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CP violation in the semileptonic Bl4 „B˜Dp l n… decays:
Multi-Higgs-doublet model and scalar-leptoquark models
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CP violation from physics beyond the standard model is investigated inBl4 decays:B→Dp l n̄ l . In the
decay process, we include various excited states as intermediate states decaying to the final hadrons,D1p.
We consider the semileptonic decay to a tau lepton family as well.CP violation is implemented through
complex scalar-fermion couplings in the multi-Higgs-doublet model and scalar-leptoquark models beyond the
standard model. With these complex couplings, we calculate theCP-odd rate asymmetry and the optimal
asymmetry. We find that forBt4 decays the optimal asymmetry is sizable and can be detected at 1s level with
about 106–107B-meson pairs, for maximally allowed values ofCP-odd parameters in those extended models.
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I. INTRODUCTION

The pions emitted inBl4 decays (B→Dp l n̄ l) have such a
wide momentum range that one may have difficulty anal
ing the decays over whole phase space. However, if we
strict our attentions 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@1,2#. So far, the significance of theB
→Dp ln decay mode has been seen from the observa
that the elastic modesB→Den and B→D* en account for
less than 70% of the total semileptonic branching fracti
Goity and Roberts@2# have studiedB→Dp ln decays includ-
ing various intermediate states which are decaying toD
1p, and found that the effects of higher excited intermedi
states are substantial compared to the lowest state ofD* , as
the invariant mass ofD1p grows away from the groundD*
resonance regions.

In Ref. @3#, we considered the possibility of probing dire
CP violation in the decay ofB→Dp ln in a model indepen-
dent way, in which we extended leptonic current by inclu
ing complex couplings of the scalar sector and those of
vector sector in extensions of the standard model~SM!. In
the present paper, we would like to consider specific mod
such as mult-Higgs-doublet model and scalar-leptoqu
models. In order to observe directCP violation effects, there
should exist interferences not only through we
CP-violating phases but also with differentCP-conserving
strong phases. InBl4 decays,CP-violating phases can b
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generated through interference betweenW-exchange dia-
grams and Scalar-exchange diagrams with complex c
plings. TheCP-conserving phases may come from the a
sorptive parts of the intermediate resonances inBl4 decays.

We include higher excited states, such asP-wave,D-wave
states and the first radially excitedS-wave state, as interme
diate states inB→Dp ln decay, since these intermedia
states could contribute substantially to the decayBl4 @2#.
And we have found in our previous work@3# that
CP-violation effects are highly amplified by including thos
higher excited states.

The interactions of the octet of pseudogoldstone bos
with hadrons containing a single heavy quark are constrai
by two independent symmetries: spontaneously broken ch
SU(3)L3SU(3)R symmetry and heavy quark spin-flavo
SU(2Nh) symmetry@4#, whereNh is the number of heavy
quark flavors. Within the frame work of heavy quark effe
tive theory~HQET! @5#, the spinJ of a meson consists of th
spin of a heavy quark (Q), the spin of a light quark~q! and
relative angular momentuml:

J5SQ1Sl1 l . ~1.1!

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
. ~1.2!

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

l 50:~02,12! ~M ,M* !,
©1999 The American Physical Society06-1
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l 51:~01,11! ~M0 ,M1
~0!!,

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

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

~22,32! ~M2
~1! ,M3!, ~1.3!

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 exci
states are

l 50~n52!:~02,12! ~M 8,M 8* !. ~1.4!

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 @2#, so their contributions will be suppressed in t
soft pion limit. Therefore, in the leading order inpp , the
resonances contributing toBl4 decays are

M̃5M* ,M0 ,M1 and M 8* , ~1.5!

whereM stands forB or D meson. We include all the pos
sible multipets above as intermediate states inBl4 decays.

In Sec. II, we briefly review on our formalism dealin
with Bl4 decays. The multi-Higgs-doublet model and scal
leptoquark models are introduced as new sources ofCP vio-
lation in Sec. III, and the observable asymmetries are c
sidered in Sec. IV. Section V contains our numerical res
and conclusions.

