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CP violation in the semileptonic B, decays(B*—«* 7~ | *v)
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Direct CP violations inB,, decays B*— =" 7~ | *|) are investigated within the standard mo¢®M) and
also in its extensions. In the decay processes, we include various excited states as intermediate states decaying
to the final hadronsr* +a~. The CP violation within the SM is induced by the interferences between
intermediate resonances with different quark flavors. As extensions of the SM, we coB$ideplations
implemented through complex scalar-fermion couplings in the multi-Higgs doublet model and the scalar-
leptoquark models. We calculate tEP-odd rate asymmetry and the optimal asymmetry. We find that the
optimal asymmetry can be measured at theldvel with about 18B-meson pairs in the SM case and*2a0/
pairs in the extended model case, for maximally allowed value<Bfodd parameters in each case.
[S0556-282(199)06719-3

PACS numbds): 13.20.He, 11.30.Er

[. INTRODUCTION not negligible because of Cabibbo-Kobayashi-Maskawa
(CKM) favored nature ob—c transition compared to the
Semileptonic four-body decays & mesons with emis- b—u one ofuu statesp, fo, andf, mesons. If we includ®
sion of a single pion have been studied in detail by manymeson as an intermediate state as well asithstates, direct
authors[1-3]. Recently we investigated the possibility of cp violation may arise even within the SM through their
probing directCP violation in the decayg” —D#l v [3]in  relative weak phases of the different CKM matrix elements
extensions of the standard mod&M), where we extended (v, andV,,). Therefore, we first consideEP violation
the weak charged current by including a scalar-exchange inwithin the SM by includingp, fo, f,, and D meson$ as
teraction with a complex coupling, and considered as specifihtermediate states decaying 0" 7. Next we also con-
models the multi-Higgs doubletMHD) model and the siderCP violations in extensions of the SM, in which we use
scalar-leptoquarkSLQ) models. In the present work, we in- a cutoff to the final stater7 invariant mass so that the ef-
vestigate the same possibility in the decay & fects of D meson cannot enter, thus ensuring that the result is
— (7" 77 )" v. In this case we find there may be dir€P  solely from new physics.
violation even within the SM. In Sec. Il, we present our formalism dealing with
As is well known, in order to observe dire€tP violation — ararl v decays within the SM and in its extensions, and the
effects, there should exist interferences not only througtobservable asymmetries are considered in Sec. lll. Section
weak CP-violating phases but also with different IV contains our numerical results and conclusions. All the
CP-conserving strong phases. In the decay Bf relevant formulas we use here are presented in the Appendix.
—amwl v, we consider it as a two-stage proces’:
—(Z;M;—mm)lv, where M; stands for an intermediate
state which is decaying tar*+ . In this picture the Il. THEORETICAL DETAILS OF DECAY AMPLITUDES
CP-conserving phases may come from the absorptive parts A. Within the standard model
of the intermediate resonances. Here we try to include as , )
many intermediate states decaying#té+ 7~ as possible so | he decay amplitudes for the processes of Fig. 1, With
that they can represent a pseudocomplete set of the relevdfit€d in Table I,

decay. The candidates m—u transition arep, f,, andf, B~ ML(De N 4 WE
mesons, which decay dominantly teranode(see Table)l (Pe) (Pih) (@
Furthermore, we find that even in—c transition aD® me- —at(p)+a (po)+1 (p A+ r(p,) (D

son can decay ta" + 7, although its branching fraction is

very small compared to those ofi states. However, we can
find that the contribution through an intermedifteneson is ~ are expressed as

*Email address: kim@cskim.yonsei.ac.kr, http:// IHere we are including fully known resonances only, and neglect-

phya.yonsei.ac.kflcskim/ ing possible non-resonantn2decays. A significant experimental
"Email address: jilee@theory.yonsei.ac.kr enhancement can be made, if we use the reduced kinematic region
*Email address: ngw@cakra.dongguk.ac.kr around 1.4 GeV<\(p,+ pw)zs 1.9 GeV(see Table)l
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TABLE I. Properties and branching ratios of" 7~ resonances.

