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CP violation in the semileptonicB;, (B—Dwlv) decays: A model independent analysis
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CP violation from physics beyond the standard model is investigateB,indecays:B—Dlv,. The
semileptonicB-meson decay to ® 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 hadréns,=. 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 calc\@dReoithe
rate asymmetry and the optimal asymmetry. We find that the optimal asymmetry is sizable and can be detected
at 1o level with about 16-10' B-meson pairs, for some reference values of new physics effects.
[S0556-282(199)02809-X

PACS numbgs): 13.20.He, 11.30.Er, 12.39.Fe, 12.39.Hg

I. INTRODUCTION In this work, we consider the possibility of probing direct
CP violation in the decay oB*— D=l *v in a model inde-
Semileptonic 4-body decays of mesons, sucK@s D4,  pendent way, in which we extend leptonic current by includ-
and B4 with the emission of a pion have been studied injng complex couplings of the scalar sector and those of the
detail by many authorl—4]. By, decays will be fully inves-  yector sector in extensions of the standard md&all). In
tigated soon at the forthcomirg-meson factories. The de- separate papdf], we also consider the phenomenon
cays ofK,, Di4, and By, have distinct characteristics in- iin specific models such as multi-Higgs-doublet model

many theoretical aspect¥,, decays can be studied with

. : and scalar leptoquark models. In order to observe ditdet
hiral perturbation theory for full h L .
chiral perturbation theory for full decay phase spaté violation effects, there should exist interferences not only

However, inD,, decays the chiral perturbation theory can be h h K CP-violati h b | diff
applied only to a very small region of the final state phasdfough weak CP-violating phases but also different
space[2] since light mesons in final state have relatively CP-conserving strong phases. By, decays,CP-violating

large energies. The pions emittedBp, decays have such a phases can k_)e generated through interfere_nce betwe_en
wide momentum range that one may have difficulties to ana¥V-€xchange diagrams and scalar-exchange diagrams with
lyze the decays over whole phase space. However, if weomplex couplings. Th& P-conserving phases may come
restrict our attention to the soft pion limit, we could investi- from the absorptive parts of the intermediate resonances in
gate B, decays, including the final sta® meson, by the B4 decays.
combined method of heavy quark expansion and chiral per- CP violation can be also investigated through T-odd mo-
turbation expansion[3,4]. The significance of theB mentum or spin correlations in semileptonic heavy meson
—Dalv decay mode is seen from the observation that thelecays to three or more final state particles in some extended
elastic modes oB—Dev and B—D*er account for less models[6,7]. Especially, the authors of Rdf7] analyzed the
than 70% of the total semileptonic branching fraction. Goitypossibility of probingC P-violation by extractingr-odd an-
and Robert$4] have studie®— D 7l v decays by including gular correlations in the lowest resonance decay Bof
various intermediate states which are decayin@tow, and —D*(—D)lv and found that the effects can be detected
found that the effects of higher excited intermediate state$h some cases. Here we include higher excited states, such as
are substantial compared to the lowest staté8f as the P-wave,D-wave states and the first radially excit8dvave
invariant mass oD+ 7 grows away from the groun®* state, as intermediate statesHr-D 7l v decay, since these
resonance region. intermediate states could contribute substantially to the de-
cay B, [4]. As can be seen later, including these higher
excited states would significantly amplify tl@@P violation
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CP violation effects implemented by interference betweerwhere we denote the corresponding meson states by the no-
vector boson and scalar boson exchanges in leptonic curretgtion in the last column. Furthermore, there could be radi-
may in general be proportional to the lepton’s mass. Thereally excited states. For example, the first radially excited
fore, we here consider the case including a tau lepton as welstates are
We note the larger lepton mass implies the smaller available
region of hadronic invariant mass in the final state phase
space, which actually means the relatively larger region of -~ o~
phase space to which chiral perturbation theory is applicablémong these resonancédenoted byM), D—Dm or B
in B,4 decays, compared to light leptonic decay cases. —Bar decay is possible only fa"=0*, 17, 2%, and 3

In Sec. I, we briefly review the heavy quark effective resonances because of parity conservation. However, if we
theory and chiral perturbation theory to calculate the ampliuse chiral expansion, the decay amplitude 6f<2ate, M, is
tude of B—Dlv decay. The detailed formalism dealing proportional to p,)?, and that of 3 state is proportional to
with B, decay is given in Sec. lll and Appendices. And the (p,)* [4], so their contributions will be suppressed in the
observable asymmetries are shown in Sec. IV. Section \soft pion limit. Therefore, in the leading order jm,, the
contains our results, discussions, and conclusions. resonances contributing 8, decays are

I=0(n=2):(0",17)  (M',M'*). (2.4

M=M* My,M;, and M'*, (2.5
Il. HEAVY QUARK EFFECTIVE THEORY
AND CHIRAL PERTURBATION THEORY whereM stands forB or D meson.