II. DECAY RATES

We consider Bl4 decays of B2→D1p2l n̄ and B2

→D0p0l n̄. The amplitude has the general form:

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

GF

A2
AmBmD,

~2.1!

where j m is the (V2A) charged leptonic current andj s is a
Yukawa type scalar current in leptonic sector. Here the
rametersx and h, which parametrize contributions from
physics beyond the SM are in general complex. Note that
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!,

FIG. 1. Feynman diagrams forBl4 decays.
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VV
m5^Dpuc̄gm~12g5!buB&5(

B̃i

^Duc̄gm~12g5!buB̃i&

3^B̃ipuB&1(
D̃i

^DpuD̃ i&^D̃ i uc̄gm~12g5!buB&,

~2.2!

andVs is the corresponding scalar current matrix elemen

Vs5^Dpuc̄~12g5!buB&, ~2.3!

whereD̃ i andB̃i stand for intermediate excited states of o
interest. One can obtain Yukawa interaction form factors
multiplying the V2A currents with momentum transferqm

5pB2pD5mBvm2mDv8m. Consequently, we get the fol
lowing relation:

qmVV
m5~mB1mD!Vs . ~2.4!

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

z5
h

11x
. ~2.5!

Then the amplitude can be written as

T5k~11x! j mVm, Vm5VV
m1zVs

Lm

ml
, ~2.6!

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

m1pn̄
m . All the explicit expressions

of the form factors and the amplitudes can be found in R
@3#.

Then, the differential partial width of interest can be e
pressed as

dGBl4
5

Np

2mB
J~sM ,sL!uTu2dF4 , ~2.7!

where the 4 body phase spacedF4 is

dF4[dsM•dsL•d cosu•d cosu l•df, ~2.8!

and

Np5H 2 for charged pions,

1 for neutral pions,
~2.9!

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!. ~2.10!

Here, from the momenta of theB meson,D meson, the pion,
the lepton, and its neutrinopB , pD , p, pl , andpn̄ , for five
independent kinematic variables we choosesM5(pD1p)2,
6-2
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sL5(pl1pn̄)2, u ~i.e., the angle between theD momentum
in the Dp rest frame and the moving direction of theDp
system in theB-meson’s rest frame!, u l ~i.e., the angle be-
tween the lepton momentum in thel n̄ rest frame and the
moving direction of thel n̄ system in theB-meson’s rest
frame! andf @i.e., the angle between the two decay plan
defined by the pairs (p,pD) and (pl ,pn̄) in the rest frame of
the B meson#.
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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 (B1→D 0̄p0l 1n l or B1→D2p1l 1n l), and by iden-
tifying the CP relations of their kinematic distributions. 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@3#:
uT̄u25uTu2H ~ i! change signs in front of the terms proportional to imaginary part,

~ ii ! z→z* .
~2.11!
d
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We note that all the imaginary parts are being multiplied
the quantity proportional to sinf. If the parameterz is real,
the transition probability for theB2 decay and that of theB1

decay satisfy the followingCP relation:

uTu2~u,u l ,f!5uT̄u2~u,u l ,2f!. ~2.12!

Then withCP violating complex parameterz, dG/dF4 can
be decomposed into aCP-even partS and aCP-odd partD:

dG

dF4
5

1

2
~S1D!. ~2.13!

The CP-even partS and theCP-odd partD can be easily
identified by making use of theCP relation ~2.12! between
theB2 andB1 decay probabilities and they are expressed

S5
d~G1Ḡ !

dF4
, D5

d~G2Ḡ !

dF4
, ~2.14!

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.~2.12!. Here G and Ḡ are the
decay rates forB2 and B1, respectively. TheCP-evenS
term and theCP-odd D can be obtained fromB7 decay
probabilities and their explicit form is also listed in Ref.@3#.
We notice that theCP-odd term is proportional to the imag
nary part of the parameterz in Eq. ~2.5! and lepton massml .
Therefore, there exists noCP violation in Bl4 decays within
the SM since the SM corresponds to the case withz50.