Labeli M; JP m, (MeV) I; (MeV) BR(M— 7" 77)
0 Mo=1,(980) o 980 40~100 0.52

0’ Mg =f(1500) 0 1500 112 0.3

1 M= p(770) 1 770 151 1

1’ M = p(1700) 1 1700 240 0.3

2 M,=1f,(1270) 2 1275 186 0.56

3 M;=D° 0 1865 1.5%107° 1.53x10°3

Gr . In order to obtain the full helicity amplitude of thB
A*l=——2 > Ve~ (pr A ) v(p,)|i#T|0) —mmly decay, we first consider the amplitude &
2T —M;l v, [5], denoted as\t i!:
X(Mi(pi N[ B™ (pe))ITi(sm)

G _
X(mt(py) 7 (Po)[Mi(pi N)), (2 Mi!:__FViCK'_(FM,?\|)V(py)|j’”|0>

2
where\; =0 for spin 0 statesf(; andD), \;= = 1,0 for spin _
1 states ), \;=*+2,+1,0 for spin 2 statesf), and\, is X(M;(pi , Ai)[Ji.IB™ (PB))- (8)
the lepton helicity* 3.

. N .
The leptonic current is We express the matrix elementst \ into the following

form:
=y 1=y, () G
Mo ZFyv A NN
and for the hadronic currents we have M N \/EV'C'% by iy ©)
=gy (1= ys) P, Vi=Vyp, where for the decayB— M, W* andW* —|v, respectively,
A\ * _
1 HY' = ew, (Mi(pi,\)[JB ™ (ps)),
=75 forlabel =010 2 4) hw R

Ly, =ewu(1 (P M) ¥(p,)]i#1]0), (10

and
o in terms of the polarization vectoegy=€(q,\\y) of the vir-
I =wey*(1—ys)hy, V3=V, Cz=1 forlabeli=3, tualW. Theseey/'s satisfy the relation
©)
—gh=2 e (11)

wherec; stands for the isospin factor especially dueuto M

mesons. We assume that the resonance contributions of the o o
intermediate states can be treated by the Breit-Wigner formi¥here the summation is over the helicitieg,=+1,05 of
which is written in the narrow width approximation as the virtual W, with the metricn.. = no=—7s=1.

\/miFi/w

Hi(sy)=————,
(S sy—mZ+imT;

(6)

wheresy,=(p. + p_)? and them;’s andTI';’s are the masses
and widths of the resonances respectislge Table)l For
the decay parts of the resonances we [d3e

(m"(p)m (P)IMi(pr A= VBRY 1 (6%,6%),
()

where Y|"(6,¢) are theJ=1 spherical harmonics listed in
Appendix B, and the angle®" and ¢* are those of the final
statew~ specified in theM; rest frame[see Fig. 2c)]. The

couplings ofM; to 7r7r are effectively taken into account by
the branching fraction8R;(M;— 7" 7"). FIG. 1. Diagrams foB— M;W* —a* 7|~ 1, decays.

o
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We evaluate the leptonic amplitu(ﬂé"W in the rest frame  for f5(27) states,

of the virtual W [see Fig. 20)] with the z axis chosen along £.(D. vV |B —ih(g? * va Tp)
the M; direction, and thex-z plane chosen as the virtus/ (fa(pi, €2)[V,ulB(pe)) =IN(G%) €uinp€2 “Poa(Pet P

decay plane, withg;),>0. Using the two-component spinor X (pg—pi)”,
technique[6] and polarization vectors given in Appendix B,
we find (f2(pi,€2)|ALIB(Ps)) =k(d?) €3, Pp+ b (47) (€5, 5PEPR)
Ly;=2Jg%vd., Ly=-2Jq’vdy, L;=0, X (Pg+Pi)utb_(9%)(€5,zPEPE)
X(Pe=Pi) u»

Li=+2mvdy, Lg=v2mv(d,—d_), LJ=-2mv,
12 for D(07) states,

where (D(P)IV,IB(Pe)) = (a®)(Pa+P) .+ (4P (Pa—Pi),..

m 1+ cosé, . _
-— dt —l, and d0=Sin 0| . <D(pl)|A,u,|B(pB)> 0, (15)
q V2

(13) Wh_ere.sl ande, are the_ polariza_tion vectors of the spin_l and
spin 2 states, respectively. Using the above expressions and

Here we show only the sign of, as a superscript on. Note  the polarization vectors given in Appendix B, we find non-
that theL * amplitudes are proportional to the lepton masszero B—M;W* amplitudes are as follows. Far=0H]
m;, and the scalar amplitude; vanishes due to angular Esgw,
momentum conservation.

