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CP violation in the semileptonic Bl4 decays„B6
˜p1p2l 6n…

C. S. Kim* and Jake Lee†
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Direct CP violations inBl4 decays (B6→p1p2l 6n l) are investigated within the standard model~SM! and
also in its extensions. In the decay processes, we include various excited states as intermediate states decaying
to the final hadronsp11p2. The CP violation within the SM is induced by the interferences between
intermediate resonances with different quark flavors. As extensions of the SM, we considerCP violations
implemented through complex scalar-fermion couplings in the multi-Higgs doublet model and the scalar-
leptoquark models. We calculate theCP-odd rate asymmetry and the optimal asymmetry. We find that the
optimal asymmetry can be measured at the 1s level with about 109B-meson pairs in the SM case and 103–107

pairs in the extended model case, for maximally allowed values ofCP-odd parameters in each case.
@S0556-2821~99!06719-3#
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I. INTRODUCTION

Semileptonic four-body decays ofB mesons with emis-
sion of a single pion have been studied in detail by ma
authors@1–3#. Recently we investigated the possibility o
probing directCP violation in the decayB6→Dp l 6n @3# in
extensions of the standard model~SM!, where we extended
the weak charged current by including a scalar-exchange
teraction with a complex coupling, and considered as spe
models the multi-Higgs doublet~MHD! model and the
scalar-leptoquark~SLQ! models. In the present work, we in
vestigate the same possibility in the decay ofB6

→(p1p2) l 6n. In this case we find there may be directCP
violation even within the SM.

As is well known, in order to observe directCP violation
effects, there should exist interferences not only throu
weak CP-violating phases but also with differen
CP-conserving strong phases. In the decay ofB6

→pp l 6n, we consider it as a two-stage process:B
→(( iM i→pp) ln, where Mi stands for an intermediat
state which is decaying top11p2. In this picture the
CP-conserving phases may come from the absorptive p
of the intermediate resonances. Here we try to include
many intermediate states decaying top11p2 as possible so
that they can represent a pseudocomplete set of the rele
decay. The candidates inb→u transition arer, f 0, and f 2
mesons, which decay dominantly to 2p mode~see Table I!.
Furthermore, we find that even inb→c transition aD0 me-
son can decay top11p2, although its branching fraction i
very small compared to those ofuū states. However, we ca
find that the contribution through an intermediateD meson is
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not negligible because of Cabibbo-Kobayashi-Maska
~CKM! favored nature ofb→c transition compared to the
b→u one ofuū states,r, f 0, andf 2 mesons. If we includeD
meson as an intermediate state as well as theuū states, direct
CP violation may arise even within the SM through the
relative weak phases of the different CKM matrix eleme
(Vcb and Vub). Therefore, we first considerCP violation
within the SM by includingr, f 0 , f 2, and D mesons1 as
intermediate states decaying top1p2. Next we also con-
siderCP violations in extensions of the SM, in which we us
a cutoff to the final statepp invariant mass so that the e
fects ofD meson cannot enter, thus ensuring that the resu
solely from new physics.

In Sec. II, we present our formalism dealing withB
→pp ln decays within the SM and in its extensions, and t
observable asymmetries are considered in Sec. III. Sec
IV contains our numerical results and conclusions. All t
relevant formulas we use here are presented in the Appen

II. THEORETICAL DETAILS OF DECAY AMPLITUDES

A. Within the standard model

The decay amplitudes for the processes of Fig. 1, withMi
listed in Table I,

B2~pB!→Mi~pi ,l i !1W* ~q!

→p1~p1!1p2~p2!1 l 2~pl ,l l !1 n̄~pn! ~1!

are expressed as

1Here we are including fully known resonances only, and negle
ing possible non-resonant 2p decays. A significant experimenta
enhancement can be made, if we use the reduced kinematic re
around 1.4 GeV<A(pp1pp)2<1.9 GeV~see Table I!.
©1999 The American Physical Society19-1
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TABLE I. Properties and branching ratios ofp1p2 resonances.

Label i M i JP mi (MeV) G i (MeV) BRi(Mi→p1p2)

0 M05 f 0(980) 01 980 40;100 0.52
08 M085 f 0(1500) 01 1500 112 0.3
1 M15r(770) 12 770 151 1
18 M185r(1700) 12 1700 240 0.3
2 M25 f 2(1270) 21 1275 186 0.56
3 M35D0 02 1865 1.5931029 1.5331023
f
rm

s

l

y

A l l52
GF

A2
(

i
(
l i

Vici^ l
2~pl ,l l !n̄~pn!u j m†u0&

3^Mi~pi ,l i !uJimuB2~pB!&P i~sM !

3^p1~p1!p2~p2!iMi~pi ,l i !&, ~2!

wherel i50 for spin 0 states (f 0 andD), l i561,0 for spin
1 states (r), l i562,61,0 for spin 2 states (f 2), andl l is
the lepton helicity6 1

2 .
The leptonic current is

j m5c̄ngm~12g5!c l , ~3!

and for the hadronic currents we have

Ji
m5c̄ugm~12g5!cb , Vi5Vub ,

ci5
1

A2
for label i 50(8),1(8),2 ~4!

and

J3
m5c̄cg

m~12g5!cb , V35Vcb , c351 for label i 53,
~5!

whereci stands for the isospin factor especially due touū
mesons. We assume that the resonance contributions o
intermediate states can be treated by the Breit-Wigner fo
which is written in the narrow width approximation as

P i~sM !5
AmiG i /p

sM2mi
21 imiG i

, ~6!

wheresM5(p11p2)2 and themi ’s andG i ’s are the masse
and widths of the resonances respectively~see Table I!. For
the decay parts of the resonances we use@4#

^p1~p1!p2~p2!iMi~pi ,l i !&5ABRiYl i max
l i ~u* ,f* !,

~7!

where Yl
m(u,f) are theJ5 l spherical harmonics listed in

Appendix B, and the anglesu* andf* are those of the fina
statep2 specified in theMi rest frame@see Fig. 2~c!#. The
couplings ofMi to pp are effectively taken into account b
the branching fractionsBRi(Mi→p1p2).
09401
the
,

In order to obtain the full helicity amplitude of theB
→pp ln decay, we first consider the amplitude ofB

→Mil n̄ l @5#, denoted asM l i

l l:

M l i

l l52
GF

A2
Vici^ l

2~pl ,l l !n̄~pn!u j m†u0&

3^Mi~pi ,l i !uJimuB2~pB!&. ~8!