III. MODELS

As possible new sources ofCP violation detectable in the
Bl4 decays, we consider new scalar-fermion interactio
which preserve the symmetries of the SM. Then it can
proven that only four types of scalar-exchange models@6#

contribute to theB→Dp l n̄ l . One of them is the mult-Higgs
doublet ~MHD! model @7# and the other three models a
scalar-leptoquark~SLQ! models@8,9#. The authors of Ref.
@10# investigatedCP violations int decay processes withi
these extended models. We follow their description on
models and make it to be appropriate for our analysis.
y
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s
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A. Multi-Higgs doublet model

We first consider MHD model withn Higgs doublets. The
Yukawa interaction of the MHD model is

LMHD5Q̄Li
Fi j

DFdDRj
1Q̄Li

Fi j
UF̃uURj

1L̄Li
Fi j

EFeERj
1H.c.

~3.1!

Here QLi
denotes left-handed quark doublets, andLLi

de-

notes left-handed lepton doublets,DRi
(URi

) andERi
are for

right-handed down~up! quark singlets and right-hande
charged lepton singlets, respectively. The indexi is a gen-
eration index (i 51,2,3),F j ( j 51 to n) aren Higgs doublets
and F̃ j5 is2F j* . And among then doublets we denote by
indicesd, u, ande the Higgs doublets that couple to down
type quarks, up-type quarks, and charged leptons, res
tively. FU and FD are general 333 Yukawa matrices of
which one matrix can be taken to be real and diagonal. Si
neutrinos are massless,FE can be chosen real and diagona
The MHD model has 2(n21) charged and (2n21) neutral
physical scalars. The Yukawa interactions of the 2(n21)
physical charged scalar with fermions in the mass eigenst
read as

LMHD5A2A2GF(
i 52

n

@Xi~ŪLVMDDR!1Yi~ŪRMUVDL!

1Zi~N̄LMEER!#Hi
11H.c. ~3.2!

HereMD , MU, andME denote diagonal mass matrices
down-type quarks, up-type quarks, and charged leptons
spectively.Hi

1 are positively charged Higgs particles,NL are
for left-handed neutrino fields, andV for the Cabibbo-
Kobayashi-Maskawa~CKM! matrix.Xi , Yi , andZi are com-
plex coupling constants which arise from the mixing mat
for charged scalars.

Within the framework of the MHD model,CP violation
in charged scalar exchange can arise for more than
Higgs doublets@11,12#. There are two mechanisms whic
give rise toCP violation in the scalar sector. In one mech
nism @13,11#, CP symmetry is maintained at the Lagrangia
level but broken through complex vacuum expectation v
6-3
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ues. However, this possibility has been shown to have s
phenomenological difficulties@14,7#. In the other mechanism
CP is broken by complex Yukawa couplings and possibly
complex vacuum expectation values so thatCP violation can
arise both from charged scalar exchange and fromW6 ex-
change.CP violation in both mechanisms is common
manifest in phases that appear in the combinationsXY* ,
XZ* , andYZ* .

One crucial condition forCP violation in the MHD
model is that not all the charged scalars should be dege
ate. Then, without loss of generality and for simplicity, w
can assume that all but the lightest of the charged sca
effectively decouple from fermions. The couplings of t
lightest charged scalar to fermions are described by a sim
Lagrangian

LMHD5A2A2GF@X~ŪLVMDDR!1Y~ŪRMUVDL!

1Z~N̄LMEER!#H11H.c. ~3.3!

This Lagrangian gives the effective Lagrangian contribut
to the decayB→Dp l n̄ l ,

Le f f52A2GFVcb

ml

MH
2 @mbXZ* ~ c̄LbR!1mcYZ* ~ c̄RbL!#

3~ l̄ RnL!, ~3.4!

at energies considerably low compared to the mass of
charged Higgs boson. Then, one can show that the contr
tion from the MHD model to theBl4 decay rate is repre
sented by the parameters

xMHD50, hMHD5
mlmb

MH
2 H XZ* 2S mc

mb
DYZ* J , ~3.5!

and CP violation in the MHD model is determined by th
parameter

Im~zMHD!5
mlmb

MH
2 H Im~XZ* !2S mc

mb
D Im~YZ* !J .

~3.6!

The constraint on theCP-violation parameter~3.6! depends
upon the values chosen for thec andb quark masses. In the
present work, we use for the heavyc and b quark masses
@15#,

mc51628 MeV, mb54977 MeV. ~3.7!

