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CP violation in the semileptonic Bl4 „B˜Dp l n… decays: A model independent analysis
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CP violation from physics beyond the standard model is investigated inBl4 decays:B→Dp l n̄ l . The
semileptonicB-meson decay to aD meson with an emission of a single pion is analyzed with heavy quark
effective theory and chiral perturbation theory. In the decay process, we include various excited states as
intermediate states decaying to the final hadrons,D1p. CP violation is implemented in a model independent
way, in which we extend the leptonic current by including complex couplings of the scalar sector and those of
the vector sector in extensions of the standard model. With these complex couplings, we calculate theCP-odd
rate asymmetry and the optimal asymmetry. We find that the optimal asymmetry is sizable and can be detected
at 1s level with about 106–107 B-meson pairs, for some reference values of new physics effects.
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I. INTRODUCTION

Semileptonic 4-body decays of mesons, such asKl4 , Dl4,
and Bl4 with the emission of a pion have been studied
detail by many authors@1–4#. Bl4 decays will be fully inves-
tigated soon at the forthcomingB-meson factories. The de
cays of Kl4 , Dl4, and Bl4 have distinct characteristics i
many theoretical aspects:Kl4 decays can be studied wit
chiral perturbation theory for full decay phase space@1#.
However, inDl4 decays the chiral perturbation theory can
applied only to a very small region of the final state pha
space@2# since light mesons in final state have relative
large energies. The pions emitted inBl4 decays have such
wide momentum range that one may have difficulties to a
lyze the decays over whole phase space. However, if
restrict our attention to the soft pion limit, we could inves
gate Bl4 decays, including the final stateD meson, by the
combined method of heavy quark expansion and chiral p
turbation expansion@3,4#. The significance of theB
→Dp ln decay mode is seen from the observation that
elastic modes ofB→Den and B→D* en account for less
than 70% of the total semileptonic branching fraction. Go
and Roberts@4# have studiedB→Dp ln decays by including
various intermediate states which are decaying toD1p, and
found that the effects of higher excited intermediate sta
are substantial compared to the lowest state ofD* , as the
invariant mass ofD1p grows away from the groundD*
resonance region.

*Email address:
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In this work, we consider the possibility of probing dire
CP violation in the decay ofB6→Dp l 6n in a model inde-
pendent way, in which we extend leptonic current by inclu
ing complex couplings of the scalar sector and those of
vector sector in extensions of the standard model~SM!. In
our separate paper@5#, we also consider the phenomeno
within specific models such as multi-Higgs-doublet mod
and scalar leptoquark models. In order to observe directCP
violation effects, there should exist interferences not o
through weak CP-violating phases but also differen
CP-conserving strong phases. InBl4 decays,CP-violating
phases can be generated through interference betw
W-exchange diagrams and scalar-exchange diagrams
complex couplings. TheCP-conserving phases may com
from the absorptive parts of the intermediate resonance
Bl4 decays.

CP violation can be also investigated through T-odd m
mentum or spin correlations in semileptonic heavy mes
decays to three or more final state particles in some exten
models@6,7#. Especially, the authors of Ref.@7# analyzed the
possibility of probingCP-violation by extractingT-odd an-
gular correlations in the lowest resonance decay ofB
→D* (→Dp) ln and found that the effects can be detect
in some cases. Here we include higher excited states, suc
P-wave,D-wave states and the first radially excitedS-wave
state, as intermediate states inB→Dp ln decay, since these
intermediate states could contribute substantially to the
cay Bl4 @4#. As can be seen later, including these high
excited states would significantly amplify theCP violation
effects.

In previous studies ofBl4, decays to only light leptons (e
and m) have been considered, because the width is v
small in the case of heavy leptonic decay,Bt4. However, the
©1999 The American Physical Society05-1
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CP violation effects implemented by interference betwe
vector boson and scalar boson exchanges in leptonic cu
may in general be proportional to the lepton’s mass. The
fore, we here consider the case including a tau lepton as w
We note the larger lepton mass implies the smaller availa
region of hadronic invariant mass in the final state ph
space, which actually means the relatively larger region
phase space to which chiral perturbation theory is applica
in Bt4 decays, compared to light leptonic decay cases.

In Sec. II, we briefly review the heavy quark effectiv
theory and chiral perturbation theory to calculate the am
tude of B→Dp ln decay. The detailed formalism dealin
with Bl4 decay is given in Sec. III and Appendices. And t
observable asymmetries are shown in Sec. IV. Section
contains our results, discussions, and conclusions.

II. HEAVY QUARK EFFECTIVE THEORY
AND CHIRAL PERTURBATION THEORY

The formalism ofBl4 decay in the context of heavy quar
effective theory ~HQET! and chiral perturbation theor
~ChPT! has been studied by many authors@3,4#. We follow
the procedure described in that literature, and make it s
able for our analysis by including various intermediate sta
and retaining lepton masses. We briefly review these theo
and describe explicitly our procedure of obtaining the am
tude of the decay.