We express the matrix elementsM l i

l l into the following

form:

M l i

l l5
GF

A2
Vici(

lW

hlW
LlW

l l HlW

l i , ~9!

where for the decaysB→MiW* andW* → l n̄, respectively,

HlW

l i 5eWm* ^Mi~pi ,l i !uJi
muB2~pB!&,

LlW

l l 5eWm^ l 2~pl ,l l !n̄~pn!u j m†u0&, ~10!

in terms of the polarization vectorseW[e(q,lW) of the vir-
tual W. TheseeW’s satisfy the relation

2gmn5(
lW

hlW
eW

m eW*
n , ~11!

where the summation is over the helicitieslW561,0,s of
the virtualW, with the metrich65h052hs51.

FIG. 1. Diagrams forB→MiW* →p1p2l 2n̄ l decays.
9-2
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We evaluate the leptonic amplitudeLlW

l l in the rest frame

of the virtualW @see Fig. 2~b!# with the z axis chosen along
the Mi direction, and thex-z plane chosen as the virtualW
decay plane, with (pl)x.0. Using the two-component spino
technique@6# and polarization vectors given in Appendix B
we find

L6
252Aq2vd6 , L0

2522Aq2vd0 , Ls
250,

L6
1562mlvd0 , L0

15A2mlv~d12d2!, Ls
1522mlv,

~12!

where

v5A12
ml

2

q2
, d65

16 cosu l

A2
, and d05sinu l .

~13!

Here we show only the sign ofl l as a superscript onL. Note
that theL1 amplitudes are proportional to the lepton ma
ml , and the scalar amplitudeLs

2 vanishes due to angula
momentum conservation.

For B→Mi transitions through the weak charged curre

Ji
m5Vi

m2Ai
m , ~14!

the most general forms of matrix elements are as follo
For f 0(01) states,

^ f 0~pi !uVmuB~pB!&50,

^ f 0~pi !uAmuB~pB!&5u1~q2!~pB1pi !m1u2~q2!~pB2pi !m ,

for r(12) states,

^r~pi ,e1!uVmuB~pB!&

5 ig~q2!emnrse1*
n~pB1pi !

r~pB2pi !
s,

^r~pi ,e1!uAmuB~pB!&

5 f ~q2!e1m* 1a1~q2!~e1* •pB!~pB1pi !m1a2~q2!

3~e1* •pB!~pB2pi !m ,
09401
s

t

s.

for f 2(21) states,

^ f 2~pi ,e2!uVmuB~pB!&5 ih~q2!emnlre2*
napBa~pB1pi !

l

3~pB2pi !
r,

^ f 2~pi ,e2!uAmuB~pB!&5k~q2!e2mn* pB
n 1b1~q2!~e2ab* pB

apB
b!

3~pB1pi !m1b2~q2!~e2ab* pB
apB

b!

3~pB2pi !m ,

for D(02) states,

^D~pi !uVmuB~pB!&5 f 1~q2!~pB1pi !m1 f 2~q2!~pB2pi !m ,

^D~pi !uAmuB~pB!&50, ~15!

wheree1 ande2 are the polarization vectors of the spin 1 a
spin 2 states, respectively. Using the above expressions
the polarization vectors given in Appendix B, we find no
zero B→MiW* amplitudes are as follows. Fori 50,HlW

0

[SlW

0 ,

S0
052u1~q2!

AQ1Q2

Aq2
,

Ss
052S u1~q2!

~mB
22sM !

Aq2
1u2~q2!Aq2D , ~16!

for i 51(8),HlW

l1 [VlW

l1 ,

V0
052

1

2AsMq2
@ f ~q2!~mB

22sM2q2!1a1~q2!Q1Q2#,

V61
615 f ~q2!7g~q2!AQ1Q2,

Vs
052

AQ1Q2

2AsMq2
@ f ~q2!1a1~q2!~mB

22sM !1a2~q2!q2#,

~17!

for i 52,HlW

l2 [TlW

l2 ,
FIG. 2. The decayB→MiW* →(p1p2)( l n̄) viewed from the~a! B2, ~b! W* , and~c! Mi rest frames.
9-3
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T0
052

1

2A6

AQ1Q2

sMAq2
@k~q2!~mB

22sM2q2!

1b1~q2!Q1Q2#,

T61
615

1

2A2
AQ1Q2

sM
@k~q2!7h~q2!AQ1Q2#,

Ts
052

1

2A6

Q1Q2

sMAq2
@k~q2!1b1~q2!~mB

22sM !

1b2~q2!q2#, ~18!

for i 53,HlW

0 [PlW

0 ,

P0
05 f 1~q2!

AQ1Q2

Aq2
,

Ps
05 f 1~q2!

~mB
22sM !

Aq2
1 f 2~q2!Aq2, ~19!

where

Q65~mB6AsM !22q2. ~20!