Clearly, sizableCP-violating effects require that Im(XZ* )
and Im(YZ* ) are large andMH is small. In the MHD model
the strongest constraint@7# on Im(XZ* ) comes from the
measurement of the branching ratioB(b→Xtnt) which ac-
tually gives a constraint onuXZu. For MH,440 GeV, the
bound on Im(XZ* ) is given by

Im~XZ* !,uXZu,0.23MH
2 GeV22. ~3.8!

On the other hand, the bound on Im(YZ* ) is mainly given
by K1→p1nn̄. The present bound@7# is
11400
e
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Im~YZ* !,uYZu,110. ~3.9!

Combining the above bounds, we obtain the followi
bounds on Im(zMHD) as

uIm~zMHD!u,1.88 for t family,

uIm~zMHD!u,0.11 for m family. ~3.10!

B. Scalar leptoquark models

There are three types of scalar leptoquark~SLQ! models
@6,8# which can contribute to theB→Dp ln at the tree level.
The quantum numbers of the three leptoquarks under
gauge groupSU(3)C3SU(2)L3U(1)Y are

F15S 3,2,
7

6D ~model I!,

F25S 3,1,2
1

3D ~model II!,

F35S 3,3,2
1

3D ~model III!, ~3.11!

respectively. The hyperchargeY is defined to beQ5I 31Y.
The Yukawa couplings of the leptoquarks to fermions a
given by

L SLQ
I 5@2xi j Q̄Li

is2ERj
1xi j8 ŪRi

LL j
#F11H.c.,

L SLQ
II 5@yi j Q̄Li

is2LL j

c 1yi j8 ŪRi
ERj

c #F21H.c.,

L SLQ
III 5zi j @Q̄Li

is2sW LL j

c #•FW 31H.c. ~3.12!

Here the coupling constantsxi j
(8) , yi j

(8) , andzi j are complex
when CP violation arises from the Yukawa interaction
Q̄Li

5(ūi ,d̄i)L andLLi
5( n̄ i ,ēi)L . The superscriptc denotes

charge conjugation, i.e.,cR,L
c 5 ig0g2c̄R,L

T for a spinor field

c. sW 5(s1 ,s2 ,s3) ands i( i 51,2,3) are the Pauli matrices
In terms of the charge component of the leptoquarks,
Lagrangian relevant to theB→Dp l n̄ l decay is given by

L SLQ
I 5@x3 j b̄Ll R1x2 j8 c̄Rn lL #f1

~2/3!1H.c.,

L SLQ
II 5@2y3 j~ t̄ Ll L

c2b̄Ln lL
c !1y2 j8 c̄Rl R

c #f2
~21/3!

1H.c.,

L SLQ
III 52@z2 j~ c̄Ll L

c1 s̄Ln lL
c !

1z3 j~ t̄ Ll L
c1b̄Ln lL

c !#f3
~21/3!1H.c., ~3.13!

wherej 52,3 for l 5m,t, respectively. After Fierz rearrange
ment we obtain the effective SLQ Lagrangians which c
give contribution toBl4 decay:

L e f f
I 52

x3 j x2 j8*

2Mf1

2 F ~ b̄LcR!~ n̄ lL l R!1
1

4
~ b̄LsmncR!~ n̄ lLsmnl R!G

1H.c.,
6-4
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L e f f
II 52

y3 j y2 j8*

2Mf2

2 F ~ b̄LcR!~ l̄ R
c n lL

c !1
1

4
~ b̄LsmncR!

3~ l̄ R
c smnn lL

c !G1
y3 j y2 j*

2Mf2

2 ~ b̄LgmcL!~ l̄ L
cgmn lL

c !1H.c.,

L e f f
III 52

z3 j z2 j*

2Mf3

2 ~ b̄LgmcL!~ l̄ L
cgmn lL

c !1H.c. ~3.14!

The tensor parts in model I and model II may contribute
the B→Dp l n̄ l decay through the spin-2 resonances such
D2* . In the present work, however, spin-2 resonances do
enter, so we will neglect these tensor contributions, wh
take the same form and have the same couplings as the s
resonance contributions.