The weak decay matrix elements Bfto D are given in

The formalism ofB,, decay in the context of heavy quark the heavy quark limif4] as

effective theory (HQET) and chiral perturbation theory

(ChPT) has been studied by many auth@8s4]. We follow <D*(U/,E)|Hﬂ|5(v)>=g(w)[_iewaﬁvravﬁjL gu(0+1)

the procedure described in that literature, and make it suit-

able for our analysis by including various intermediate states —v;,,v s,

and retaining lepton masses. We briefly review these theories , ,

and describe explicitly our procedure of obtaining the ampli- (Do(v")[H,[B(v))=—pi(@)(v—0"),,

tude of the decay. 1
The interactions of the octet of pseudo GoldstgR&) , - ; a 1B _

bosons with hadrons containing a single heavy quark are<D1(U € HL[B() \/EPZ(w)[IE“”“BU v (w=1)

constrained by two independent symmetries: spontaneously

broken chiral SU(3)x SU(3)z symmetry and heavy quark +gu(0’=1)—v {(2+w)v,,

spin-flavor SU(,) symmetry[8], whereN,;, is the number ~3p, 1]

of heavy quark flavors. Within the frame work of HQEJ], m ’

the spinJ of a meson consists of the spin of a heavy quarlgDr*(v/’eﬂH IB(v))=ED(w)[—ie vk

(Q), the spin of a light quarkg), and relative angular mo- a prab

mentumi: +0ulwtl)—v,v,]e", (2.6

J=So+S+I. (2.3) whereH ,=cy,(1-y5)b=V,—A, andw=v-v'. The ef-
fective currents where 8-meson resonance decays into a
We denote the meson stateAswith its parity. If we define ground-stateD meson are easily obtained by simply taking
j=$S+1 which corresponds to the spin of the light compo-the Hermitian conjugate of the currents given above, fol-
nent of the meson, we have a multiplet for egch lowed by interchanging the symbds—D andv<—uv’.
For the form factorst(w), &M (w),p1(w), and po(w) in

J=j +£ (2.2 Eq.(2.6), we adopt the forms of Reff4], which were derived
T2 ' from the quark model. The explicit forms are

A2

Then, for a meso, HQET predicts the following multip- £ w)= ex A—(wz—l)

lets up tol =2: 2 '

SO0 AN, £ (w) \F Xz( 2_1) XZ( 2_1)
w)=— = — exg—(w~— y

3 4B2 4[[))2

1=1:(0",1%) (Mg,M{?)

1 K ZBB, 5/2 Kz
1+,2+ M(l),l\/l ; Sl st —
( ) (M77.My) pu() 2B 32+,812) exp[Z(BzﬂLBiz)
1=2:(17,27)  (M;,M¥®)
X (w?—1)],
(2737) (M My), (2.3
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1 (A2 28, 712 A2 transform under the spin-symmetry operations in the same
pz(a,)z_(:) 2—2,2 ex;{ﬁ way as the ground state superfield does.

2\2\ B/ \ g2+ 2(B°+B3°%) The strong interactions of heavy mesons with PG bosons

are described by the so-called “heavy-light” chiral Lagrang-

2 ian, which is written in terms of the usual exponentiated

X(@=1)), @7 matrix of PG bosons,
—. ) " 2iM
whereA is defined by writing the mass of the ground state as 3 =ex \/E—f , (2.11

Mo~ 1-)=Mg+ A with m;= 1628 MeV andn,=4977 MeV
[13]'22”d numerical values arg=0.29, 81=0.28, andB,  \yhere M is a 3x 3 matrix for the octet of PG bosons,
In order to deal with the interactions of PG bosons with 0
hadrons containing a single heavy quark, one may construct E
an effective Lagrangian with the two symmetries above and
perform a simultaneous expansion in the momenta of PG _ T 7
bosons and the inverse masses of the heavy quarks. Such a M= 7’ - E %
Lagrangian has been described in Hdfl] for heavy had-
rons with the light degrees of freedom in the ground state. K- K0 \F
For construction of such effective Lagrangians, it is conve- ~N37
nient and now common to introduce superfields associated (2.12
with each multiplef12]. Using the superfield formalism, one
may represent the spin-flavor symmetry explicitly, and ac-and
cording to a velocity superselection rJl&3], one can have f =93 MeV 2.13
one such superfield assigned with each four velogityat ” '
the leading order in the inverse heavy mass expansion. s the pion decay constant. The Lagrangian for the PG
The superfield for the ground-state heavy meson multipleggsons is
(07,17) with velocity v , is 2
1+% Ly=71ra,3T"3, (2.19