Here

Q1Q25l~mB
2 ,sM ,q2! ~21!

gives the triangle functionl(a,b,c)5a21b21c222(ab
1bc1ca). Combining all the formulas, we can write th
full helicity amplitudes ofB2→p1p2l 2n̄ decays as

A l l5Vub

GF

A2
F (

l50,s
hlLl

l l~P f 0
Sl

0Y0
01jPDPl

0Ỹ0
01PrVl

0Y1
0

1P f 2
Tl

0Y2
0!1 (

l561
Ll

l l~PrVl
lY1

l1P f 2
Tl

lY2
l!G , ~22!

where

P f 0
[

1

A2
~ABR0P01ABR08P08!,

Pr[
1

A2
~ABR1P11ABR18P18!,

P f 2
[

1

A2
ABR2P2 ,

PD[ABR3P3 , ~23!

and

j5
Vcb

Vub
. ~24!
09401
Note that we useỸ0
0 for the pseudoscalar mesonD, which is

actually the same quantity asY0
051/A4p for the scalar me-

son f 0 except that it changes sign under the parity transf
mation. Concerning the parametrization ofj, other CKM
factors, such asVcd* from D0→p1p2 decay, are already
included in its branching fraction calculation. And becau
we use implicitly Wolfenstein parametrization@7# for CKM
matrix, in which the complex phases are approximately
the elementsVtd andVub only, the imaginary part ofj here
comes only from the elementVub .

The differential partial width of interest can be express
as

dG~B2→p1p2l 2n̄ l !

5
1

2mB
(
l l

uA l lu2
~q22ml

2!AQ1Q2

256p3mB
2q2

dF4 ,

~25!

where the four-body phase spacedF4 is

dF4[dsM•dq2
•d cosu* •d cosu l•df* . ~26!

Kinematically allowed regions of the variables are

4mp
2 ,sM,~mB2ml !

2,

ml
2,q2,~mB2AsM !2,

21,cosu* ,cosu l,1,

0,f* ,2p. ~27!

Since the initialB2 system is notCP self-conjugate, any
genuineCP-odd observable can be constructed only by co
sidering both theB2 decay and its charge-conjugatedB1

decay, and by identifying theCP relations of their kinematic
distributions. Before constructing possibleCP-odd asymme-
tries explicitly, we calculate the decay amplitudes for t
charge-conjugated processB1→p1p2l 1n l . For the
charge-conjugatedB1 decays, the amplitudes can be writte
as

Āl l52
GF

A2
(

i
(
l i

Vi* ci^ l
1~pl ,l l !n~pn!u j mu0&

3^M̄ i~pi ,l i !uJim
† uB1~pB!&P i~sM !

3^p1~p1!p2~p2!iM̄ i~pi ,l i !&. ~28!

The leptonic amplitudesL̄lW

l l are

L̄6
1522Aq2vd7 , L̄0

1522Aq2vd0 , L̄s
150,

L̄6
2562mlvd0 , L̄0

25A2mlv~d12d2!, L̄s
2522mlv.

~29!
9-4
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The transition amplitudesH̄lW

l i for B1→M̄ iW* are given by

a simple modification of the amplitudesHlW

l i of the B2 de-

cays:

H̄lW

l i 5HlW

l i $g→2g,h→2h, f 6→2 f 6%. ~30!

Then, we find the full amplitude forB1→p1p2l 1n:

Āl l5Vub*
GF

A2
F (

l50,s
hlL̄l

l l~P f 0
S̄l

0Y0
01j* PDP̄l

0Ỹ0
0

1PrV̄l
0Y1

01P f 2
T̄l

0Y2
0!1 (

l561
L̄l

l l~PrV̄l
lY1

l

1P f 2
T̄l

lY2
l!G , ~31!

where

S̄lW

0 5SlW

0 ,

P̄lW

0 52PlW

0 ,

V̄0,s
0 5V0,s

0 , V̄61
615V71

71 ,

T̄0,s
0 5T0,s

0 , T̄61
615T71

71 . ~32!

It is easy to see that ifVub andVcb are real, the amplitude
~22! of the B2 decay and Eq.~31! of the B1 decay satisfy
the CP relation

A 6~u* ,f* ,u l !5hCPĀ7~u* ,2f* ,u l ;Ỹ0
0→2Ỹ0

0!,
~33!

whereu* andf* in Āl l are the angles of the final statep1,
while those inA l l are forp2. Then, with a complex weak
phasej, dG/dF4 can be decomposed into aCP-even partS
and aCP-odd partD:

dG

dF4
5

1

2
~S1D!. ~34!

The CP-even partS and theCP-odd partD can be easily
identified by making use of theCP relation~33! betweenB2

andB1 decay amplitudes, and they are expressed as

S5
d~G1Ḡ !

dF4
, D5

d~G2Ḡ !

dF4
, ~35!

whereG and Ḡ are the decay rates forB2 andB1, respec-
tively, and we have used the same kinematic variab

$sM ,q2,u* ,u l% for the dḠ/dF4 except for the replacement
of f* →2f* and Ỹ0

0→2Ỹ0
0, as shown in Eq.~33!. The

CP-evenS term and theCP-odd D term can be obtained
from B7 decay probabilities, and their explicit form is liste
in Appendix C. Note that theCP-odd term is proportional to
the imaginary part of the parameterj in Eq. ~24!.
09401
s

Before we go further on to beyond the SM analyses,
note that in addition to the resonant tree diagram contri
tions there are other SM contributions through annihilat
diagrams and electroweak penguin diagrams, which are
evant for nonresonant case. As written in Sec. I, we cons
only resonant contributions by assuming nonresonant co
butions can be separated through data analyses.