The interactions of the octet of pseudo Goldstone~PG!
bosons with hadrons containing a single heavy quark
constrained by two independent symmetries: spontaneo
broken chiral SU(3)L3SU(3)R symmetry and heavy quar
spin-flavor SU(2Nh) symmetry@8#, whereNh is the number
of heavy quark flavors. Within the frame work of HQET@9#,
the spinJ of a meson consists of the spin of a heavy qu
(Q), the spin of a light quark~q!, and relative angular mo
mentuml:

J5SQ1Sl1 l . ~2.1!

We denote the meson state asJP with its parity. If we define
j 5Sl1 l which corresponds to the spin of the light comp
nent of the meson, we have a multiplet for eachj:

J5 j 6
1

2
. ~2.2!

Then, for a mesonM, HQET predicts the following multip-
lets up tol 52:

l 50:~02,12! ~M ,M* !,

l 51:~01,11! ~M0 ,M1
~0!!

~11,21! ~M1
~1! ,M2!,

l 52:~12,22! ~M1 ,M2
~0!!

~22,32! ~M2
~1! ,M3!, ~2.3!
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n
nt

e-
ll.
le
e
f
le

i-

V

it-
s
es
-

re
ly

k

where we denote the corresponding meson states by the
tation in the last column. Furthermore, there could be ra
ally excited states. For example, the first radially excit
states are

l 50~n52!:~02,12! ~M 8,M 8* !. ~2.4!

Among these resonances~denoted byM̃ ), D̃→Dp or B

→B̃p decay is possible only forJP501, 12, 21, and 32

resonances because of parity conservation. However, if
use chiral expansion, the decay amplitude of 21 state,M2, is
proportional to (pp)2, and that of 32 state is proportional to
(pp)3 @4#, so their contributions will be suppressed in th
soft pion limit. Therefore, in the leading order inpp , the
resonances contributing toBl4 decays are

M̃5M* ,M0 ,M1, and M 8* , ~2.5!

whereM stands forB or D meson.
The weak decay matrix elements ofB to D are given in

the heavy quark limit@4# as

^D* ~v8,e!uHmuB~v !&5j~v!@2 i emnabv8avb1gmn~v11!

2vm8 vn#e* n,

^D0~v8!uHmuB~v !&52r1~v!~v2v8!m ,

^D1~v8,e!uHmuB~v !&5
1

A6
r2~v!@ i emnabvav8b~v21!

1gmn~v221!2vn$~21v!vm8

23vm%#e* n,

^D8* ~v8,e!uHmuB~v !&5j~1!~v!@2 i emnabv8avb

1gmn~v11!2vm8 vn#e* n, ~2.6!

whereHm5 c̄gm(12g5)b5Vm2Am and v[v•v8. The ef-
fective currents where aB-meson resonance decays into
ground-stateD meson are easily obtained by simply takin
the Hermitian conjugate of the currents given above, f
lowed by interchanging the symbolsB↔D andv↔v8.

For the form factorsj(v),j (1)(v),r1(v), andr2(v) in
Eq. ~2.6!, we adopt the forms of Ref.@4#, which were derived
from the quark model. The explicit forms are

j~v!5 expF L̄2

4b2
~v221!G ,

j~1!~v!52A2

3F L̄2

4b2
~v221!GexpF L̄2

4b2
~v221!G ,

r1~v!5
1

A2

L̄

b S 2bb18

b21b18
2D 5/2

expF L̄2

2~b21b18
2!

3~v221!G ,
5-2
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CP VIOLATION IN THE SEMILEPTONIC Bl4 . . . PHYSICAL REVIEW D 59 114005
r2~v!5
1

2A2
S L̄

b
D 2S 2bb28

b21b28
2D 7/2

expF L̄2

2~b21b28
2!

3~v221!G , ~2.7!

whereL̄ is defined by writing the mass of the ground state
M (02,12)5mQ1L̄ with mc51628 MeV andmb54977 MeV
@10#, and numerical values areb50.29, b1850.28, andb28
50.26.

In order to deal with the interactions of PG bosons w
hadrons containing a single heavy quark, one may const
an effective Lagrangian with the two symmetries above a
perform a simultaneous expansion in the momenta of
bosons and the inverse masses of the heavy quarks. Su
Lagrangian has been described in Ref.@11# for heavy had-
rons with the light degrees of freedom in the ground sta
For construction of such effective Lagrangians, it is con
nient and now common to introduce superfields associa
with each multiplet@12#. Using the superfield formalism, on
may represent the spin-flavor symmetry explicitly, and
cording to a velocity superselection rule@13#, one can have
one such superfield assigned with each four velocityvm at
the leading order in the inverse heavy mass expansion.

The superfield for the ground-state heavy meson multi
(02,12) with velocity vm is

H25
11v”

2
~2g5P1gmVm* !, ~2.8!

whereP and Vm* are the fields associated with the pseud
scalar and vector partners, respectively. This multiplet tra
forms under spin-symmetry operations as

H2→ exp~2 i eW•SW v!H2 , with Sv
j 5 i e jkl@e” k ,e” l #

~11v” !