Ho=——(—ysP+ YV, (2.8

_ _ _ which contains all SU(3)X SU(3)g invariant interactions
whereP and V}; are the fields associated with the pseudo-up to two derivatives among the PG bosons. One can easily
scalar and vector partners, respectively. This multiplet transsee the invariance of the Lagrangiat,, under SU(3)

forms under spin-symmetry operations as X SU(3) chiral transformation, since in this representation
(1+9) the unitary matrix transforms as
i3 ; j i ikl
H_—exp—ie-S)H_, with S =ie“[&.é] 5 S 3’ =LSR' (2.15
(2.9

whereL and R are global transformations in SU(3)and

wheree*, k=1,2,3, are spacelike vectors orthogonal to theSU(3)z, respectively. Since the chiral symmetry SU(3)
four-velocity v,,. Similarly, one can associate superfields * SU(3)r is spontaneously broken down to SU(3)we can
with excited stateg14]. The multiplets of our interest, deal with interactions of such PG bosons to the usual had-

(0",1%), (17,27), and (0",17)" are described by the su- ons by introducing a new matrd5]

perfields: E=312 (2.16
H.= #( —Hg++ 7M75H’1L+): which transforms under the SU(3¥ SU(3)r as
E—E' =LEUT=UERT, (2.17
1+9 3 1
HE = - \@H I, gh— 5%( yE+u#) whereU is a unitary matrix depending dnandR and non-

linear functions of PG fields. Fron§ we can construct a

vector fieldV,, and an axial vector field, as follows:
+ysy,Hy |, X L

— et e

e , 5 vV, 2(§ d,6+&d,E") 4fi[/\/l,r7#/\/l], (2.18
H—:T(—YsHO—JF y.H15), (2.10
i -1
A =5(E0,6—E0,EN=——a,M.
respectively. All the tensors are traceless, symmetric, and w= (8t E0E) Nl

transverse to the four-velocity. These excited superfields (2.19
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The vector field transforms like a gauge field under chiral " L og ! 7 U
transformation / J
/ !
r_ T T ’ /
V,—V,=UV,U'+Ug,U", (2.20 y A ” Y ' oy
=
and the axial vector field is an SU(3) octet which transforms B b
as @ ®
’r_ T i
A,—A =UA,U". (2.21 FIG. 1. Feynman diagrams f@&;, decays.
The heavy quark spin-symmetry multiplét, transforms un-  from those for8~— D%#°l v at the amplitude level by using
der a chiral rotation as isospin relation. The amplitude has the general form:
H—UH. (2.22 Ge
TZK[(1+X)j’uQ$+ 7jss], VMgMp,

K:VCb_

Note that all multiplets we are considering are isotriplets, 2

and effectively reduce to isodoublets since we do not include 3.1
the strange quark in our consideration. o . o

In order to construct chirally invariant Lagrangian, we Wherej, is the (V—A) charged leptonic current ard is a

make use of a gauge-covariant derivative involing: Yukawa-type scalar current in the Igptonic sgctqr. Here the
parametersy and », which parametrize contributions from
Vu=3,+tV,. (223 physics beyond the SM, are in general complex. Note that

the SM values argq= »=0. We retain charged lepton mass
X . : since we also consider decaysB®f,. The vector interaction
one can construct an effective Lagrangian, which possess%%rt of the hadronic amplitud€)®, receives contributions

spin-flavor and chiral symmetry explicitly. In Rei4], the . . o
strong interaction effective Lagrangian is given to the Iowestf rom two types of diagrams, illustrated in Figsaland 1b),

chiral order, i.e., ta(p,) in the heavy meson sector and to 'c>PectVely:

O(p?) in the pion sector. Among many possible terms in the p_ o B — _
Lagrangian, the part of the interaction between heavy me- A =(Dmley (1 7’5)b|B>—% (Dlcy*(1—ys)b|B;)
sons and pions is i

Using this covariant derivative and the axial vector fialgd,

Ling=9tr(H_A*H_y,ys)+ ay tr(H, A“H_y,ys) X (Bim|B)+ 2 (Da|Di(Di[cy“(1—vs)b|B),
Dij

+aptr(H_ ,A“H_ys)+ astr(H_ A*H_y,vs),

(2.24 (3.2
_ and () is the corresponding scalar current matrix element:

whereH=y"H1°, andg and «;’s are the low energy cou- -

pling constants. From the above Lagrangian, one can obtain Qs=(Dm|c(1-y5)b[B), 33

vertices for soft neutral pion emissi¢d]: ~ ~ ) ] ]
whereD; andB; stand for intermediate excited states of our