B. With complex scalar couplings

Next we considerCP violation effects in extensions o
the SM, where we extend the virtualW-exchange part in Fig.
1 by including an additional scalar interaction with compl
couplings. First we describe the formalism in a model ind
pendent way, but later we consider specific models such
multi-Higgs doublet models and scalar-leptoquark models
this caseCP-violating phases can be generated through
interference betweenW-exchange diagrams and scalar e
change diagrams with complex couplings.

The decay amplitudes forB2→p1p2l 2n̄ l are expressed
as

A l l52Vub

GF

A2

1

A2
(

i
(
l i

@^ l 2~pl ,l l !n̄~pn!u j m†u0&

3^Mi~pi ,l i !uJmuB2~pB!&1z^ l 2~pl ,l l !n̄~pn!u j s
†u0&

3^Mi~pi ,l i !uJsuB2~pB!&#P i~sM !

3^p1~p1!p2~p2!iMi~pi ,l i !&, ~36!

where

j m5c̄ngm~12g5!c l ,

Jm5c̄ugm~12g5!cb[Vm2Am, ~37!

and their corresponding scalar currents are

j s5c̄n~12g5!c l , Js5c̄u~12g5!cb , ~38!

the additional factor 1/A2 comes from the isospin factor a
mentioned earlier. Here the parameterz, which parame-
trizes contributions from physics beyond the SM, is in ge
eral a complex number. And as explained earlier, in orde
exclude any possibleCP violation effects induced within the
SM, we only include the lowest three statesr(770), f 0(980),
and f 2(1270) as intermediate states. By using the Dir
equation for the leptonic current,qm j m5ml j s , the amplitude
can be written as

A l l52Vub

GF

2 (
i

(
l i

^ l 2~pl ,l l !n̄~pn!u j m†u0&

3^Mi~pi ,l i !uVmuB2~pB!&P i~sM !

3^p1~p1!p2~p2!iMi~pi ,l i !&, ~39!

where the effective hadronic currentVm is defined as
9-5
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Vm[Jm1z
qm

ml
Js . ~40!

In this case the amplitudesM l i

l l of B→Mil n̄ have the same

form as the previous SM case~9! except for the modification
in the hadronic current part due to the additional scalar c
rent:

M l i

l l5
GF

2
Vub(

lW

hlW
LlW

l l H lW

l i , ~41!

whereH lW

l i stands for the hadronic amplitudes modified

the scalar currentJs . Using the equation of motion foru and
b quarks, we get within the on-shell approximation

Js5~pb
m2pu

m!F Vm

mb2mu
1

Am

mb1mu
G . ~42!

Later for numerical calculations, we use the approximati
(pb

m2pu
m)'(pB

m2pMi

m )[qm, which is assumed in quar

model calculations of form factors@17#. After explicit calcu-
lation, we find that the additional scalar current modifi
only the scalar component ofH lW

l i : i.e.,

H s
05~12z8!Hs

0

and

H lW

l i 5HlW

l i for lW50,61, ~43!

where

z85
q2

ml~mb1mu!
z. ~44!

In this case,dG/dF4 also can be decomposed into
CP-even partS and aCP-odd partD:

dG

dF4
5

1

2
~S1D!. ~45!

Their explicit form is listed in Appendix C. Note that th
CP-odd term is proportional to the imaginary part of th
parameterz and the lepton massml . Therefore, we have to
consider massive leptonic (m or t) decays.

As specific extensions of the SM, we consider four typ
of scalar-exchange models which preserve the symmetrie
the SM @8#: One of them is the multi-Higgs-doublet~MHD!
model @9# and the other three models are scalar-leptoqu
~SLQ! models@10,11#. The authors of Ref.@12# investigated
CP violations in t decay processes with these extend
models. We follow their description and make it to be app
priate for our analysis.

In the MHD modelCP violation can arise in the charge
Higgs sector with more than two Higgs doublets@13# and
when not all the charged scalars are degenerate. As in m
previous phenomenological analyses, we assume that al
the lightest of the charged scalars effectively decouple fr
fermions. The effective Lagrangian of the MHD model co
09401
r-
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tributing to the decayB→pp l n̄ l is then given at energie
considerably low compared toMH by

LMHD52A2GFVub

ml

MH
2 @mbXZ* ~ ūLbR!1muYZ* ~ ūRbL!#

3~ l̄ RnL!, ~46!

whereX, Y, andZ are complex coupling constants which ca
be expressed in terms of the charged Higgs mixing ma
elements. From the effective Lagrangian, we obtain for
MHD CP-violation parameter Im(zMHD),

Im~zMHD!5
mlmb

MH
2 H Im~XZ* !2S mu

mb
D Im~YZ* !J . ~47!

The constraints on theCP-violation parameter~47! depend
upon the values chosen for theu andb quark masses. In the
present work, we use~see Appendix A!

mu50.33 GeV, mb55.12 GeV. ~48!

In the MHD model the strongest constraint@9# on Im(XZ* )
comes from the measurement of the branching ratioB(b
→Xtnt), which actually gives a constraint onuXZu. For
MH,440 GeV, the bound on Im(XZ* ) is given by

Im~XZ* !,uXZu,0.23MH
2 GeV22. ~49!

On the other hand, the bound on Im(YZ* ) is mainly given
by K1→p1nn̄. The present bound@9# is

Im~YZ* !,uYZu,110. ~50!

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

uIm~zMHD!u,2.06 for t family,

uIm~zMHD!u,0.12 for m family. ~51!