2
,

~2.9!

whereek
m , k51,2,3, are spacelike vectors orthogonal to t

four-velocity vm . Similarly, one can associate superfiel
with excited states@14#. The multiplets of our interest
(01,11), (12,22), and (02,12)8 are described by the su
perfields:

H15
11v”

2
~2H011gmg5H11

m
!,

H2
m 5

11v”
2 SA3

2
H12

n Fgn
m2

1

3
gn~gm1vm!G

1g5gnH22
mn D ,

H28 5
11v”

2
~2g5H028 1gmH128

m
!, ~2.10!

respectively. All the tensors are traceless, symmetric,
transverse to the four-velocity. These excited superfie
11400
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transform under the spin-symmetry operations in the sa
way as the ground state superfield does.

The strong interactions of heavy mesons with PG bos
are described by the so-called ‘‘heavy-light’’ chiral Lagran
ian, which is written in terms of the usual exponentiat
matrix of PG bosons,

S5 expS 2iM
A2 f p

D , ~2.11!

whereM is a 333 matrix for the octet of PG bosons,

M5S p0

A2
1

h

A6
p1 K1

p2
2

p0

A2
1

h

A6
K0

K2 K̄0 2A2

3
h

D ,

~2.12!

and

f p593 MeV ~2.13!

is the pion decay constant. The Lagrangian for the
bosons is

LM5
f p

2

4
tr ]mS†]mS, ~2.14!

which contains all SU(3)L3SU(3)R invariant interactions
up to two derivatives among the PG bosons. One can ea
see the invariance of the LagrangianLM under SU(3)L
3SU(3)R chiral transformation, since in this representati
the unitary matrix transforms as

S→S85LSR†, ~2.15!

where L and R are global transformations in SU(3)L and
SU(3)R , respectively. Since the chiral symmetry SU(3L
3SU(3)R is spontaneously broken down to SU(3)V , we can
deal with interactions of such PG bosons to the usual h
rons by introducing a new matrix@15#

j5S1/2, ~2.16!

which transforms under the SU(3)L3SU(3)R as

j→j85LjU†5UjR†, ~2.17!

whereU is a unitary matrix depending onL andR and non-
linear functions of PG fields. Fromj we can construct a
vector fieldVm and an axial vector fieldAm as follows:

Vm5
1

2
~j†]mj1j]mj†!.

1

4 f p
2 @M,]mM#, ~2.18!

Am5
i

2
~j†]mj2j]mj†!.

21

A2 f p

]mM.

~2.19!
5-3
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The vector field transforms like a gauge field under ch
transformation

Vm→Vm8 5UVmU†1U]mU†, ~2.20!

and the axial vector field is an SU(3) octet which transfor
as

Am→Am8 5UAmU†. ~2.21!

The heavy quark spin-symmetry multiplet,H, transforms un-
der a chiral rotation as

H→UH. ~2.22!

Note that all multiplets we are considering are isotriple
and effectively reduce to isodoublets since we do not incl
the strange quark in our consideration.

In order to construct chirally invariant Lagrangian, w
make use of a gauge-covariant derivative involvingVm :

¹m5]m1Vm . ~2.23!

Using this covariant derivative and the axial vector fieldAm ,
one can construct an effective Lagrangian, which posse
spin-flavor and chiral symmetry explicitly. In Ref.@4#, the
strong interaction effective Lagrangian is given to the low
chiral order, i.e., toO(pp) in the heavy meson sector and
O(pp

2 ) in the pion sector. Among many possible terms in t
Lagrangian, the part of the interaction between heavy m
sons and pions is

Lint5g tr~H̄2AmH2gmg5!1a1 tr~H̄1AmH2gmg5!

1a2 tr~H̄2mAmH2g5!1a3 tr~H̄28 AmH2gmg5!,

~2.24!

whereH̄5g0H †g0, andg anda i ’s are the low energy cou
pling constants. From the above Lagrangian, one can ob
vertices for soft neutral pion emission@4#:

~DD* m!p0:
g

f p
pp

m ,

~DD01
!p0:

a1

f p
pp•v,

~DD12
m

!p0:A2

3

a2

f p
pp

m ,

~DD8* m!p0:
a3

f p
pp

m . ~2.25!

Using these vertex factors and the heavy meson trans
matrix elements in Eq.~2.6!, one can calculateBl4 decay
amplitudes.

III. Bl4 DECAY RATES WITH SCALAR COUPLINGS

We consider Bl4 decays of B2→D1p2l n̄ and B2

→D0p0l n̄. We here show theoretical expressions forB2

→D0p0l n̄. For B2→D1p2l n̄, we can easily derive them
11400
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from those forB2→D0p0l n̄ at the amplitude level by using
isospin relation. The amplitude has the general form:

T5k@~11x! j mVV
m1h j sVs#, k5Vcb

GF

A2
AmBmD,

~3.1!

where j m is the (V2A) charged leptonic current andj s is a
Yukawa-type scalar current in the leptonic sector. Here
parametersx and h, which parametrize contributions from
physics beyond the SM, are in general complex. Note t
the SM values arex5h50. We retain charged lepton mas
since we also consider decays ofBt4. The vector interaction
part of the hadronic amplitude,VV

m , receives contributions
from two types of diagrams, illustrated in Figs. 1~a! and 1~b!,
respectively:

VV
m5^Dpuc̄gm~12g5!buB&5(

B̃i

^Duc̄gm~12g5!buB̃i&

3^B̃ipuB&1(
D̃i

^DpuD̃ i&^D̃ i uc̄gm~12g5!buB&,

~3.2!

andVs is the corresponding scalar current matrix elemen

Vs5^Dpuc̄~12g5!buB&, ~3.3!

whereD̃ i andB̃i stand for intermediate excited states of o
interest. We can obtain Yukawa interaction form factors
multiplying the (V2A) currents with momentum transfe
qm:

qm5pB2pD5mBvm2mDv8m, ~3.4!

^D* ~v8,e!uqmAmuB~v !&52j~v!~mB1mD!~v•e* !,

^D0~v8!uqmAmuB~v !&5r1~v!~mB1mD!~12v!,

^D1~v8,e!uqmAmuB~v !&52
2

A6
r2~v!~mB1mD!~12v!

3~v•e* !,

^D8* ~v8,e!uqmAmuB~v !&52j~1!~v!~mB1mD!~v•e* !;
~3.5!

^all statesuqmVmuB~v !&50. ~3.6!

And using

qmVm5~mB2mD!c̄b, qmAm52~mB1mD!c̄g5b,
~3.7!

FIG. 1. Feynman diagrams forBl4 decays.
5-4
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in the heavy quark limit, one can relate any Yukawa-ty
interaction with the vector~axial! current ones. Conse
quently, we get the following relation:

qmVV
m5~mB1mD!Vs . ~3.8!

We define the dimensionless parameterz, which determines
the size of the scalar contributions relative to the vector on

z5
h

11x
. ~3.9!
e

te

so
r-
tr
n
i-
th

-
w
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Note that the SM corresponds to the case withx5h5z
50. Then the amplitude can be written as

T5k~11x! j mVm, Vm5VV
m1zVs

Lm

ml
, ~3.10!

where we used the Dirac equation for leptonic curre
Lm j m5ml j s with Lm5pl

m1pn̄
m .

Then, the relevant Feynman diagrams read
Vm5
g

f p
j~v!pnH Qnr~v !D~B* !F ivav8bemabr1gmr~11v!2vmvr82zvr8

Lm

ml
G1Qnr~v8!D~D* !

3F ivav8bemabr1gmr~11v!2vrvm8 1zvr

Lm

ml
G J 1

a1

f p
r1~v!H ~v2v8!m1z~12v!

Lm

ml
J @2D~B0!p•v1D~D0!p•v8#

1
a2

3 f p
r2~v!prH Qnr~v !D~B1!F i emnabvav8b~v21!1gmn~v221!2vn8„vm~21v!23vm8 …12z~12v!vn8

Lm

ml
G

1Qnr~v8!D~D1!F i emnabvav8b~v21!1gmn~v221!2vn„vm8 ~21v!23vm…12z~12v!vn

Lm

ml
G J

1
a3

f p
j~1!~v!pnH Qnr~v !D~B8* !F ivav8bemabr1gmr~11v!2vmvr82zvr8

Lm

ml
G1Qnr~v8!D~D8* !

3F ivav8bemabr1gmr~11v!2vrvm8 1zvr

Lm

ml
G J , ~3.11!
e

,
m-
,

e
y

whereQmn(v)5gmn2vmvn, and for numerical values of th
coupling constants we use the predictions of Ref.@4#:

g50.5, a1521.43, a2520.14, a350.69. ~3.12!

Here the functions representing the propagator of the in
mediate resonance,D(M̃ ), are defined as follows:

D~B̃!5
MB̃

~pB2p!22MB̃
2
1 iM B̃G B̃

5
1

22~v•p1dmB̃!1 iG B̃

,

D~D̃ !5
MD̃

~pD1p!22MD̃
2

1 iM D̃G D̃

5
1

2~v8•p2dmD̃!1 iG D̃

,

~3.13!

where we have incorporated the finite width of the re
nances,G D̃ andG B̃ . This inclusion of resonance widths co
responds to considering the overall strong interaction con
bution, and plays an important role in our investigatio
Those widths serve asCP-conserving phases needed for d
rect CP violations. Here the mass differences between
resonances and the ground-state mesons,dmM̃ , are defined
as dmM̃5mM̃2mM , andG M̃ is the total width of the reso
nance. For the specific values of the above quantities,
adopt the predictions in Ref.@4#:

dmM0
50.39 GeV, GM0

51040 MeV,
r-

-

i-
.

e

e

dmM1
50.71 GeV, GM1

5405 MeV,

dmM 8*50.56 GeV, GM 8*5191 MeV, ~3.14!

where M stands forB or D. Note that we used the sam
numerical values forB̃ andD̃, for simplicity, following Ref.
@4#. For Bl4 decays, values forD̃ are much more important
and are also more precisely known from experiments co
pared to values ofB̃. In order to do detailed calculations
first, we now define the kinematic variables

P5pD1pp , with pD5mDv8, pp5p,

Q5pD2p,

L5pl1pn̄ ,

N5pl2pn̄ . ~3.15!

