11g5!~C1p̂1C2!v~pl !. ~11!

It should be noted that Eq.~11! is the most general form
of the decay amplitude. The expressions forC1 ,C2 in the
leading order of HQET can be written as follows:

C15
j~v!

AmBmD

~mD1mB!,

C25
j~v!

AmBmD

~mBml !. ~12!

The partial width of theB→Dl 1n l decay in theB-meson
rest frame can be expressed as

dG5
( uM u2

2mB
~2p!4d~p2pD2pl2pn!

3
d3pD

~2p!32ED

d3pl

~2p!32El

d3pn l

~2p!32En l

, ~13!

where summation over lepton and photon spin states is
formed.

Introducing the unit vector along the muon spin directi
in the lepton rest frame,s¢, wheree¢i( i 5L,N,T) are the unit
vectors along the longitudinal, normal, and transverse c
ponents of the lepton polarization, one can write down
matrix element squared for the transition into the particu
lepton polarization state in the following form:

uM u25r0@11~PLe¢L1PNe¢N1PTe¢T!•s¢#, ~14!

wherer0 is the Dalitz plot probability density averaged ov
polarization states. The unit vectorse¢i can be expressed i
terms of the three-momenta of the final particles:
07401
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e¢L5
pW l

upW l u
, e¢N5

pW l3~pW D3pW l !

upW l3~pW D3pW l !u
,

e¢T5
pW D3pW l

upW D3pW l u
. ~15!

With this definition of thee¢i vectors,PT ,PL , andPN denote
the transverse, longitudinal, and normal components of
muon polarization, respectively.

The Dalitz plot probability density has the followin
form:

r05GF
2 uVcbu2@4uC1u2~ppn!~ppl !12uC2u2~pnpl !

22uC1u2~pnpl !mB
224ml Re~C2C1* !~ppn!#. ~16!

The expression for transverse polarization can be written
follows:

PT5
rT

r0
, ~17!

whererT has the form

rT54GF
2 uVcbu2mB Im~C1C2* !upW D3pW l u. ~18!

Obviously, the lepton transverse polarization arises only
the case of nonzero phase shift betweenC1 and C2 form
factors. At the tree level of the SM these form factors are r
and thus the lepton transverse polarization in this cas
equal to zero. The nonvanishingPT arises due to the effect o
the final state interaction. To calculate the imaginary parts
the form factors one can use theS-matrix unitarity as was
done in@17# for the case of theK0→pmn decay.

The diagrams inducing the transverse lepton polariza
are shown in Fig. 1. As was mentioned earlier, in our cal
lations we take into account only the diagrams with interm
diate D,D* mesons. The contribution of these diagrams
the imaginary part of the decay amplitude can be written
follows:

Im M5
GF

A2
Vcb*

a

2pE dr

kg
2
ū~pn!~11g5!gs~ k̂l2ml !glv~pl !

3 (
n5D,D*

^DuJem
l un&^nuVs2AsuB&, ~19!

FIG. 1. Feynman diagrams contributing to lepton transverse
larization inB0→D2ln l decay at the one-loop level of the SM.
9-3
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where kl ,kD denote the four-momenta of the intermedia
D,D* mesons, respectively,kg

25(kD2pD)2 is the squared
transferred momentum, anddr is the two-particle phase
space. Expressions for the^DuJe.m.

l un&,^nuVs2AsuB& matrix
elements are given in the previous section.

It should be noted that in the case ofB0→D2ln l decay
the D2-meson contribution to the imaginary part compris
an infrared divergence, but the latter does not affect the va
of transverse polarization. One may explain this fact by
factorization of the soft photon contribution, which, in tur
does not lead to the nonzero phase difference of form fac
required for a nonvanishing transverse polarization. Rea
in the limit of soft photon exchangekg→0, one may disre-
gard the difference betweenkD ,kl andpD ,pl in the numera-
tor of Eq.~19!. Regarding the divergent part only and app
ing the Dirac equation, the formula~19! may be rewritten as
follows:

Im M52
GF

A2
Vcb*

a

p
^Du~V2A!suB&ū~pn!~11g5!