interest. We can obtain Yukawa interaction form factors by

9
* u\ 0. 2 (M
(DD 'pr”’ multiplying the (V/—A) currents with momentum transfer

q*:
oty 0.%1 '
(DD" ) .f—pw~v, g“=pg—pPp=Mgv*—mpv'#, (3.9
2a (D*(v',€)|g*ALIB(v)) =~ &(w)(Mg+mp) (v - €*),
0. 2
(DDY-)m -\[gf—p" (Do(0")|q*ALIB(v))=p1(@) (Mg +mp) (1~ w),
agz ’ 2
(DD’*#)WO:f—pf;. (2.25 (D4(v ,e)lqMAMIB(v»:—%pz(w)(mBerD)(l—w)
Using these vertex factors and the heavy meson transition X(v-€*),
trix el ts in Eq(2.6), lculatd,, d Tk .
e canents In Ea(26, one can caleulat®ia AeCay(pre(y,6)[q#A,|B(0))= ~ £¥(w) (Ma-+mo) (v-€*);
' (3.9
lll. B,, DECAY RATES WITH SCALAR COUPLINGS (all stategg“V ,|B(v))=0. (3.6
We considerB,, decays ofB-—D*# |v and B~  And using
—>D0770|i We here show theoretical expressions Br q"Vﬂ=(mB—mD)€b, q“A,=—(mg+mp)Cysb,
—D% 0 v. ForB-—D "7 |v, we can easily derive them (3.7
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in the heavy quark limit, one can relate any Yukawa-typeNote that the SM corresponds to the case with n=/¢
interaction with the vector(axial) current ones. Conse- =0. Then the amplitude can be written as

quently, we get the following relation:
y23

4, Q4= (mg+mp)Qs. (3.9 T=k(1+X],0¢ Q=0+, (310
|

We define the dimensionless parametewhich determines
the size of the scalar contributions relative to the vector onesynare we used the Dirac equation for leptonic current,
n L#j,,=mjs with L*=p{*+p*.

&= 1+x° (3.9 Then, the relevant Feynman diagrams read

+©"(v’)A(D*)

9M=%§<w>py[®W<v>A<B*>

: 7
0V e, 0,0, (1+ w)—vﬂvlg—évlgmI

X

L
. “
Iv“v"gewﬁp-kgﬂp(l-k w)—vpvl'ff—gvpﬁI

a1 ’ L/’- ’
+t1pe))(v-v ),ﬁé(l—w)ﬂ [—A(Bo)p-v+A(Dg)p-v']

L
T %pz(w)pp{QaVP(U)A(Bl) ieﬂvaﬁvav’ﬁ(w—]_)-l—g#v(wz_1)_UL(UM(2+w)_sv;,,)+2§(l_w)v;#

+0"(v")A(D,)

L
ieﬂmﬁv“v'ﬁ(w—1)+gﬂy(w2—1)—vy(vL(2+w)—3vﬂ)+2§(l—w)v,,—mMH
I

a3 ! H [ ’ ! Vv, ! !
+E§(1)(w)p,,[®"p(v)A(B *)iv® Bewﬁp+gw(1+w)—v#up—gvpm’l‘ +0"(v")A(D'*)
- , L,
X|iv% ewﬁp-kgw(l-kw)—vpvu-f—§vpmI (3.11)
|
where®“”(v)=g*"—v*v"”, and for numerical values of the dmy. =0.71 GeV, Iy =405 MeV,
coupling constants we use the predictions of R&F. ! '
9=05, a;=-143, a,=-0.14, a3=0.69. (3.12 omy'~=0.56 GeV, T'y=191 Mev, (3.14

Here the functions representing the propagator of the intewhere M stands forB or D. Note that we used the same
mediate resonancé,(M), are defined as follows: numerical values foB andD, for simplicity, following Ref.
M= 1 [4]. For B, decays, values fob are much more important,

B and are also more precisely known from experiments com-

= 2, . = — ~
(Ps—P)>~M5+iMgl'g  —2(v-p+omg)+ils pared to values oB. In order to do detailed calculations,
first, we now define the kinematic variables

(B)

Mp 1
)_(pD+p)2—M%+iM5F5_2(v’.p—5m5)+i1“5’ P=pPptps, With pp=mpv’, pP,=p,
3.13 Q=pp—p,
where we have incorporated the finite width of the reso- L=p+p;,
nances]'g andI'g. This inclusion of resonance widths cor-
responds to considering the overall strong interaction contri- N=p,—p,. (3.195

bution, and plays an important role in our investigation.

Those widths serve @ P-conserving phases needed for di- In terms of these variables, the most general forgfcan
rect CP violations. Here the mass differences between thde written as
resonances and the ground-state mesémg; , are defined .

as émy=my—my, andl'y is the total width of the reso- o) =I—He
nance. For the specific values of the above quantities, we o2 R
adopt the predictions in Ref4]:

dmy =0.39 GeV, Ty =1040 MeV,

L'Q’P’+FP,+GQ,+RL,, (3.16

whereH, F, G, andR are the form factors depending on three
invariantsw, p-v, andp-v’. These form factors are easily
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obtained from the expressions in E®.11), and their ex-
plicit forms are given in Appendix A. We get the following
invariants:

2_
P=sy,

Q*=2(m3+m’)—sy,

L2: SL ,
N2= _SL+2ml2, FIG. 2. Decay planes for the kinematic variables.
— 2 2 .