In terms of these variables, the most general form ofVm can
be written as

Vm5
i

2
HemnrsLnQrPs1FPm1GQm1RLm , ~3.16!

whereH, F, G, andR are the form factors depending on thre
invariantsv, p•v, andp•v8. These form factors are easil
5-5
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obtained from the expressions in Eq.~3.11!, and their ex-
plicit forms are given in Appendix A. We get the followin
invariants:

P25sM ,

Q252~mD
2 1mp

2 !2sM ,

L25sL ,

N252sL12ml
2 ,

P•Q5mD
2 2mp

2 ,

P•L5
1

2
~mB

22sL2sM !,

L•N5ml
2 . ~3.17!

It is well known that there are five independent kinema
variables for these processes when the spins of the initial
final states are zero or not observed. From the moment
theB meson,D meson, the pion, the lepton, and its neutri
pB , pD , p, pl , and pn̄ , for the five independent variable
11400
nd
of

we choosesM5(pD1p)2, sL5(pl1pn̄)2, u ~i.e., the angle
between theD momentum in theDp rest frame and the
moving direction of theDp system in theB-meson’s rest
frame!, u l ~i.e., the angle between the lepton momentum
the l n̄ rest frame and the moving direction of thel n̄ system
in the B-meson’s rest frame! andf @i.e., the angle between
the two decay planes defined by the pairs (p,pD) and (pl ,pn̄)
in the rest frame of theB meson#. This is the set of variables
initially introduced by Cabibbo and Maksymowicz@16# in
the analysis ofKl4 decays. All the angles above are explicit
defined in Fig. 2. Then, the remaining invariants are

FIG. 2. Decay planes for the kinematic variables.
P•N5
1

2sL
@ml

2~mB
22sM2sL!1cosu l~sL2ml

2!l1/2~mB
2 ,sM ,sL!#,

Q•L5
1

2sM
@~mD

2 2mp
2 !~mB

22sM2sL!1cosul1/2~sM ,mD
2 ,mp

2 !l1/2~mB
2 ,sM ,sL!#,

Q•N5
ml

2

2sMsL
@~mD

2 2mp
2 !~mB

22sM2sL!1cosul1/2~mB
2 ,sM ,sL!l1/2~sM ,mD

2 ,mp
2 !#

1
mD

2 2mp
2

2sMsL
cosu ll

1/2~mB
2 ,sM ,sL!l1/2~sL ,ml

2,0!1
~mB

22sM2sL!

2sMsL
cosu l cosul1/2~sM ,mD

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

2,0!

2
1

AsMsL

cosf sinu l sinul1/2~sM ,mD
2 ,mp

2 !l1/2~sL ,ml
2,0!,

emnrsPmQnLrNs52
1

2AsLsM

l1/2~mB
2 ,sM ,sL!l1/2~sM ,mD

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

2,0!sinf sinu l sinu, ~3.18!

where l(x,y,z)5x21y21z222xy22yz22xz. In particular, the amplitudes are functions of three invariants,v[v•v8,
p•v, andp•v8, which are given by

v•v85
1

4mBmDsM
@~sM1mD

2 2mp
2 !~mB

21sM2sL!1l1/2~mB
2 ,sM ,sL!l1/2~sM ,mD

2 ,mp
2 !cosu#,

p•v5
1

4mBsM
@~sM1mp

2 2mD
2 !~mB

21sM2sL!2l1/2~mB
2 ,sM ,sL!l1/2~sM ,mD

2 ,mp
2 !cosu#,

p•v85
1

2mD
~sM2mD

2 2mp
2 !. ~3.19!

Finally, the decay rate is proportional to

uTu25k̃2LmnVmVn* , ~3.20!

wherek̃5ku11xu, and the leptonic tensorLmn is given by
5-6
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Lmn54„LmLn2NmNn2~sL2ml
2!gmn2 i emnrsLrNs

…, ~3.21!

retaining lepton massml . The explicit result is

uTu2/k̃254uFu2@~P•L !22~sL2ml
2!sM2~P•N!2#14uGu2@~Q•L !22Q2~sL2ml

2!2~Q•N!2#1uHu2@~sL2ml
2!

3„2P•LP•QQ•L2~P•L !2Q22~P•Q!2sL2~Q•L !2sM1Q2sMsL…2~emnrsLmNnPrQs!2#18Re~FG* !

3@P•LQ•L2P•NQ•N2~sL2ml
2!P•Q#14Re~FH* !@sLP•QP•N1~P•L !2Q•N2P•LQ•LP•N2sMsLQ•N

2ml
2~P•QP•L2sMQ•L !#14Re~GH* !@2P•N~Q•L !21P•LQ•LQ•N1Q2sLP•N2sLP•QQ•N2ml

2

3~Q2P•L2P•QQ•L !#14ml
2@ uRu2~sL2ml

2!12Re~F* R!~P•L2P•N!12Re~G* R!~Q•L2Q•N!