For B— M; transitions through the weak charged current o ) JO.Q_
S0: - u+(q ) \/? y

<
I

-
I

J=VI-AL, (14)

the most general forms of matrix elements are as follows. (mé_sM)
For fo(0") states, Se=- u+<qz>T+u_(q2>W ., (16

(fo(Pi)|V,.IB(pg))=0,
(fo(P)IALIB(PR))=U(0%)(Pg+pPi) .+ U_(9?) (P—Pi), .
1
for p(17) states, Vo= - zm[f(qz)(mé—SM—q2)+a+(q2)Q+Qf],
<p(p| 161)|V/,L|B(pB)>
=19(9%) €4up0€1 "(Ps+ P (Ps—P) 7,

i—10) gM =M
fori=1 ,H}‘W V}‘W’

Vii=f(g®)Fg9(g>)VQ.Q_,
VO, Q-

<p(p|161)|A,u|B(pB)> V(s):_ Zm[f(q2)+a+(q2)(mé_SM)+a7(q2)q2]!
=f(g*) el +a(a°)(ef - pe)(PetPi),ta-(g?) (17)
X (€1 -pe)(Pe=Pi)u. fori=2H}2=T2,
I X X r X

(@) B rest frame (b) W* rest frame (c) M, rest frame

FIG. 2. The deca8— M;W* — (7" ) (I v) viewed from the(a) B~, (b) W*, and(c) M, rest frames.
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VQ.Q
2\/— M\/— [k(qz)(mB Sm— Q)

+b+(q )Q+Q_1,

To=—

+1__ 1 2 2
x k(g9)*h (O
Ti= 2\/— [ )+h(g9)VQ.Q_],
1 Q.Q-
T0: k 2 b+ 2 2
s 5 /—6 o r—[ (99)+b (%) (mg—sw)
+b_(q2)q2], (18)

fori=3HY =P

=f.(q Z)W
Jo?
+(q2)(m§%“”)+f_(q2>ﬁ, (19
where
Q.=(mg* sy)?— g% (20)
Here
Q. Q =\(Mg,5y.9%) (21)

gives the triangle functior\(a,b,c)=a?+b?+c2—2(ab

+bc+ca). Combining all the formulas, we can write the

full helicity amplitudes ofB™— 7" 7~ | ~v decays as

AN=V N(IL; SYYQ+ M PRV + 1T, VY9

Ge
— L
V2 XM

LT+ X LAV T |, (22

where

1
HfOE E( \ BROH0+ \/BRolno/),

== (\/BR I, +VBRy /114,

S

1
Hsz E\/BRznz ,

p=VBR,II;, (23

and

E=g - (24)

PHYSICAL REVIEW D60 094019

Note that we us&} for the pseudoscalar mes@ which is
actually the same quantity &&= 1/\/4= for the scalar me-
sonf, except that it changes sign under the parity transfor-
mation. Concerning the parametrization &f other CKM
factors, such a®/¥, from D°— =" 7~ decay, are already
included in its branching fraction calculation. And because
we use implicitly Wolfenstein parametrizati¢id] for CKM
matrix, in which the complex phases are approximately in
the elementd/;y andV, only, the imaginary part of here
comes only from the elemei,y,.

The differential partial width of interest can be expressed
as

dF(B‘—wr*qr‘I‘E)

z (q _mI)VQ+
2mB N A

256m°m3q°?

—ddy,
(25
where the four-body phase spat®, is
dd,=dsy-dg?-d coss* -d cosé,- d¢*. (26)
Kinematically allowed regions of the variables are
am?<sy<(mg—m,)?,
—Vsw)?,

—1<cos#*,cosh <1,

m?<g?<(m

0< ¢* <27 27)

Since the initialB~ system is noCP self-conjugate, any
genuineC P-odd observable can be constructed only by con-
sidering both theB~ decay and its charge-conjugated
decay, and by identifying th€ P relations of their kinematic
distributions. Before constructing possil@ld>-odd asymme-
tries explicitly, we calculate the decay amplitudes for the
charge-conjugated proces8* — a7 1*y,. For the
charge-conjugateB™ decays, the amplitudes can be written
as

»)1i#|0)

_ G
A== 2 B T Vel (vl

X(Mi(p;i )3T, 1B (pe))Ti(sy)

X(m (P ) (P IMi(py ). (28)
The leptonic amplitudeE;‘Lv are
Li=-2Vdvd:, Lg=-2q’vd,,

Lo=\2mv(d,-d_), Lg=

LJ =0,

f;=i2m|vd0, _2m|V.