P-Q=mp—mz, we choosesy =(pp+p)2 s.=(p;+p;)>% 0 (i.e., the angle

1 between theD momentum in theD 7 rest frame and the
P.L= E(mZB_gL—sM), moving direction of theD 7 system in theB-meson’s rest

frame, 6, (i.e., the angle between the lepton momentum in

L~N=m|2. (3.17  thelw rest frame and the moving direction of the system

in the B-meson'’s rest frameand ¢ [i.e., the angle between
It is well known that there are five independent kinematicthe two decay planes defined by the papsg) and (@, ,p;)
variables for these processes when the spins of the initial anid the rest frame of th® mesod. This is the set of variables
final states are zero or not observed. From the momenta aitially introduced by Cabibbo and Maksymowi¢26] in
the B meson,D meson, the pion, the lepton, and its neutrinothe analysis oK, decays. All the angles above are explicitly
Pe: Pps P, P, andp;, for the five independent variables defined in Fig. 2. Then, the remaining invariants are

1
P.N= Z—SL[mF(mé—sM—sL)+cosa|(s,_—m,z))\llz(mé sm»sU

1
Q-L= 5[ (mp—miz)(mig =Sy —5y) + COSON sy mip,, mON (MG, S50,

2
m
Q- N= 5 [(m —m2) (Mg — sy — 1) +CosON YA mg s SN A s, md ,m?) ]
ML
2 2 2
Mp—mz (m —-S _S)
+2DS—MSLcos¢9|)\1’2(m§,sM,s,_))\llz(SL,mF,O)Jr BZsMMsL " cosd, cosoN (s ,m3 ,m2)AYY(s, ,m2,0)
1 o i o 12 2 21\ 12 2
- COSs¢ sin @, sinON" sy ,mp ,mZ)N-9(s.,m;,0),
VSmSL
€0poPHQYLPNT= — AYAm3 sy sOAYA(sy M3 m2)AY3(s ,m?,0)sin¢ sin g, sin 6, (3.18
SL.Sm

where \(x,y,z) =x?+y?+ 72— 2xy— 2yz— 2xz. In particular, the amplitudes are functions of three invariants,v -v’,
p-v, andp-v’, which are given by

1
U'U'Im[(swﬁmzo_mfr)(méJFSM—SL)H\m(m%,SM ,SONY(sy ,mB ,m%)cosd],
p'U: 4mBSM [(SMJ’_me_mZD)(mé+SM_SL)_)\l/2(m§ !SM vsL))\llz(sM 1m% ,mi)COS@],
p«v’=i(s —m3—m?) (3.19
2mD M D T/ .

Finally, the decay rate is proportional to
|T|2:7(2L;LVQMQ: , (32@

where’k= |1+ x|, and the leptonic tensdr,,, is given by
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L,uV:4(L,U«LV_ NMNV_(SL_mIZ)gMV_if L”N7), (3.23)

pvpo
retaining lepton masms, . The explicit result is
| TI2/k?=4|F[Z[(P-L)? = (s.—m{)sy — (P-N)?]+4|G[Z[(Q-L)*= Q*(sL. —m{) — (Q-N)? ]+ [H|’[ (s —m})

X(2P-LP-QQ-L—(P-L)?Q*~(P-Q)%s. —(Q-L)?sy+ Q%SyS )~ (€,,,,L “N"P?Q")?] + 8Rg FG*)
X[P-LQ-L—P-NQ-N—(s,—m’)P-Q]+4RgFH*)[s P-QP-N+(P-L)?2Q-N—P-LQ-LP-N—sy5.Q-N
—m?(P-QP-L—syQ-L)]+4RgGH*)[—P-N(Q-L)?+P-LQ-LQ-N+Q? P-N—5 P-QQ-N—-m?
X(Q?P-L—P-QQ-L)]+4mf[|RI*(s,—mf) +2R&F*R)(P-L—P-N)+2RgG*R)(Q-L—Q-N)
—Im(RH*)e

PLQYLPN’]+4IM(2FG* + F*HP-N+G*HQ-N)e,,,,P*Q"L"N”. (3.22

nvpo nvpo

The differential partial width of interest can be expressedKinematically allowed regions of the variables are

as (Mp+m,)2<sy<(mg—m)?,
N
Al = == J(sy,5)|T|2d®,, (3.23 mP<s <(mg—/sw)?,
14 2mB
—1< cosé,cos6,<1,
where the 4-body phase spad®, is 0< <2, (3.27)
dd,=dsy,-ds -d cosf-dcosd,-d, (3.29 , L , .
Since the initiaB™ system is noCP self-conjugate, any
and genuineC P-odd observable can be constructed only by con-
2 for charged pions sidering both theB,, decay and its charge-conjugaté,
N, = ) ' (3.25  decay, and by identifying th€ P relations of their kinematic
1 for neutral pions, distributions. Before constructing possil@ld-odd asymme-

tries explicitly, we calculate the transition probability for the
charge-conjugated  processB* —D%#% "y, or BT
Ixy)= —D 71"y . Following previous explicit expressions, the
T 2Mabxyng transition probability T|? for the B* decay in the same ref-
" 2 2 iip ) erence frame as in th®~ decay is given by simple modifi-
XN M, mO)AAY,mi,0). (3.2 cation of the transition probabilityT|2 of the B~ decay:

and the Jacobiad(x,y) is

AAmE x,y)

(i) change signs in front of the terms proportional to imaginary part

TR=[T]3
=T iy .