Then the size of new contributions from these three S
models is parametrized as

xSLQ
I 50, hSLQ

I 52
x3 j* x2 j8

4A2GFVcbMf1

2
,

xSLQ
II 52

y3 j y2 j*

4A2GFVcbMf2

2
,

hSLQ
II 52

y3 j* y2 j8

4A2GFVcbMf2

2
,

xSLQ
III 5

z3 j z2 j*

4A2GFVcbMf3

2
, hSLQ

III 50.

~3.15!

Note that model I acquires the contribution only from t
scalar-type interaction. On the other hand, model III do
only from the vector-type interactions, so the model III do
not contribute toCP violation in theBl4 decay. The terms
with y3 j y2 j* in model II andz3 j z2 j* in model III modify the
size of the vector contributions. Taking the approximati
that these new contributions are negligible compared to
SM contributions, we find that the size of the SLQ mod
CP-violation effects is dictated by theCP-odd parameters

Im~zSLQ
I !'2

Im@x3 j x2 j8* #

4A2GFVcbMf1

2
,

Im~zSLQ
II !'2

Im@y3 j y2 j8* #

4A2GFVcbMf2

2
,

Im~zSLQ
III !'0. ~3.16!

This approximation is justified because the contributio
from new physics are expected to be very small compare
those from the SM.

Although there are at present no direct constraints on
SLQ modelsCP-odd parameters in Eq.~3.16!, a rough con-
straint to the parameters can be provided on the assump
11400
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@16# that ux2 j8 u;ux2 j u and uy2 j8 u;uy2 j u, that is to say, the lep-
toquark couplings to quarks and leptons belonging to
same generation are of a similar size; then the experime
upper bound fromB→ l l̄ X decay for model I, andB→ lnX
for model II yields@16#

uIm~zSLQ
I !u,0.38, uIm~zSLQ

II !u,1.52 for t family,

uIm~zSLQ
I !u,0.03, uIm~zSLQ

II !u,1.52 for m family.
~3.17!

Based on the constraints~3.17! to the CP-odd parameters
we quantitatively estimate the number of the semilepto
Bl4 decays to detectCP violation for the maximally-allowed
values of theCP-odd parameters.

IV. ASYMMETRIES

An easily constructedCP-odd asymmetry is the rate
asymmetry

A[
G2Ḡ

G1Ḡ
, ~4.1!

whereG and Ḡ are the decay rates forB2 andB1, respec-
tively. The statistical significance of the asymmetry can th
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 meson produced, andBr is the branching
fraction of the relevantB decay mode. TakingNSD51, we
obtain the numberNB of the B mesons needed to obser
CP violation at 1-s level:

NB5
1

Br•A2
. ~4.3!

Next, we consider the so-called optimal observable. An
propriate real weight functionw(sM ,sL ;u,u l ,f) is usually
employed to separate theCP-oddD contribution and to en-
hance 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 parame

«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!
6-5
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TABLE I. The CP-violating rate asymmetry A and the optimal asymmetry«opt , determined in the soft
pion limit, and the number of charged B meson pairs,NB , needed for detection at 1s level, at reference
values Im(zMHD)51.88, Im(zSLQ

I )50.38, and Im(zSLQ
II )51.52, for theBt4 decays.

~a! B2→D1p2tn̄t mode
Model MHD SLQ I SLQ II

Asymmetry Size~%! NB Size~%! NB Size~%! NB

A 0.31 2.343108 0.06 5.743109 0.25 3.593108

«opt 4.25 1.253106 0.86 3.063107 3.44 1.913106

~b! B2→D0p0tn̄t mode
Model MHD SLQ I SLQ II

Asymmetry Size~%! NB Size~%! NB Size~%! NB

A 0.006 2.2831010 0.001 5.5831011 0.005 3.4931010

«opt 0.6 2.363106 0.1 5.773107 0.45 3.613106
n
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Certainly, it is desirable to find the optimal weight functio
with the largest analysis power. It is known@17# that when
the CP-odd contribution to the total rate is relatively sma
the optimal weight function is approximately given by

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

We first consider decay to heavy lepton,t, sinceCP-odd
asymmetry is proportional toml , and heavy lepton may b
more susceptible to effects of new physics. We restrict o
selves to the soft-pion limit by considering only the regi
sM<6.5 GeV2 which is about one half of the maximum
value. This restriction corresponds to the pion moment
less than about 0.6 GeV.