(29
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The transition amplitudesl)’ for B* —M;W* are given by Before we go further on to beyond the SM analyses, we
. o w . N 3 note that in addition to the resonant tree diagram contribu-

a simple modification of the amplitudés$,’ of theB™ de-  ions there are other SM contributions through annihilation
cays: diagrams and electroweak penguin diagrams, which are rel-
_— N evant for nonresonant case. As written in Sec. |, we consider
H)\iN—H "{g——-g,h——-h,f.——f.}. (30) only resonant contributions by assuming nonresonant contri-

butions can be separated through data analyses.
Then, we find the full amplitude foB* — 7" 771" »:
B. With complex scalar couplings

A=V 2 Ly (I SYYg+ £ T PYYY Next we consideiCP violation effects in extensions of
\/_ the SM, where we extend the virtwAl-exchange part in Fig.
1 by including an additional scalar interaction with complex
+T,VOY9+ Hf Y+ > Q'(HPWY} couplings. First we describe the formalism in a model inde-
A=21 pendent way, but later we consider specific models such as
multi-Higgs doublet models and scalar-leptoquark models. In
+ 114 ﬂ‘yg)}, (31)  this caseCP-violating phases can be generated through the
2 interference betweekll-exchange diagrams and scalar ex-
where change diagrams with complex couplings.
The decay amplitudes f@~ — 7" 7|~ v, are expressed
8,8 as
w w’
Pl Pl A*'=—vubf 2 > 2 [(1=(py M) w(p,)]j#T|0)
_ :1 _ _ — .
Vos=Vos: =Vii, X(Mi(pi ADIILIB™(pe)) + &1 (P M) w(p,) i1 0)
T =TS, Tii=T:Ii. (32) X(Mi(pi A)[Js[B™ (pg)) 1i(sw)
It is easy to see that W, andV, are real, the amplitude X(m (P ) (p-)[Mi(pi M), (36
(22) of the B~ decay and Eq(31) of the B* decay satisfy
the CP relation where
AZ(0%,6%,0) = ncpAT (0%, ¢*,6,:Y5— =), =g,y (1= ys) th
(33

_ = (11— =VH—AH, 3
where6* and¢* in AM are the angles of the final state", huy* (L= ys)d S

while those inAM are forz~. Then, with a complex weak
phase¢, dI'/d®, can be decomposed intoaGP-even partS
and aCP-odd partD:

and their corresponding scalar currents are

is=0l= ), I= (1= ys)hy,  (39)
dr

Jo. 2D (34 the additional factor 3/2 comes from the isospin factor as
4 mentioned earlier. Here the parametgr which parame-

The CP-even partS and theCP-odd partD can be easily trizes contributions from physics beyond the SM, is in gen-

identified by making use of th€ P relation(33) betweerB ™~ eral a complex number. And as explained earlier, in order to
andB™ decay amplitudes, and they are expressed as exclude any possibl€ P violation effects induced within the
o . SM, we only include the lowest three staigg70), f,(980),
d(I'+TI) d(I'-T) and f,(1270) as intermediate states. By using the Dirac
- T do, D= “do, (39 equation for the leptonic currert,,j*=mj, the amplitude

can be written as
wherel" andT are the decay rates f@~ andB™, respec-
tiver,Zarld we have used the same kinematic variables _Vub% >3 (- (py ) v(p,)]AT]0)
{sm.q%, 6%, 6,} for thedl'/dd, except for the replacements

(():fp¢*—>—¢* and Y5— — Y9, as shown in Eq(33). The S(ML(Pi A, B (pe)) T (S)

-even S term and theCP-odd D term can be obtained

from B* decay probabilities, and their explicit form is listed X{(mH(p)m (p)Mi(pi i), (39
in Appendix C. Note that th€ P-odd term is proportional to

the imaginary part of the parametériin Eq. (24). where the effective hadronic curreflt, is defined as