2Im~RH* !emnrsPmQnLrNs#14Im~2FG* 1F* HP•N1G* HQ•N!emnrsPmQnLrNs. ~3.22!
e

n-

e

e
-
-

The differential partial width of interest can be express
as

dGBl4
5

Np

2mB
J~sM ,sL!uTu2dF4 , ~3.23!

where the 4-body phase spacedF4 is

dF4[dsM•dsL•d cosu•dcosu l•df, ~3.24!

and

Np5H 2 for charged pions,

1 for neutral pions,
~3.25!

and the JacobianJ(x,y) is

J~x,y!5
1

214p6xymB
2

l1/2~mB
2 ,x,y!

3l1/2~x,mD
2 ,mp

2 !l1/2~y,ml
2,0!. ~3.26!
he

11400
dKinematically allowed regions of the variables are

~mD1mp!2,sM,~mB2ml !
2,

ml
2,sL,~mB2AsM !2,

21, cosu,cosu l,1,

0,f,2p. ~3.27!

Since the initialB2 system is notCP self-conjugate, any
genuineCP-odd observable can be constructed only by co
sidering both theBl4

2 decay and its charge-conjugatedBl4
1

decay, and by identifying theCP relations of their kinematic
distributions. Before constructing possibleCP-odd asymme-
tries explicitly, we calculate the transition probability for th

charge-conjugated processB1→D 0̄p0l 1n l or B1

→D2p1l 1n l . Following previous explicit expressions, th
transition probabilityuT̄u2 for the B1 decay in the same ref
erence frame as in theB2 decay is given by simple modifi
cation of the transition probabilityuTu2 of the B2 decay:
uT̄u25uTu2H ~ i! change signs in front of the terms proportional to imaginary part

~ ii ! z→z* .
~3.28!
as

les
f

.
y

It is easy to see that if the parameterz is real, the transition
probability~3.22! for theB2 decay and Eq.~3.28! for theB1

decay satisfyCP relation:

uTu2~u,u l ,f!5uT̄u2~u,u l ,2f!. ~3.29!

Note that all the imaginary parts are being multiplied by t
quantityemnrsPmQnLrNs which is proportional to sinf, as
can be seen in Eq.~3.18!. And then,dG/dF4 can be decom-
posed into aCP-even partS and aCP-odd partD:

dG

dF4
5

1

2
~S1D!. ~3.30!
The CP-even partS and theCP-odd partD can be easily
identified by making use of theCP relation ~3.29! between
theB2 andB1 decay probabilities and they are expressed

S5
d~G1Ḡ !

dF4
, and D5

d~G2Ḡ !

dF4
, ~3.31!

where we have used the same kinematic variab

$sM ,sL ,u,u l% for thedḠ/dF4 except for the replacement o
f by 2f, as shown in Eq.~3.29!. Here G and Ḡ are the
decay rates forB2 and B1, respectively. TheCP-evenS
term and theCP-oddD term can be obtained fromB7 decay
probabilities and their explicit form is listed in Appendix B
Note that theCP-odd term is proportional to the imaginar
5-7
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part of the parameterz in Eq. ~3.9! and lepton massml @note
also thatD in Eq. ~B2! looks proportional toml

2 , but the
quantityA4 has 1/ml factor in it#. Therefore, there exists n
CP violation in Bl4 decays within the SM since the SM
corresponds to the case withz50.

IV. ASYMMETRIES

An easily constructedCP-odd asymmetry is the rat
asymmetry

A[
G2Ḡ

G1Ḡ
, ~4.1!

which has been used as a probe ofCP violation in Higgs and
top quark sectors@17#. HereG andḠ are the decay rates fo
B2 and B1, respectively. The statistical significance of t
asymmetry can then be computed as

NSD5
N22N1

AN21N1

5
N22N1

AN•Br
, ~4.2!

whereNSD is the number of standard deviations,N6 is the
number of events predicted inBl4 decay forB6 meson,N is
the number ofB mesons produced, andBr is the branching
fraction of the relevantB decay mode. For a realistic dete
tion efficiency e, we have only to rescale the number
events by this parameter,N21N1→e(N21N1). Taking
NSD51, we obtain the numberNB of the B mesons neede
to observeCP violation at 1-s level:

NB5
1

Br•A2
. ~4.3!

Next, we consider the so-called optimal observable.
appropriate real weight functionw(sM ,sL ;u,u l ,f) is usu-
ally employed to separate theCP-oddD contribution and to
enhance its analysis power for theCP-odd parameter Im(z)
through theCP-odd quantity:

^wD&[E @wD#dF4 , ~4.4!

of which the analysis power is determined by the param

«5
^wD&

A^S&^w2S&
. ~4.5!

For the analysis power«, the numberNB of the B mesons
needed to observeCP violation at 1-s level is

NB5
1

Br•«2
. ~4.6!

Certainly, it is desirable to find the optimal weight functio
with the largest analysis power. It is known@18# that when
the CP-odd contribution to the total rate is relatively sma
the optimal weight function is approximately given as
11400
n

er

wopt~sM ,sL ;u,u l ,f!5
D
S⇒«opt5A^D 2/S&

^S& . ~4.7!