(3.28

It is easy to see that if the parametgis real, the transition The CP-even partS and theCP-odd partD can be easily
probability (3.22 for theB ™~ decay and Eq3.28) for theB* identified by making use of th€P relation (3.29 between

decay satisfyCP relation: theB~ andB™ decay probabilities and they are expressed as
— d(I'+T) d(I'-T)
0.0, )= TI20.0,-9). (329 s= D g p= 20D gy
do, dod,

Note that all the imaginary parts are being multiplied by thewhere we have used the same kinematic variables
quantity €,,,,,P*Q"L’N” which is proportional to sig, as  {sy,s, ,6,6,} for thedI'/d®, except for the replacement of
can be.seen in Eq3.18. And then,dI'/d®, can be decom- # by — &, as shown in Eq(3.29. HereT andT are the
posed into &CP-even partS and aCP-odd partD: decay rates foB~ and B*, respectively. TheCP-evenS
term and theC P-odd D term can be obtained froB™ decay
probabilities and their explicit form is listed in Appendix B.
Note that theCP-odd term is proportional to the imaginary

dr_lSD 3.3
qu)A—z(JF)- (3.30
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part of the parametef in Eq. (3.9) and lepton masm, [note D (D)
also thatD in Eq. (B2) looks proportional tom?, but the Wopt(Sm 1S3 0,61, ) == opi= RCE 4.7
quantity A, has 1, factor in it]. Therefore, there exists no

CP violation in B, decays within the SM since the SM

corresponds to the case wigh=0. We adopt this optimal weight function in the following nu-

merical analyses.

IV. ASYMMETRIES
V. NUMERICAL RESULTS AND CONCLUSIONS

An easily constructedCP-odd asymmetry is the rate

asymmetry Let us first consider the decay to heavy leptensince
. CP-odd asymmetry is proportional to;, and heavy lepton
r-r may be more susceptible to effects of new physics. The con-
A= FTF (4.) tributions of each multiplet to th8_, decays are shown in

Figs. 3a and 3b), for B —=D"# 7v. and B~

which has been used as a probeod? violation in Higgs and ~ —D%n°7v,, respectively. We found that the contributions

top quark sectorfl7]. HereI' andT are the decay rates for from (07,1%) and (0",17)" multiplets are comparable to the
B~ andB*, respectively. The statistical significance of the lowest one (0,17), and the contribution of the D-wave

asymmetry can then be computed as (17,27) multiplet is very small. However, the latter may
give non-negligible contribution through the interference
N_—N;, N_—N; with the other dominant parts, so we retain it.

Nsp= IN_EN = JN-Br (4.2 We restrict ourselves to the soft-pion limit by considering
- only the regionsy,<6.5 Ge\#, which is about one half of
the maximum value. This restriction corresponds to the pion
. - . momentum less than about 0.6 GeV. The decay rates we
number of events predicted By, decay forB= mesonN is L ; .
. . obtain (including all of the resonances we have discugsed
the number oB mesons produced, ar®r is the branching 6 - L=
fraction of the relevanB decay mode. For a realistic detec- &€ 1.7%10""" GeV for B”—D"7 7v. and 5.56
tion efficiency e, we have only to rescale the number of X10™** GeV for B~ —D%#%rv,, where we uselp«o
events by this parameteN_+N,—e(N_+N,). Taking =60 keV for the total width of theD*° [4]. These corre-
Nsp=1, we obtain the numbe¥g of the B mesons needed spond to branching fractions of 0.045% and 1.37%, respec-

whereNgp is the number of standard deviation$, is the

to observeCP violation at 1o level: tively, which were obtained by using the recently published
lifetime of the charged®® meson ¢g+=1.65< 10 %) [19].
Ng= 1 _ 4.3 We notice that, althougB ™ — D_+ 7~ 7v, decay amplitude is
Br-A2 larger than that oB~— D°#%7v_ by factor+/2 from isospin

relation, for the actual decay rate the latter mode has much
Next, we consider the so-called optimal observable. Arnarger decay rate. This is so because the most dominant reso-
appropriate real weight functiow(sy,,s, ;6,6,,¢) is usu- nanceD% cannot decay int® "7~ on its mass she[l19].