094019-5



C. S. KIM, JAKE LEE, AND W. NAMGUNG PHYSICAL REVIEW D60 094019

tributing to the deca;B—me;, is then given at energies

_ Au
Qu=‘]u+§ﬂ‘]s- (40 considerably low compared td by

— m — —
In this case the amplitudest}' of B— M| » have the same ﬁMHDZZﬁGFVubW[mbXZ*(ULbRHmuYZ*(URbL)]
form as the previous SM ca$8) except for the modification H

in the hadronic current part due to the additional scalar cur- X(1ryy), (46)
rent:
G whereX, Y, andZ are complex coupling constants which can
M§f= —FVubZ 77>\W|-§' Hii , (41 be expressed in terms of the charged Higgs mixing matrix
P2 A wotw elements. From the effective Lagrangian, we obtain for the

N . . n MHD CP-violation parameter Imf{yup),
whereHxlN stands for the hadronic amplitudes modified by

mm m
the scalar curreni. Using the equation of motion farand IM(Zyup) = ' Zb:|m(xz*)—(—“ Im(YZ*)}. 47
b quarks, we get within the on-shell approximation H My
Jo=(pt—pH) Vi n Ay (42) The constraints on th€ P-violation parametef47) depend
s b Fullmy—m, my+m,|° upon the values chosen for thieandb quark masses. In the

) _ ~ present work, we usésee Appendix A
Later for numerical calculations, we use the approximation,

(P5—Pw)~(Pg— Py )=0" which is assumed in quark m,=0.33 GeV, m,=5.12 GeV. (48)
model calculations of form factofd 7]. After explicit calcu-
lation, we find that the additional scalar current modifies
only the scalar component 0{;‘1/\,: ie.,

In the MHD model the strongest constrajdf on Im(XZ*)
comes from the measurement of the branching r#ijo
—X7v,), which actually gives a constraint diXZ|. For
My<440 GeV, the bound on In{Z*) is given by
HI=(1-¢)HS

Im(XZ*)<|XZ|<0.2aM?% GeV 2. (49
and
. . On the other hand, the bound on IMZ*) is mainly given
>\I — }\I — —_
Haw™ My for Aw=0.=1, (43 by K" — " vv. The present bounf®] is
where Im(YZ*)<|YZ<110. (50
2
gr:q—g_ (44) ~ Combining the above bounds, we obtain the following
my(mp+m,) bounds on Im{yup) as
In this case,dI'/d®, also can be decomposed into a [IM(Zvup)|<2.06 for 7 family,
CP-even partS and aCP-odd partD:
[IM(¢wmp)| <0.12 for w family. (52)
dd, 5(5+ D). (45 On the other hand, the effective Lagrangians for the three

SLQ modelg8,10] contributing to the deca— ==l v are
Their explicit form is listed in Appendix C. Note that the written in the form, after a few Fierz rearrangements:

CP-odd term is proportional to the imaginary part of the Xgi X' 5[ . 1 _
parameterf and the lepton mass, . Therefore, we have to ‘CISLQ: - 1_21 (b ug) (v lg) + Z(bLU’”UR)
consider massive leptoniq.(or 7) decays. 2 #1

As specific extensions of the SM, we consider four types
of scalar-exchange models which preserve the symmetries of
the SM[8]: One of them is the multi-Higgs-doubl&é¥HD)
model[9] and the other three models are scalar-leptoquark .
(SLQ) models[10,11. The authors of Ref12] investigated ~ ,u _ _ Yai¥ 1i

CP violations in 7 decay processes with these extended skQ 2M2¢2
models. We follow their description and make it to be appro-

X(;“_(TMVI R) +H.C.,

_ — 1 —
(bLUR)( I CRV|CL) + Z(bL(T'uVUR)

priate for our analysis. _ y3jy*l<j _ _

In the MHD modelCP violation can arise in the charged X (1Ro i) |+ =5 (bry,u) (I y*vi ) +H.c.,
Higgs sector with more than two Higgs doubléfis3] and by
when not all the charged scalars are degenerate. As in most
previous phenomenological analyses, we assume that all but 2375 — _