3gsv~pl !~2plpD!E dr

kg
2

.

So we see that the above expression repeats formula~10!
up to the divergent coefficient that leads to equal phase s
in C1 ,C2. As for theD* -meson contribution, it is free from
infrared divergence, since the matrix element^DuJe.m.uD* & is
proportional tokg .

In contrast to theB0→D2ln l decay, formula~19! for
B1→D̄0ln l is free from infrared divergence since the mat
elements forD̄* -D̄ and D̄0-D̄0 electromagnetic transition
are proportional tokg andkg

2 , respectively.
Evidently, there are contributions to transverse polari

tion coming from excitedD-meson states. But we assum
that this contribution cannot change the result dramatica
since the Isgur-Wise function defined in Eq.~5! is greater
than that in the case ofB-meson decay into an excitedD
meson. The Isgur-Wise function for transition into th
(01,11) doubslet,t1/2(v), was calculated in@18#. The value
of t1/2(1) obtained in this paper is equal to 0.24. One can
that the heavy quark contribution toPT is proportional to the
second power oft1/2(1) and the light quark contribution i
linear int1/2(1). Furthermore, the physical region, where t
value of transverse polarization is not equal to zero
bounded by inequality (pl1pD)2>(mD1ml)

2. In the case
of the intermediateD* meson this restriction does not cut th
physical region significantly. Contrary to the case of the
termediate state with aD* meson, the physical region for th
(01,11) case is strongly confined, which results in the
duction of the average transverse polarization.

The integrals entering the imaginary part of the one-lo
decay amplitude are given in Appendix A, and Appendix
contains expressions for the imaginary parts of the form f
tors.
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IV. NUMERICAL RESULTS AND DISCUSSION

It is convenient to use the followingx,y variables:

ED5
mB

2
x, Eg5

mB

2
y, ~20!

whereED andEg are theD-meson and photon energies;mB
is theB-meson mass.

The three-dimensional distributions of lepton transver
polarization in the kinematical region (x,y) for the processes
B0→D2tnm , B0→D2mnt are shown in Figs. 2 and 3, re
spectively. The contour lines forPT in these decays are
shown in Figs. 4 and 5.

In our calculation we have taken into accountD andD*
contributions only. In theB0→D2ln l decay theD2 meson
gives the dominant contribution to lepton polarization. Kee
ing in mind that electromagnatic form factors reach the
maximum atkg

2→0 one may expect thatPT reaches a maxi-
mum at

FIG. 2. The 3D plot fort-lepton transverse polarization for the
case ofB0→D2tnt decay.

FIG. 3. The 3D plot for muon transverse polarization for th
case ofB0→D2mnm decay.
9-4
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x5
mD

mD1ml

mB
21~mD1ml !

2

mB
2

,

y5
ml

mD1ml

mB
21~mD1ml !

2

mB
2

. ~21!

Indeed, the three-dimensional distribution oft -lepton
transverse polarization~Fig. 2!. has a maximum a
~0.76,0.72!. The maximum of the muon transverse polariz
tion is at ~1.08,0.06!.

The three-dimensional distributions of lepton transve
polarization in the kinematical region (x,y) for the processes
B1→D̄0tnm , andB1→D̄0mnt are shown in Figs. 6 and 7
respectively. The contour lines forPT in these decays ar
shown in Figs. 8 and 9.

In contrast toB0→D2ln l decay, the contribution of the
intermediateD̄0 does not dominate inB1→D̄0ln l decay.
This fact may be explained by the partial cancellation of
heavy and light components of the electromagnetic curren
the physical region due to the neutrality of theD̄0 meson. If
kg

2!mr
2 , the electromagnetic current of theD̄0-D̄0 transition

FIG. 4. The level lines fort-lepton transverse polarization fo
the case ofB0→D2tnt decay.