On the other hand, the effective Lagrangians for the th
SLQ models@8,10# contributing to the decayB→pp ln are
written in the form, after a few Fierz rearrangements:

L SLQ
I 52

x3 j x81 j*

2Mf1

2 F ~ b̄LuR!~ n̄ lL l R!1
1

4
~ b̄LsmnuR!

3~ n̄ lLsmnl R!G1H.c.,

L SLQ
II 52

y3 j y81 j*

2Mf2

2 F ~ b̄LuR!~ l̄ R
c n lL

c !1
1

4
~ b̄LsmnuR!

3~ l̄ R
c smnn lL

c !G1
y3 j y1 j*

2Mf2

2 ~ b̄LgmuL!~ l̄ L
cgmn lL

c !1H.c.,

L SLQ
III 52

z3 j z1 j*

2Mf3

2 ~ b̄LgmuL!~ l̄ L
cgmn lL

c !1H.c., ~52!
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TABLE II. The CP-violating rate asymmetryA and the optimal asymmetry«opt , determined within the
SM, and the number of chargedB meson pairsNB needed for detection at 1s level, at reference value
Im(j)512.5.

B→p1p2l n̄ l

Mode l 5e l5m l 5t
Asym. Size~%! NB Size~%! NB Size~%! NB

A 0.9431026 1.3731018 1.7131026 4.1631017 1.1431026 1.4631018

«opt 1.4531022 5.753109 1.4431022 5.793109 1.1131022 1.5631010
-
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ll,
where j 52,3 for l 5m,t, respectively and the coupling con

stantsxi j
(8) , yi j

(8) , andzi j are in general complex so thatCP is
violated in the scalar-fermion Yukawa interaction terms. T
superscriptc in the LagrangiansL SLQ

II and L SLQ
III denotes

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

T in the chiral rep-
resentation. Then we find that the size of the SLQ mo
CP-violation effects is dictated by theCP-odd parameters

Im~zSLQ
I !52

Im@x3 j x81 j* #

4A2GFVubMf1

2
,

Im~zSLQ
II !52

Im@y3 j y81 j* #

4A2GFVubMf2

2
,

Im~zSLQ
III !50. ~53!

Although there are at present no direct constraints on
SLQ modelCP-odd parameters in Eq.~53!, a rough con-
straint to the parameters can be provided by the assump
@14# that ux1 j8 u;ux1 j u and uy1 j8 u;uy1 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 bounds fromBB̄ mixing for t family, B→mm̄X decay
for m in model I, andB→ lnX for t together with theVub
measurement form in model II yield @14#

uIm~zSLQ
I !u,2.76, uIm~zSLQ

II !u,18.4 for t family,

uIm~zSLQ
I !u,0.37, uIm~zSLQ

II !u,1.84 for m family.
~54!

Based on the constraints~51! and~54! to theCP-odd param-
eters, we quantitatively estimate the number ofB2

→p1p2l 2n̄ l decays to detectCP violation for the maxi-
mally allowed values of theCP-odd parameters.

III. OBSERVABLE CP ASYMMETRIES

An easily constructedCP-odd asymmetry is the rat
asymmetry

A[
G2Ḡ

G1Ḡ
, ~55!
09401
e

l

e

on

e
tal

which has been used as a probe ofCP violation in Higgs and
top quark sectors@15#. HereG andḠ are the decay rates fo
B2 and B1, respectively. The statistical significance of th
asymmetry can be computed as

NSD5
N22N1

AN21N1

5
N22N1

AN•Br
, ~56!

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 efficiencye, we have to rescale the number of events
this parameter,N21N1→e(N21N1). TakingNSD51, we
obtain the numberNB of the B mesons needed to obser
CP violation at 1-s level:

NB5
1

Br•A2
. ~57!

Next, we consider the so-called optimal observable.
appropriate real weight functionw(sM ,q2;u* ,u l ,f* ) is
usually employed to separate theCP-oddD contribution and
to enhance its analysis power for theCP-odd parameter
through theCP-odd quantity

^wD&[E @wD#dF4 , ~58!

and the analysis power is determined by the parameter

«5
^wD&

A^S&^w2S&
. ~59!

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

NB5
1

Br•«2
. ~60!

Certainly, it is desirable to find the optimal weight functio
with the largest analysis power. It is known@16# that when
the CP-odd contribution to the total rate is relatively sma
the optimal weight function is approximately given as

wopt~sM ,q2;u* ,u l ,f* !5
D
S ⇒«opt5A^D 2/S&

^S&
. ~61!
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TABLE III. The CP-violating rate asymmetryA and the optimal asymmetry«opt , determined in the
extended models, and the number of chargedB meson pairsNB needed for detection at 1s level, at reference
values ~a! Im(zMHD)52.06, Im(zSLQ

I )52.76, and Im(zSLQ
II )518.4 for theBt4 decays and~b! Im(zMHD)

50.12, Im(zSLQ
I )50.37, and Im(zSLQ

II )51.84 for theBm4 decays.

~a! B2→p1p2tn̄t mode
Model MHD SLQ I SLQ II
Asym. Size~%! NB Size~%! NB Size~%! NB

A 1.4731023 7.6331011 2.6731023 1.9931011 3.6231023 7.393109

«opt 16.2 6.233103 18.2 4.273103 9.67 1.043103

~b! B2→p1p2mn̄m mode
Model MHD SLQ I SLQ II
Asym. Size~%! NB Size~%! NB Size~%! NB

A 2.6131025 1.9331015 0.9031024 1.5931014 3.4331024 8.8931012

«opt 0.18 3.893107 0.50 5.133106 1.48 4.763105
-
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We adopt this optimal weight function in the following nu
merical analyses.