. . Il — 11 b IC Mo, C +H 52

the lightest of the charged scalars effectively decouple from SLQ™ " o2 (bLyu) (i y*vip) +Hec., (52
fermions. The effective Lagrangian of the MHD model con- #3
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TABLE II. The CP-violating rate asymmetnA and the optimal asymmetuy,,, determined within the
SM, and the number of chargd®l meson pairsNg needed for detection atdl level, at reference value

Im(£)=12.5.
B—at W7|;|
Mode I=e I=pun =7
Asym. Siz&%) Ng Sizg%) Ng Sizg%) Ng
A 0.94x10 © 1.37x10"®  1.71x10°° 4.16x107  1.14x10°6 1.46x 10'®
Eopt 1.45x10°2 5.75x 10° 1.44x10°2 5.79x 10° 1.11x10°2  1.56x10Y

wherej=2,3 forl = u, 7, respectively and the coupling con- which has been used as a probeCd? violation in Higgs and

stantsxi(j') , yi(j') , andz;; are in general complex so th@P is  top quark sectorl5]. Herel’ and[ are the decay rates for
violated in the scalar-fermion Yukawa interaction terms. TheB~ andB™, respectively. The statistical significance of the

superscriptc in the LagrangiansC g o and £ o denotes
charge conjugation, i.ey&  =iy°y?yg, in the chiral rep-

resentation. Then we find that the size of the SLQ model

CP-violation effects is dictated by th€ P-odd parameters

Im[x3;x"3;]
IM(¢y o) = — —————— |
(£500) G,
I Im[ys;y 7]
IM(sd =~ 5~ gz
422GV M7,
Im(£40)=0. (53

Although there are at present no direct constraints on the

SLQ modelCP-odd parameters in Eq53), a rough con-

straint to the parameters can be provided by the assumption

[14] that|xj;[~[xy;| and]y;;|~|yyl, that is to say, the lep-

toquark couplings to quarks and leptons belonging to th
same generation are of a similar size; then the experiment

upper bounds fronBB mixing for = family, BHM;X decay
for w in model |, andB—IvX for r together with thev ,
measurement for in model 1l yield [14]

[IM(£5.0)1<2.76, |Im({g.0)|<18.4 for 7 family,

[IM(£5.0)]<0.37, [IM(£8,0)|<1.84 for u family. )
(54

Based on the constrainS1) and(54) to theCP-odd param-
eters, we quantitatively estimate the number Bf

—a” w‘l‘; decays to detecCP violation for the maxi-
mally allowed values of th€ P-odd parameters.

Ill. OBSERVABLE CP ASYMMETRIES

An easily constructedCP-odd asymmetry is the rate
asymmetry

(59

asymmetry can be computed as

N__N+ N__N+
NSD: = ,
VN_+N, N-Br

(56)

whereNgp is the number of standard deviationé,. is the
number of events predicted By, decay forB* mesonN is

the number oB-mesons produced, a®r is the branching
fraction of the relevanB decay mode. For a realistic detec-
tion efficiencye, we have to rescale the number of events by
this parameteN_+N, —e(N_+N,). TakingNgp=1, we
obtain the numbeNg of the B mesons needed to observe
CP violation at 1o level:

1

Ny = .
® Br.A?

(57)

Next, we consider the so-called optimal observable. An
appropriate real weight functionv(sy ,q%; 6*,6,,¢*) is

Q enhance its analysis power for tl&P-odd parameter
rough theCP-odd quantity

gjsually employed to separate t@d>-odd D contribution and

<W'D>EJ [wD]dd,, (58

and the analysis power is determined by the parameter

o= WD) (59

WSHw?s)’
For the analysis powes, the numbemMg of the B mesons
needed to observ€ P violation at the 1o level is
1

Ng= .
. Br-g?

(60)

Certainly, it is desirable to find the optimal weight function
with the largest analysis power. It is knoWh6] that when
the CP-odd contribution to the total rate is relatively small,
the optimal weight function is approximately given as

o .. D __[(D%S)
Wopt(SMyq 07,0, ¢ )_g:”gopt_ W (62)

094019-7
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TABLE lll. The CP-violating rate asymmetrA and the optimal asymmetry,,, determined in the
extended models, and the number of charBedeson pairdNg needed for detection atollevel, at reference
values (@) Im({unp)=2.06, IMEy )=2.76, and Im(¥, j)=18.4 for theB,, decays andb) Im({wup)
=0.12, Im{5, 0)=0.37, and Im(g, o) =1.84 for theB,,, decays.