ally employed to separate tl@P-odd D contribution and to In Table I, we show the results &, decays for the two
enhance its analysis power for tldP-odd parameter In) CP-violating asymmetries: the rate asymmethyand the
through theC P-odd quantity: optimal asymmetryg,,;. We estimated the number Bfme-
son pairs, Ng, needed for detection at ol level for
<WD>EI [WD]dd,, (4.4y ~ CP-violating values|im(¢)|=0.5 and 2.0. These values are
chosen from our rough estimates of current experimental

) ) ) ) bounds in the multi-Higgs-doublet model and scalar lepto-
of which the analysis power is determined by the paramete,ark models. Thorough investigation on specific models

(WD) can be found in Ref[5]. As we can expect, the optimal
£= —. (4.5 observable gives much better result than the simple rate
V(SHWS) asymmetry. We also found that although the decay rate of

neutral pion mode is larger than that of the charged pion
For the analysis powes, the numbemMg of the B mesons  mode, the latter case gives better detection results because of
needed to observ@P violation at 1o level is large CP-violating effects in charged pion decay mode.
Since one can expect about®16rders of B-meson pairs
5= 1 _ (4.6) produced yearly in the asymmetri® factories, one could
Br-g? probe theC P-violation effect by using the optimal asymme-
try observable.
Certainly, it is desirable to find the optimal weight function = We also estimate@ P-violation effects in theB,, decays
with the largest analysis power. It is knoh8] that when  with light leptons. The results fdB,,, decays are shown in
the CP-odd contribution to the total rate is relatively small, Table Il. We found that relative sizes GfP-violating asym-
the optimal weight function is approximately given as metry, which is proportional to the lepton mass, are smaller

N
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10-2 LI L Y D B R B I

(a)

TABLE I. The CP-violating rate asymmetry A and the optimal
asymmetrye o, determined in the soft pion limit, and the number
of chargedB meson pairsNg , needed for detection atollevel, at
reference valuesa) Im(¢{)=0.5 and(b) Im({)=2.0, for theB .,
decays.

107°

(a) Modes B-—D*'m v, B~ —D% v,

- T — Asymmetry Siz&) Ng Sizg%) Ng

10 RIS T (01 1
7N A 0.08  331x10° 0.002  3.2x10

Eopt 1.13 1.7x 10 0.15 3.3%x 10

(0, 1)

107 (b) Modes B =D m 7v, B~ —D% v,

Asymmetry Siz&%) Ng Sizg%) Ng
A 0.33 2.0% 1 0.006 2.0 10%
Eopt 452 1.1x1¢° 0.59 2.081¢°

(1/Te,, )dl /ds u (GeV2)

-
/

/

107°

—
/
/

=
\,
\
\
4
|
|
/
/
/
/
—
AN
1
~

Ll

——F-JFTI11]
\,
/
/

Sl |\.\. L same input Im{) values, even when using the optimal ob-
10 servable. Thus one may conclude that b&h, and B,
4 5 ° / 8 decays could serve as equally good probe€ Bfviolation

Sy (Ge\/2> effects. However, in some moc_jels _such as _mu_Iti—Higgs—

doublet models, the scalar coupling, i.e., effectivéliself,

is proportional to the lepton mass, and thereforeGlirevio-
lation in theB,,, decays is highly suppressed compared with
theB,, decays. Thereford3 ., decays could serve as a much
better probe ofC P-violating effects in such models.

As mentioned earlier, the pure contribution of avave
(17,27) multiplet is very smallcf. Fig. 3, but we included
that multiplet since its contribution could be rather sizable
through interference with other dominant ones. However, we
compared the result obtained by dropping off the (&)
multiplet with the previous results including all the multip-
lets, and found that the interference effect is also very small.
So one could safely neglect the (;2~) multiplet for B,
decays.

We here included various higher excited states other than
- just the ground statB* vector mesons as intermediate states
iy SO Y in the decay processes. In order to estimate effects of these

. higher excited states o@ P violation effects, we show in
Table Il the results with only the ground state included as an
intermediate state. It can be easily seen, by comparing with
P the values in Table(b), that those higher excited states have
o7 b e L b highly amplified the effect o€ P violation.

[(o]

1072

(b)

10°°

10™

T
Ll

107

(1/Te, )dl /dSw (Gev-2)

~.