FIG. 5. The level lines for muon transverse polarization for
case ofB0→D2mnm decay.
07401
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behaves as;kg
2 so one may suppose that the maximum

PT is shifted from the point defined by Eq.~21! that corre-
sponds to our result.

The values of transverse polarization averaged over
physical region are shown in Table I.

Finally, we would like to remark that the averaged valu
of PT in the SM are quite small in comparison to the pred
tions of some models@9–11#. This allows one to conclude
that B-meson decays provide an appealing possibility
search for new physics effects.

ACKNOWLEDGMENTS

The authors thank Dr. V. V. Kiselev and Dr. A. K
Likhoded for fruitful discussion and valuable remarks. Th
work is in part supported by the Russian Foundation
Basic Research, grants 99-02-16558 and 00-15-96645;
Russian Education Ministry, grant E00-3.3-62, and CR
MO-011-0. The work of A.A.L. is partially supported b
FAPESP under grant 01/0639-04.

FIG. 7. The 3D plot for muon transverse polarization for t

case ofB1→D̄0mnm decay.

FIG. 6. The 3D plot fort-lepton transverse polarization for th

case ofB1→D̄0tnt decay.
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APPENDIX A

Let us introduce the following notation:

Pm5pl
m1pD

m ,

l m5pD
m2

~PpD!

~P2!
Pm,

PkD5
1

2
~P21mD*

2
2ml

2!,

l 25mD
2 2

~PpD!2

P2
,

l 1
25mD*

2
2

~PkD!2

P2
,

h25mD
2 1mD*

2
22

~PkD!~PpD!

P2
.

FIG. 8. The level lines fort-lepton transverse polarization fo

the case ofB1→D̄0tnt decay.

FIG. 9. The level lines for muon transverse polarization for

case ofB1→D̄0mnm decay.
07401
So the integrals contributing the imaginary parts of the o
loop amplitude can be written as follows:

J15E dr

kg
2

f l~kg
2!5

p

4

1

A2 l 2P2 S lnU2h222Al 1
2l 2

2h212Al 1
2l 2U

2 lnU2h222Al 1
2l 21mr

2

2h212Al 1
2l 21mr

2U D , ~A1!

J25E dr f l~kg
2!

52
p

4

mr
2

A2 l 2P2 S lnU2h222Al 1
2l 21mr

2

2h212Al 1
2l 21mr

2U D , ~A2!

J35E dr5p
A2 l 1

2P2

P2
; ~A3!

E kD
a

kg
2

f l~kg
2!dr5a1Pa1b1l a, ~A4!

where

a15
PkD

P2
J1 ,

b15
h2

2l 2
J12

1

2l 2
J2 ; ~A5!

E kD
a f l~kg

2!dr5A1Pa1B1l a, ~A6!

where

A15
PkD

P2
J2 ,

B15
h2

2l 2
J22

mr
2

2l 2
~J22J3!;

~A7!

TABLE I. Values of averaged transverse polarization.

Decay ^PT&

B0→D2tnt 2.6031023

B0→D2mnm 2.9731024

B1→D̄0tnt
21.5931023

B1→D̄0mnm
26.7931024
9-6
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E kD
a kD

b

kg
2

f l~kg
2!dr5a2gab1b2

PaPb

P2

1c2~ l aPb1 l bPa!1d2

l al b

l 2
,

~A8!

where

a25
l 1
2

2
J12

h2

4
b11

B1

4
,

b25
~PkD!2

P2
J12a2 ,

c25
PkD

P2
b1 ,

d25
h2

2
b12

B1

2
2a2 ; ~A9!