@B —mtm™ T;T mode

Model MHD SLQ | SLQ Il

Asym. Siz&%) Ng Sizg%) Ng Sizg%) Ng

A 1.47x10°3 7.63< 10 2.67x10°8 1.99x 10* 3.62x10°° 7.39x10°
Eopt 16.2 6.23<10° 18.2 42K 10° 9.67 1.0410°

(b) B — @7 pv, mode

Model MHD SLQ | SLQ Il

Asym. Siz&%) Ng Sizg%) Ng Sizg%) Ng

A 2.61x10°° 1.93x10*®*  0.90x10 * 1.59x 10"  3.43x10°* 8.89x 102
Eopt 0.18 3.8% 10’ 0.50 5.1 10f 1.48 4.76<10°

We adopt this Optlmal Welght function in the fOIIOWing NU- tron mode.CP violation effects inB— ’7T+7T_|;| decays
merical analyses. within the SM are not likely to be detected, with
O(10%)B-meson pairs to be produced at the asymmeBric
factories. One may rely on hadroricfactories of BTeV and
C-B.

Next we consider the extended model case. In this case,

IV. NUMERICAL RESULTS AND CONCLUSIONS

. H
Now we show our numerical results. We use the so-callet&'

ISGV\_/.pred|ct|9ns[17] for all the form faqtor; inB— M; CP violation effects are proportional to the lepton mass, and
transmon amphtud.es.of E15). One can find n Refl17] we consider only massive leptop (or 7) cases. In Table IlI,
the detailed description of the_ general forma!lsm and reI-We show the results d8,, andB,,, decays. Here in order to
evant form factors forB—Xev, after neglecting lepton gistinguish new physics effect from the SM one, we use a
masses. In Appendix A, we give explicit expressions of formeytoff for the invariant mass of the final state’ =~ as

factors needed for semileptonic decays with non-zero lepton

masses.
We first consider the case within the SM. Total branching

Jsy=<1.4 GeV. (65)

ratio of the B™—(IM— 7" 7 )eve,M;=p,fo,,D is
about 0.8%. It depends on the chosen value|¥4y;,|, and
here we adopt the result by CLEQS]

|Vyp| =3.30.4+0.7x 10 3. (62)

In Table Il, we show the results &— =l v decays for the
two CP-violating asymmetries; the rate asymmetkyand
the optimal asymmetry,,;. We estimated the number of
B-meson pairsNg, needed for detection atollevel for
maximally-allowed values o€ P-odd parameters Ing] in
Eq. (24). We use the current experimental boJid)]

Vub
—=0.08+0.02, (63
Vcb
which means
|é|=12.5+3.13. (64)

We consider only the lowest threau states, p(770),
fo(980), andf,(1275) as intermediate resonances in Table |
so that the effects dD meson cannot enter, and we can thus
ensure that the result is solely from new physics. Similarly as
in the SM case, we estimate the numbeBaheson pairiNg
needed for detection atollevel for maximally allowedval-

ues of CP-odd parameters Ing) of Eq. (51) and (54). We
again find the optimal observable gives much better results
than the simple rate asymmetry.

The results in Table Il show thaf P violation effects
from new physics are readily observed in the forthcoming
asymmetricB factories, by using optimal observables. As
expectedB,, decay modes give better results thay, cases
for the MHD model, where th€ P-odd parameter itself is
proportional to the lepton mass. For example, the current
bounds in the MHD model

directly result from the lepton mass dependence. But there is

The results in Table Il are for the maximal case withno such dependence in the SLQ models. The current numeri-
Im(£€)=|£/=12.5. Due to the large cancelations in thecal values ofCP-odd parameters in the SLQ models,

simple rate asymmetry4] when we integrated over the

phase space, the optimal observable gives much better result.