We adopt this optimal weight function in the following nu
merical analyses.

V. NUMERICAL RESULTS AND CONCLUSIONS

Let us first consider the decay to heavy lepton,t, since
CP-odd asymmetry is proportional toml , and heavy lepton
may be more susceptible to effects of new physics. The c
tributions of each multiplet to theBt4 decays are shown in
Figs. 3~a! and 3~b!, for B2→D1p2tn̄t and B2

→D0p0tn̄t , respectively. We found that the contribution
from (01,11) and (02,12)8 multiplets are comparable to th
lowest one (02,12), and the contribution of the D-wave
(12,22) multiplet is very small. However, the latter ma
give non-negligible contribution through the interferen
with the other dominant parts, so we retain it.

We restrict ourselves to the soft-pion limit by consideri
only the regionsM<6.5 GeV2, which is about one half of
the maximum value. This restriction corresponds to the p
momentum less than about 0.6 GeV. The decay rates
obtain ~including all of the resonances we have discuss!

are 1.79310216 GeV for B2→D1p2tn̄t and 5.56
310215 GeV for B2→D0p0tn̄t , where we useGD* 0

560 keV for the total width of theD* 0 @4#. These corre-
spond to branching fractions of 0.045% and 1.37%, resp
tively, which were obtained by using the recently publish
lifetime of the chargedB meson (tB651.65310212s) @19#.
We notice that, althoughB2→D1p2tn̄t decay amplitude is
larger than that ofB2→D0p0tn̄t by factorA2 from isospin
relation, for the actual decay rate the latter mode has m
larger decay rate. This is so because the most dominant r
nanceD0* cannot decay intoD1p2 on its mass shell@19#.

In Table I, we show the results ofBt4 decays for the two
CP-violating asymmetries: the rate asymmetryA and the
optimal asymmetry«opt. We estimated the number ofB me-
son pairs, NB , needed for detection at 1s level for
CP-violating valuesuIm(z)u50.5 and 2.0. These values a
chosen from our rough estimates of current experime
bounds in the multi-Higgs-doublet model and scalar lep
quark models. Thorough investigation on specific mod
can be found in Ref.@5#. As we can expect, the optima
observable gives much better result than the simple
asymmetry. We also found that although the decay rate
neutral pion mode is larger than that of the charged p
mode, the latter case gives better detection results becau
large CP-violating effects in charged pion decay mod
Since one can expect about 108 orders of B-meson pairs
produced yearly in the asymmetricB factories, one could
probe theCP-violation effect by using the optimal asymme
try observable.

We also estimatedCP-violation effects in theBl4 decays
with light leptons. The results forBm4 decays are shown in
Table II. We found that relative sizes ofCP-violating asym-
metry, which is proportional to the lepton mass, are sma
5-8
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in Bm4 decays than inBt4 decays. However, due to the larg
branching fractions, at the same value of Im(z) one needs in
theBm4 case the number ofB-meson pairs of the same ord
of magnitude as in theBt4 case to probe theCP-violating
effect. ForBe4 decays, however, electron mass is so sm
that we find that;1010 B-meson pairs are needed for th

FIG. 3. @1/G(B→Den)#(dGBt4 /dsM) as a function of the in-
variant mass ofDp, sM : ~a! for B2→D1p2tn and ~b! for B2

→D0p0tn. The curves correspond to the individual resonance d
blets, as indicated in the figures.
11400
ll

same input Im(z) values, even when using the optimal o
servable. Thus one may conclude that bothBt4 and Bm4
decays could serve as equally good probes ofCP-violation
effects. However, in some models such as multi-Hig
doublet models, the scalar coupling, i.e., effectivelyz itself,
is proportional to the lepton mass, and therefore theCP vio-
lation in theBm4 decays is highly suppressed compared w
theBt4 decays. Therefore,Bt4 decays could serve as a muc
better probe ofCP-violating effects in such models.

As mentioned earlier, the pure contribution of theD-wave
(12,22) multiplet is very small~cf. Fig. 3!, but we included
that multiplet since its contribution could be rather sizab
through interference with other dominant ones. However,
compared the result obtained by dropping off the (12,22)
multiplet with the previous results including all the multip
lets, and found that the interference effect is also very sm
So one could safely neglect the (12,22) multiplet for Bl4
decays.

We here included various higher excited states other t
just the ground stateD* vector mesons as intermediate sta
in the decay processes. In order to estimate effects of th
higher excited states onCP violation effects, we show in
Table III the results with only the ground state included as
intermediate state. It can be easily seen, by comparing w
the values in Table I~b!, that those higher excited states ha
highly amplified the effect ofCP violation.