IV. NUMERICAL RESULTS AND CONCLUSIONS

Now we show our numerical results. We use the so-ca
ISGW predictions@17# for all the form factors inB→Mi
transition amplitudes of Eq.~15!. One can find in Ref.@17#
the detailed description of the general formalism and
evant form factors forB→Xen̄e after neglecting lepton
masses. In Appendix A, we give explicit expressions of fo
factors needed for semileptonic decays with non-zero lep
masses.

We first consider the case within the SM. Total branch
ratio of the B2→(( iM i→p1p2)en̄e ,Mi5r, f 0,2,D is
about 0.8%. It depends on the chosen value foruVubu, and
here we adopt the result by CLEO@18#

uVubu53.360.460.731023. ~62!

In Table II, we show the results ofB→pp ln decays for the
two CP-violating asymmetries; the rate asymmetryA and
the optimal asymmetry«opt. We estimated the number o
B-meson pairs,NB , needed for detection at 1s level for
maximally-allowed values ofCP-odd parameters Im(j) in
Eq. ~24!. We use the current experimental bound@19#

UVub

Vcb
U50.0860.02, ~63!

which means

uju512.563.13. ~64!

The results in Table II are for the maximal case w
Im(j)5uju512.5. Due to the large cancelations in t
simple rate asymmetry@4# when we integrated over th
phase space, the optimal observable gives much better re
For example, using the optimal observable, we need;109

B-meson pairs to detect the maximalCP-odd effect in elec-
09401
d

l-

n

g

ult.

tron mode.CP violation effects inB→p1p2l n̄ l decays
within the SM are not likely to be detected, wit
O(108)B-meson pairs to be produced at the asymmetricB
factories. One may rely on hadronicB factories of BTeV and
LHC-B.

Next we consider the extended model case. In this c
CP violation effects are proportional to the lepton mass, a
we consider only massive lepton (m or t) cases. In Table III,
we show the results ofBt4 andBm4 decays. Here in order to
distinguish new physics effect from the SM one, we use
cutoff for the invariant mass of the final statep1p2 as

AsM<1.4 GeV. ~65!

We consider only the lowest threeuū states, r(770),
f 0(980), andf 2(1275) as intermediate resonances in Tabl
so that the effects ofD meson cannot enter, and we can th
ensure that the result is solely from new physics. Similarly
in the SM case, we estimate the number ofB-meson pairsNB
needed for detection at 1s level for maximally allowedval-
ues ofCP-odd parameters Im(z) of Eq. ~51! and ~54!. We
again find the optimal observable gives much better res
than the simple rate asymmetry.

The results in Table III show thatCP violation effects
from new physics are readily observed in the forthcom
asymmetricB factories, by using optimal observables. A
expected,Bt4 decay modes give better results thanBm4 cases
for the MHD model, where theCP-odd parameter itself is
proportional to the lepton mass. For example, the curr
bounds in the MHD model

Im~zMHD!52.06~0.12! for t~m!

directly result from the lepton mass dependence. But ther
no such dependence in the SLQ models. The current num
cal values ofCP-odd parameters in the SLQ models,

Im~zSLQ
I !52.76~0.37!,

Im~zSLQ
II !518.4~1.84! for t~m!,
9-8
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are just from different experimental bounds. Therefore,
smallerCP-odd value form family is a consequence of th
fact that the current experimental constraints on the m
mode are more stringent.Bt4 decay modes would provid
more stringent constraints to all the extended models tha
have considered.

In conclusion, we have investigated directCP violations
from physics beyond the SM as well as within the S
through semileptonicBl4 decays:B6→p1p2l 6n l . Within
the SM, CP violation could be generated through interfe
ence between resonances with different quark flavors, tha
with different CKM matrix elements. We includeduū state
mesons (r, f 0 and f 2) andD meson as intermediate res
nances which decay top1p2. Using optimal observables
we found O(109)B-meson pairs are needed to probeCP
violation effects at 1s level for the current maximal value o
Im(j)5uVcb /Vubu512.5. We have also investigatedCP
violation effects in extensions of the SM. We consider
multi-Higgs doublet model and scalar-leptoquark mode
Here CP violation is implemented through interference b
tweenW-exchange diagrams and scalar-exchange diagr
with complex couplings in the extended models. We cal
09401
e

n

e

is,

d
.

s
-

lated theCP-odd rate asymmetry and the optimal asymme
for Bt4 and Bm4 decay modes. We found that the optim
asymmetries for both modes are sizable and can be dete
at 1s level with about 103–107 B-meson pairs, for maxi-
mally allowed values of CP-odd parameters. Sinc
;108 B-meson pairs are expected to be produced yearl
the asymmetricB factories, one could easily investiga
CP-violation effects in these decay modesBl4 to extract
much more stringent constraints onCP-odd parameters
Im(zMHD) and Im(zSLQ

I,II ).
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APPENDIX A: FORM FACTORS

Form factors in Eq.~15! within ISGW model@17# are

u1~q2!52F5~q2; f 0!
mumbmq

A6bBm̃f 0
m2

, u1~q2!5F5~q2; f 0!
mu~m̃B1m̃f 0

!

A6bBm̃f 0

, ~A1!

g~q2!5
F3~q2;r!

2 F 1

mq
2

mubB
2

2m2m̃rbBr
2 G , f ~q2!52m̃BF3~q2;r!,

a1~q2!52
F3~q2;r!

2m̃r
F11

mu

mb
S bB

22br
2

bB
21br

2D 2
mu

2br
2

4m2m̃BbBr
4 G ,

a2~q2!5
F3~q2;r!