E kD
a kD

b f l~kg
2!dr5A2gab1B2

PaPb

P2

1C2~ l aPb1 l bPa!1D2

l al b

l 2
,

~A10!

where

A25
l 1
2

2
J22

h2

4
B11

mr
2B1

4
,

B25
~PkD!2

P2
J22A2 ,

C25
PkD

P2
B1 ,

D25
h2

2
B12

mr
2B1

2
2A2 ; ~A11!

E kD
a kD

b kD
g

kg
2

dr5a3~gabPg1gagPb1gbgPa!

1b3~gabl g1gagl b1gbgl a!

1c3~ l aPbPg1 l bPaPb1 l gPaPb!

1d3~ l al bPg1 l bl aPb1 l gl aPb!

1e3l al bl g1 f 3PaPbPg, ~A12!

where
07401
a35
PkD

P2
a2 ,

b35
1

2l 2
~h2a22A2!,

c35
1

2l 2P2
~h2b22B2!,

d35
PkD

P2l 2
d2 ,

e35
1

2~ l 2!2
~h2d22D2!2

2

l 2
b3 ,

f 35
PkD

~P2!2
~b222a2!; ~A13!

E kD
a kD

b kD
g f l~kg

2!dr5A3~gabPg1gagPb1gbgPa!

1B3~gabl g1gagl b1gbgl a!

1C3~ l aPbPg1 l bPaPb1 l gPaPb!

1D3~ l al bPg1 l bl aPb1 l gl aPb!

1E3l al bl g1F3PaPbPg, ~A14!

where

A35
PkD

P2
A2 ,

B35
1

2l 2 S h2A22mr
2A21

1

3
mr

2l 1
2J3D ,

C35
1

2l 2P2 Fh2B22mr
2S B22

~PkD!2

P2
J31

l 1
2

3
J3D G ,

D35
PkD

P2l 2
D2 ,

E35
1

2~ l 2!2
~h2D22mr

2D2!2
2

l 2
B3 ,

F35
PkD

~P2!2
~B222A2!. ~A15!

APPENDIX B

First, we take into account the contribution of the diagra
with an intermediateD meson to lepton polarization. Th
expression for Im(C1C2* ) entering Eq.~18! can be repre-
9-7
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sented as the sum of heavy and light components:

Im~C1C2* !5
a

2p
j~v!

ml

mBmD
Fql S ~11r2!Cl2

r2

mBmD
Cl8D2qcS ~11r2!Ch2

r2

mBmD
Ch8D G , ~B1!

wherej(v) is the Isgur-Wise function;r2 is the slope of this function;ql ,qc are the light quark andc-quark charges. The
coefficientsCl andCl8 entering Eq.~B1! have the form

Cl52b1

PpD

P2
~mB

2ml
22M2P2!, ~B2!

Cl85a2@2P2~mB
22mD

2 !14~Pp!MmD22mB
2ml

2#12b2

~Pp!

P2
~P2M22mB

2ml
2!1

2

P2
c2~mB

2ml
22M2P2!

3@2~ lp !P21~Pp!~PpD!#1
2~PpD!~ lp !

P2l 2
d2~mB

2ml
22M2P2!, ~B3!
-
n
s

se

,
he

the
whereM5mB1mD . In Appendix A we present the coeffi
cients b1 ,a2 ,b2 ,c2 ,d2 which are valid for the case of a
intermediateD* -meson, i.e., the integration is performed a
sumingmD* ÞmD . To obtain these coefficients for the ca
of the intermediateD-meson one should substitutemD* by
mD . After the substitution the integralJ1 becomes divergent
but, as mentioned above, it will not affect the value of t
B

07401
-

transverse polarization and can be omitted. To obtain
Ch ,Ch8 coefficients one has to expandCl ,Cl8 in powers of
1/mr

2 up to linear terms and substitute 1/mr
2 by r2/(2mD

2 ).
As for the contribution of the intermediateD* meson to

the imaginary parts ofC1 ,C2, we do not give them here
since the formulas are too bulky.
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