In conclusion, we investigated CP violation from physi
beyond the standard model through semileptonicBl4 decays:
B→Dp l n̄ l . In the decay process, we included various e
cited states as intermediate states decaying to the final
rons. TheCP violation is implemented in a model indepen
dent way, in which we extend the leptonic current
including complex couplings of the scalar sector and those
the vector sector in extensions of the standard model.
calculated theCP-odd rate asymmetry and the optim
asymmetry, and found that the optimal asymmetry is siza
and can be detected at 1s level with about
106-107 B-meson pairs, for some reference values of n
physics effect. Since;108 B-meson pairs are expected
be produced yearly at the forthcoming asymmetricB facto-

-

TABLE I. The CP-violating rate asymmetry A and the optima
asymmetry«opt , determined in the soft pion limit, and the numb
of chargedB meson pairs,NB , needed for detection at 1s level, at
reference values~a! Im(z)50.5 and~b! Im(z)52.0, for theBt4

decays.

~a! Modes B2→D1p2tn̄t B2→D0p0tn̄t

Asymmetry Size~%! NB Size~%! NB

A 0.08 3.313109 0.002 3.2231011

«opt 1.13 1.773107 0.15 3.333107

~b! Modes B2→D1p2tn̄t B2→D0p0tn̄t

Asymmetry Size~%! NB Size~%! NB

A 0.33 2.073108 0.006 2.0131010

«opt 4.52 1.113106 0.59 2.083106
5-9
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ries, one could investigateCP-violation effects by using our
formalism.
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APPENDIX A: FORM FACTORS

We give the form factors needed in Eq.~3.16!. If we write

Vm5 ihmBmDemnrsvnv8rps1A1pm1A2mBvm1A3mDvm8

1zA4Lm , ~A1!

then, the form factors in Eq.~3.16! are expressed as

H5h,

F5A21
1

2
~A11A3!,

G5
1

2
~A32A1!,

R5A21zA4 , ~A2!

where

TABLE III. The CP-violating rate asymmetry A and the opt
mal asymmetry«opt , determined in the soft pion limit, and th
number of chargedB-meson pairs,NB , needed for detection at 1s
level, at the reference value Im(z)52.0, for theBt4 decays, includ-
ing only the ground state (02,12) multiplet as an intermediate state

Modes B2→D1p2tn̄t B2→D0p0tn̄t

Asymmetry Size~%! NB Size~%! NB

A 0.0004 2.2031014 0.0002 1.7531013

«opt 0.007 6.0631011 0.01 5.393109
h5
gj~v!

f pmBmD
„D~B* !1D~D* !…1

a2r2~v!

3 f pmBmD
~v21!„D~B1!1D~D1!…1

a3j~1!~v!

f pmBmD
„D~B8* !1D~D8* !…, ~A3!

A15
gj~v!

f p
~11v!„D~B* !1D~D* !…1

a2r2~v!

3 f p
~v221!„D~B1!1D~D1!…1

a3j~1!~v!

f p
~11v!„D~B8* !1D~D8* !…,

~A4!

A252
gj~v!

f pmB
p•~v1v8!D~B* !2

a1r1~v!

f pmB
„p•vD~B0!2p•v8D~D0!…2

a2r2~v!

f pmB

3H D~B1!F1

3
~vp•v82p•v !1

2

3
~p•v82vp•v !G2D~D1!~p•v2vp•v8!J 2

a3j~1!~v!

f pmB
p•~v1v8!D~B* !, ~A5!

A352
gj~v!

f pmD
p•~v1v8!D~D* !2

a1r1~v!

f pmD
„p•v8D~D0!2p•vD~B0!…2

a2r2~v!

f pmD

3H D~D1!F1

3
~vp•v2p•v8!1

2

3
~p•v2vp•v8!G2D~B1!~p•v82vp•v !J 2

a3j~1!~v!

f pmD
p•~v1v8!D~D* !, ~A6!
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A45
gj~v!

f pml
@2D~B* !~p•v82vp•v !1D~D* !~p•v2vp•v8!#1

a1r1~v!

f pml
~12v!@2p•vD~B0!1p•v8D~D0!#

1
2a2r2~v!

3 f pml
~12v!@2D~B1!~p•v82vp•v !1D~D1!~p•v2vp•v8!#1

a3j~1!~v!

f pml

3@2D~B8* !~p•v82vp•v !1D~D8* !~p•v2vp•v8!#. ~A7!

APPENDIX B: CP-EVEN AND CP-ODD QUANTITIES

The CP-even quantityS is

S52C~sM ,sL!•~R-independent terms ofuTu2!18C~sM ,sL!ml
2@2~sL2ml

2!Re~z!Re~A2A4* !12~P•L2P•N!$Re~F* A2!

1Re~z!Re~F* A4!%12~Q•L2Q•N!$Re~G* A2!1Re~z!Re~G* A4!%2emnrsPmQnLrNs$Re~H* A2!

1Re~z!Re~H* A4!%#, ~B1!

and theCP-odd quantityD is

D58C~sM ,sL!ml
2Im~z!@2~sL2ml

2!Im~A2A4* !22~P•L2P•N!Im~F* A4!22~Q•L2Q•N!Im~G* A4!

1emnrsPmQnLrNsIm~H* A4!#, ~B2!

where the overall functionC(sM ,sL) is given by

C~sM ,sL!5k2u11xu2
Np

2mB
J~sM ,sL!. ~B3!
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