2m̃r
F11

mu

mb
S 11

mubr
2

mqbBr
2 D 2

mu
2br

2

4m1m̃BbBr
4 G , ~A2!

h~q2!5F5~q2; f 2!
mu

2A2m̃BbB
F 1

mq
2

mubB
2

2m2m̃f 2
bB f2

2 G , k~q2!5A2
mu

bB
F5~q2; f 2!,

b1~q2!52
F5~q2; f 2!mu

2A2bBm̃f 2
mb

F 12
mub f 2

2

m̃BbB f2
2

2
mu

2mbb f 2

4

4m2m̃B
2bB f2

4 G ,

b2~q2!5
F5~q2; f 2!mu

2A2bBm̃f 2
mb

F 11
mu

2b f 2

2

mqm̃BbB f2
2

2
mu

2mbb f 2

4

4m1m̃B
2bB f2

4 G , ~A3!

f 1~q2!5F3~q2;D !F11
mb

2m2
2

mbmqmubB
2

4m1m2m̃DbBD
2 G ,
9-9
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f 2~q2!5F3~q2;D !F12~m̃B1m̃D!S 1

2mq
2

mubB
2

4m1m̃DbBD
2 D G , ~A4!
-

where

bBX
2 5

1

2
~bB

21bX
2 !, m65S 1

mq
6

1

mb
D 21

~A5!

and

Fn~q2;X!5S m̃X

m̃B
D 1/2S bBbX

bBX
2 D n/2

expF2S mu
2

4m̃Bm̃X
D qm2q2

k2bBX
2 G ,

~A6!

where relativistic compensation factork50.7, andqm is the
maximum value ofq2:

qm5~mB2AsM !2, ~A7!

andmq is mu for uū state mesons andmc for D mesons. The
numerical values ofbX in GeV unit are

bB50.41, bD50.39, b f 0
50.27, br50.31,

b f 2
50.27, ~A8!

and quark masses in GeV unit are

mu50.33, mc51.82, mb55.12. ~A9!

The so-called mock meson massesm̃X are defined as

m̃B5mb1mu , m̃D5mc1mu , m̃r, f 0 , f 2
52mu .

~A10!

APPENDIX B: KINEMATICS

Spherical harmonics:

Y0
05Ỹ0

05
1

A4p
,

Y1
05A 3

4p
cosu, Y1

6157A 3

8p
sinue6 if,

Y2
05A 5

4pS 3

2
cos2u2

1

2D , Y2
6157A15

8p
sinu cosue6 if,

~B1!

Polarization vectors. In theB rest frame, where the coor
dinates are chosen such that thez axis is along theMi mo-
mentum and the charged lepton momentum is in thex-z
plane with positivex component@cf. Fig. 2~a!#, the polariza-
tion vectors for the virtualW are
09401
e~q,6 !m57
1

A2
~0,1,7 i ,0!,

e~q,0!m5
1

Aq2
~pM,0,0,2q0!,

e~q,s!m5
1

Aq2
qm, ~B2!

and the polarization states of the spin 1 mesons are

e~61!m57
1

A2
~0,1,6 i ,0!, e~0!m5

1

AsM

~pM,0,0,EM !,

~B3!

wherepM5AQ1Q2/2mB with Q6 defined in Eq.~20!, and
EM5(mB

21sM2q2)/2mB . For the spin 2 meson we get

e~62!mn5em~61!en~61!,

e~61!mn5
1

A2
@em~61!en~0!1em~0!en~61!#,

e~0!mn5
1

A6
@em~11!en~21!1em~21!en~11!#

1A2

3
em~0!en~0!. ~B4!

In theW rest frame the polarization states of the virtualW
are

e~q,6 !m57
1

A2
~0,1,7 i ,0!,

e~q,0!m5~0,0,0,21!,

e~q,s!m5
1

Aq2
qm5~1,0,0,0!. ~B5!
9-10
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APPENDIX C: CP-EVEN AND CP-ODD QUANTITIES

1. Within the SM

The CP-even quantityS is

S52C~q2,sM !S, ~C1!

with

S5~L0
2S0

0Y0
0!2uP f 0

u21~L0
2P0

0Y0
0!2uju2uPDu21u^V2&Pru21u^T2&P f 2

u212~L0
2S0

0Y0
0!Re~P f 0

Pr* ^V2&* 1P f 0
P f 2

^T2&* !

12 Re~PrP f 2
* ^V2&^T2&* !12~L0

2P0
0Y0

0!Re~j!@~L0
2S0

0Y0
0!Re~PDP f 0

* !1Re~PDPr* ^V2&* 1PDP f 2
* ^T2&* !#

1~L0
1S0

0Y0
02Ls

1Ss
0Y0

0!2uP f 0
u21~L0

1P0
0Y0

02Ls
1Ps

0Y0
0!2uju2uPDu21uPru2u^V1&2Ls

1Vs
0Y1

0u21uP f 2
u2u^T1&2Ls

1Ts
0Y2

0u2

12~L0
1S0

02Ls
1Ss

0!Y0
0@2~Ls

1Vs
0Y1

0!Re~P f 0
Pr* !1Re~P f 0

Pr* ^V1&* !2~Ls
1Ts

0Y2
0!Re~P f 0

P f 2
* !1Re~P f 0

P f 2
* ^T1&* !#

12 Re~PrP f 2
* ^V1&^T1&* !12~Ls

1Vs
0Y1

0!~Ls
1Ts

0Y2
0!Re~PrP f 2

* !22~Ls
1Ts

0Y2
0!Re~PrP f 2

* ^V1&!

22~Ls
1Vs

0Y1
0!Re~PrP f 2

* ^T1&* !12~L0
1P0

02Ls
1Ps

0!Y0
0 Re~j!@~L0

1S0
02Ls

1Ss
0!Y0

0 Re~PDP f 0
* !2~Ls

1Vs
0Y1

0!Re~PDPr* !