10°°

~.
/

;/'
/

Ve
LA ol

TR F IO

4 5 6 7 8 ¢ In conclusion, we investigated CP violation from physics
S ) ) beyond the standard model through semileptd@icdecays:
M (Ge\/ B—Dwly,. In the decay process, we included various ex-

FIG. 3. [111(B— Dev)(dl'y 4 /ds,) as a function of the in- cited states as mte_rmgd@te states de(_:aylng to th_e final had-
: i A - rons. TheCP violation is implemented in a model indepen-
variant mass oD, sy : (@ for B-—D "7~ rv and (b) for B dent . hich tend the leptoni t b
— D%, The curves correspond to the individual resonance dous ent way, in which we exten € leptonic current by
blets, as indicated in the figures. including complex couplings of the scalar sector and those of
the vector sector in extensions of the standard model. We
in B4 decays than i, decays. However, due to the larger calculated theCP-odd rate asymmetry and the optimal
branching fractions, at the same value of ilnpne needs in asymmetry, and found that the optimal asymmetry is sizable
theB,,, case the number @-meson pairs of the same order and can be detected at ol level with about
of magnitude as in th®,, case to probe th€P-violating  10°-10" B-meson pairs, for some reference values of new
effect. ForB,, decays, however, electron mass is so smalphysics effect. Since-10° B-meson pairs are expected to
that we find that~10'° B-meson pairs are needed for the be produced yearly at the forthcoming asymmeBiéacto-
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TABLE Il. The CP-violating rate asymmetry A and the optimal
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TABLE Ill. The CP-violating rate asymmetry A and the opti-

asymmetrye o, determined in the soft pion limit, and the number mal asymmetrye,,, determined in the soft pion limit, and the

of chargedB-meson pairsNg, needed for detection atollevel, at
reference valuesa) Im(£)=0.5 and(b) Im({)=2.0, for theB,,
decays.

number of charge®-meson pairsNg, needed for detection atol
level, at the reference value 14)(= 2.0, for theB , decays, includ-
ing only the ground state (Q1~) multiplet as an intermediate state.

(a) Modes B_—>D+7'r_,u,7ﬂ B_—>DO7TO/.L;# Modes B_—>D+7T_T;T B_—>D07TOTZ.
Asymmetry Sizé&%) Ng Sizg%) Ng Asymmetry Siz€%) Ng Sizg%) Ng

A 0.014  7.2x10° 0.0005 3.5%10% A 0.0004 2.2x10*  0.0002 1.7%10%

Eopt 0.24 2.35¢ 10 0.045 45%10 Eopt 0.007  6.06x10% 0.01 5.3% 10°

b) Modes - T wy - 09, -

(b) B =D m pv, B =D mpuy, of W.N. was supported by the BSRI Program, Ministry of
A 0.054 4.5410° 0.002 1.8% 10

Eopt 0.95 1.4% 10° 0.2 2.83x10° APPENDIX A: FORM FACTORS

ries, one could investigae P-violation effects by using our
formalism.
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_ 9é(w) N . azpa(w) azé (o) . .
h—m(A(B )+A(D*))+ m(w—l)(A(Bl)+A(D1))+ W(A(B )+A(D'*)),
(1)
A1=g§f(“’)<1+w)(A<B*>+A(D*>)+%(“’)(&—D(A(Bl)wolmM(Hw)m(s'*)w(v*»,
_ 9é(w) , L a1pi(o) , azp2(w)
Ar=— f e p-(v+v')A(B )—fw—mB(p'UA(Bo)—p'v A(DO))_fw—mB
1 ! 2 ! ! asg(l)(w) ! *
X1 A(By|z(wp-v'=p-v)+3(p-v'—wp-v) | =AD)(p-v—-wp-v’) = — ——p-(v+v)A(B"),
o' B
_ 9é(w) ) o 21p1(0) ) azpa(w)
Az=— fmy p-(v+v')A(D )—W(D'U A(Do)—p'UA(Bo))—W
1 ! 2 ! ! a3§(l)(0)) ! *
X1 A(Dy)|z(wp-v=p-v)+z(p-v-wpv)|—AB)(p-v' —wp-v)— — P (v+v)A(DY),
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%i(r:’l)[_A(B*)(pu/_wp.v)+A(D*)(p.v_wp.v,)]+%ﬁn@)

2 ) o)
%(1—@[—A(Bl)(p.u’—wp'v)+A(D1)(p'U_‘”p’”,)]+%

X[=A(B™)(p-v'~wp-v)+AD*)(p-v-wp-v")]. (A7)

A= (1= )[=p-vA(Bo)+p-v'A(Do)]

APPENDIX B: CP-EVEN AND CP-ODD QUANTITIES
The CP-even quantitysS is
S=2C(sy,s.) - (R-independent terms dfT|?)+8C(sy ,s) M 2(s, — M) Re( ()R ALAL ) +2(P-L—P-N){ReF*A,)
+Re(()Re(F*Ay}+2(Q-L—Q-N){Re(G* Ay) + Re({)RE(G* Ay)} — €,,,,,,P*Q"L’N{Re(H* A;)
+Re({)Re(H* Ay}, (B1)

and theCP-odd quantityD is
D=8C(sy,S)MAIM()[2(s.— MA)IM(AAY)—2(P-L—P-N)Im(F*A;) —2(Q-L—Q-N)Im(G*A,)

+ €,psPHQLPNZIM(H* Ay) ], (B2)
where the overall functio(sy,,S;) is given by

m

2mg

C(sm,S) =21+ x|? J(sm,SL)- (B3)
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