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
maximally-allowed values ofCP-odd parameters in Eqs
11400
r-

~3.10! and ~3.17!. As we can expect, the optimal observab
gives much better result than the simple rate asymmetry.
also found that although the decay rate of neutral pion m
is larger than that of the charged pion mode because the m
dominant resonanceD0* cannot decay intoD1p2 in its
mass-shell, the latter case gives better detection results
cause of largeCP-violating effects in charged pion deca
mode. Since one expect about 108 orders ofB meson pairs
produced yearly in the asymmetricB factories, one could
probe theCP-violation effects down to the current bounds
the multi-Higgs doublet~MHD! model and SLQ models by
using the optimal asymmetry observable.

We also estimatedCP-violation effects in theBl4 decays
with light leptons. The results forBm4 decays are shown in
Table II. We found thatBm4 decay modes give worse resul
thanBt4 cases. In Ref.@3#, we found that bothBt4 andBm4
decay modes could be equally good probes for the sa
values ofCP-odd parameter Im(z). At the same time, we
discussed that in some extensions of the SM theCP-odd
parameter itself would be proportional to lepton mass. A
therefore,Bt4 decay modes would serve as definitely mu
better probes ofCP violation than light lepton cases in thos
models. This is the case in the MHD model whe
Im(zMHD)51.88(0.11) for t(m) family, directly resulted
TABLE II. The CP-violating rate asymmetry A and the optimal asymmetry«opt , determined in the soft
pion limit, and the number of charged B meson pairs,NB , needed for detection at 1s level at reference
values Im(zMHD)50.11, Im(zSLQ

I )50.03, and Im(zSLQ
II )51.52, for theBm4 decays.

~a! B2→D1p2mn̄m mode
Model MHD SLQ I SLQ II

Asymmetry Size~%! NB Size~%! NB Size~%! NB

A 0.003 1.531011 0.0008 2.0231012 0.04 7.873108

«opt 0.05 4.873108 0.014 6.543109 0.72 2.553106

~b! B2→D0p0mn̄m mode
Model MHD SLQ I SLQ II

Asymmetry Size~%! NB Size~%! NB Size~%! NB

A 0.0001 6.0731012 0.00004 8.1531013 0.002 3.1831010

«opt 0.01 9.373108 0.003 1.2631010 0.15 4.913106
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from its dependence on lepton mass. But there is no s
dependence in SLQ models. Although the numerical val
of CP-odd parameters in SLQ model I, Im(zSLQ

I )
50.38 (0.03) for thet(m) family, look like they contain
some lepton mass dependence, actually different values
from current experimental bounds. For instance, the c
straints on theCP-odd parameter in SLQ model I come fro
B→tt̄X for t family and B→mm̄X for m family, respec-
tively, and so the smallerCP-odd value form family implies
current experimental constraint on muon mode is more st
For the SLQ model II, however, current bounds are roug
the same fort andm families. Therefore, if one uses optim
asymmetry observable,Bt4 decay modes would provid
more stringent constraints to all the extended models
have considered, and one could also useBm4 decays to con-
strain at least SLQ model II.

In conclusion, we investigatedCP violation from physics
beyond the standard model through semileptonicBl4 decays:
B→Dp l n̄ l . We considered as new sources ofCP violation
multi-Higgs-doublet model and scalar-leptoquark models
the decay process, we included various excited states a
termediate states decaying to the final hadrons. TheCP vio-
lation is implemented through interference betwe
W-exchange diagrams and scalar-exchange diagrams
v.
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complex couplings in the extended models above. We ca
lated theCP-odd rate asymmetry and the optimal asymme
for Bt4 and Bm4 decay modes, and found that the optim
asymmetry forBt4 decays is sizable and can be detected
1s level with about 106–107 orders ofB-meson pairs, for
maximally-allowed values ofCP-odd parameters in the
models of our interest. Since;108 B-meson pairs are ex
pected to be produced yearly at the forthcomingB factories,
one could investigateCP-violation effects by using our for-
malism. In other words, one could give more stringent co
straints to all the models we have considered usingBt4 de-
cay modes.
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