1Re~PDPr* ^V1&* !2~Ls
1Ts

0Y2
0!Re~PDP f 2

* !1Re~PDP f 2
* ^T1&* !#, ~C2!

and theCP-odd quantityD is

D52 Im~j!C~q2,sM !D, ~C3!

with

D522~L0
2P0

0Y0
0!@~L0

2S0
0Y0

0!Im~PDP f 0
* !1Im~PDPr* ^V2&* !1Im~PDP f 2

* ^T2&* !#

22~L0
1P0

02Ls
1Ps

0!Y0
0@~L0

1S0
02Ls

1Ss
0!Y0

0 Im~PDP f 0
* !2~Ls

1Vs
0Y1

0!Im~PDPr* !1Im~PDPr* ^V1&* !

2~Ls
1Ts

0Y2
0!Im~PDP f 2

* !1Im~PDP f 2
* ^T1&* !#, ~C4!

where

^V6&[ (
i 50,61

Ll
6Vl

lY1
l , ^T6&[ (

i 50,61
Ll

6Tl
lY2

l , ~C5!

and the overall functionC(q2,sM) is given by

C~q2,sM !5uVubu2
GF

2

2

1

2mB

~q22ml
2!AQ1Q2

256p3mB
2q2

. ~C6!

2. With a complex scalar coupling

The CP-even quantityS is

S52C~q2,sM !S, ~C7!

with
094019-11
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S5~L0
2S0

0Y0
0!2uP f 0

u21u^V2&Pru21u^T2&P f 2
u212~L0

2S0
0Y0

0!Re~P f 0
Pr* ^V2&* 1P f 0

P f 2
* ^T2&* !12 Re~PrP f 2

* ^V2&

3^T2&* !1uP f 0
u2uL0

1S0
0Y0

02~12z8!Ls
1Ss

0Y0
0u21uPru2@ u^V1&u21~Ls

1Vs
0Y1

0!2u12z8u222~Ls
1Vs

0Y1
0!Re~^V1&!

3Re~12z8!#1uP f 2
u2@ u^T1&u21~Ls

1Ts
0Y2

0!2u12z8u222~Ls
1Ts

0Y2
0!Re~^T1&!Re~12z8!#12 Re~P f 0

Pr* !

3@~L0
1S0

02Ls
1Ss

0!Y0
0 Re~^V1&!2~L0

1S0
0Y0

0!~Ls
1Vs

0Y1
0!Re~12z8!1~Ls

1Ss
0Y0

0!Re~^V1&!Re~z8!1~Ls
1Ss

0Y0
0!

3~Ls
1Vs

0Y1
0!u12z8u2#12 Im~P f 0

Pr* !Im~^V1&!@~L0
1S0

02Ls
1Ss

0!Y0
01~Ls

1Ss
0Y0

0!Re~z8!#12 Re~P f 0
P f 2

* !

3@~L0
1S0

02Ls
1Ss

0!Y0
0 Re~^T1&!2~L0

1S0
0Y0

0!~Ls
1Ts

0Y2
0!Re~12z8!1~Ls

1Ss
0Y0

0!Re~^T1&!Re~z8!1~Ls
1Ss

0Y0
0!

3~Ls
1Ts

0Y2
0!u12z8u2#12 Im~P f 0

P f 2
* !Im~^T1&!@~L0

1S0
02Ls

1Ss
0!Y0

01~Ls
1Ss

0Y0
0!Re~z8!#12 Re~PrP f 2

* !

3@Re~^V1&^T1&* !2~Ls
1Ts

0Y2
0!Re~^V1&!1~Ls

1Ts
0Y2

0!Re~^V1&!Re~z8!2~Ls
1Vs

0Y1
0!Re~^T1&!Re~12z8!

1~Ls
1Vs

0Y1
0!~Ls

1Ts
0Y2

0!u12z8u2#22 Im~PrP f 2
* !@ Im~^V1&^T1&* !2~Ls

1Ts
0Y2

0!Im~^V1&!

1~Ls
1Ts

0Y2
0!Im~^V1&!Re~z8!1~Ls

1Vs
0Y1

0!Im~^T1&!Re~12z8!#, ~C8!

and theCP-odd quantityD is

D52 Im~z8!C~q2,sM !D, ~C9!

with

D52@ Im~^V1&!$~Ls
1Vs

0Y1
0!uPru21~Ls

1Ss
0Y0

0!Re~P f 0
Pr* !1~Ls

1Ts
0Y2

0!Re~PrP f 2
* !%1Im~^T1&!$~Ls

1Ts
0Y2

0!uP f 2
u2

1~Ls
1Ss

0Y0
0!Re~P f 0

P f 2
* !1~Ls

1Vs
0Y1

0!Re~PrP f 2
* !%1Re~^V1&!$~Ls

1Ts
0Y2

0!Im~PrP f 2
* !2~Ls

1Ss
0Y0

0!Im~P f 0
Pr* !%

2Re~^T1&!$~Ls
1Vs

0Y1
0!Im~PrP f 2

* !1~Ls
1Ss

0Y0
0!Im~P f 0

P f 2
* !%1~L0

1S0
0Y0

0!~Ls
1Vs

0Y1
0!Im~P f 0

Pr* !1~L0
1S0

0Y0
0!

3~Ls
1Ts

0Y2
0!Im~P f 0

P f 2
* !#. ~C10!

Note that since every term inD of Eq. ~C10! contains square terms ofLi
1 which are proportional toml @see Eq.~12!#, the

CP-odd quantityD of Eq. ~C9! is proportional to lepton mass due to the definition ofz8 @see Eq.~44!#.
B

s.

B
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,
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