For example, using the optimal observable, we needd®
B-meson pairs to detect the maxin@P-odd effect in elec-

Im({s.0)=2.760.37),

Im({8 o) =18.41.84 for 7(u),
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are just from different experimental bounds. Therefore, thdated theC P-odd rate asymmetry and the optimal asymmetry
smallerCP-odd value foru family is a consequence of the for B, andB,, decay modes. We found that the optimal
fact that the current experimental constraints on the muomsymmetries for both modes are sizable and can be detected
mode are more stringenB,, decay modes would provide at 1o level with about 18-10’ B-meson pairs, for maxi-
more stringent constraints to all the extended models that wmally allowed values of CP-odd parameters. Since
have considered. ~10° B-meson pairs are expected to be produced yearly at
In conclusion, we have investigated dir€cP violations the asymmetricB factories, one could easily investigate
from physics beyond the SM as well as within the SM CP-violation effects in these decay mod&s, to extract
through semileptoni®,, decaysB*— o 7 |=». Within  much more stringent constraints ddP-odd parameters,
the SM, CP violation could be generated through interfer- Im(¢y,yp) and Img!
ence between resonances with different quark flavors, that is,

with different CKM matrix elements. We includadu state

mesons p, fo and f,) andD meson as intermediate reso-

nances which decay ta* 7. Using optimal observables, We thank G. Cvetic for carefully reading of the manu-
we found O(10°)B-meson pairs are needed to proB®  script and his valuable comments. The work of C.S.K. was
violation effects at & level for the current maximal value of supported in part by KRF Non-Directed-Research-Fund,
IM(€)=|Vcp/Vyp =12.5. We have also investigatedP  Project No. 1997-001-D00111, in part by the BSRI Program,
violation effects in extensions of the SM. We consideredMinistry of Education, Project No. 98-015-D00061, in part
multi-Higgs doublet model and scalar-leptoquark modelsby the KOSEF-DFG large collaboration project, Project No.
Here CP violation is implemented through interference be-96-0702-01-01-2. J.L. and W.N. wish to acknowledge the
tweenW-exchange diagrams and scalar-exchange diagranfinancial support of 1997-sughak program of Korean Re-
with complex couplings in the extended models. We calcusearch Foundation.
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APPENDIX A: FORM FACTORS
Form factors in Eq(15) within ISGW model[17] are

m,m,m my(Mg+ My )
U (g9 = ~Fs(q% fo)=—=——, U (03)=Fs(0?fo)—=—z—", (A1)
+(a%) s(q O)Jgﬁsmfou- +(a%)=Fs(a%fo) T6pam,
(qry= AR 1 mBs ()= 2P o(dp)
- m 5 = ; =2m P,
9d 2 My 24 m,B3, q sF3(Q%p
a+(q2)=—_':3(‘12;p) 1+@(ﬁ2‘3_35 _ m§,8§ l
2m, m, ﬁ§+,8§ 4,u_msﬂép
= 2; m m 2 m2 2
a_(q2)=M 1+ —| 1+ ”Bz” - ﬂ’8P4 , (A2)
2m, Mo myBg,/ 4m+MgPp,
my 1 muﬂé my
h(qz):F (qz,f )f —_— ], k(qz):\/E_F (qZ'f )'
’ 22\/§mBIBB Mg Zﬂfmfzﬁéfz Be ° 2
b.(a?) Fs(g%fm, mu,sz mﬁmbﬁ?z
q - - = - ~ [}
' Z\EBBmfzmb mBﬂéfz 4ﬂfméﬁéf2
.. Fs(g%f)m, mﬁﬁfz mﬁmbﬁ?Z
b-(9%)= [ =2 = 7 | (A3)
2\/EBE"mfzmb MgMeBar, 4um+MaPBe,
2
m MpMyM
(07 =F3(q%D)| 1+ 5 =~ — TPy ]
M- Au,p_mpBgp
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f_(q®)=F3(g%D)

where
2 L oo 1 1)
EBXZE(,BB"’BX), I m—qim—b (A5)
and
~ \ 12 /2
o us | Mx BeBx|" m; | dm—9?
Fn(g5X)=| =— 5 exp — | —=——= > |
mg Bex 4mgmy/ k“Bpx
(AB)

where relativistic compensation facter=0.7, andg,, is the
maximum value ofj?:

Om=(mg— @)2-

andmg is m, for uu state mesons and, for D mesons. The
numerical values oBy in GeV unit are

(A7)

Be=0.41, Bp=039, B; =027, B,=0.31,

Br,=0.27, (A8)
and quark masses in GeV unit are
m,=0.33, m.=1.82, m,=5.12. (A9)

The so-called mock meson masseg are defined as

Mg=Mm,+m,, Mp=m.+m,, m =2m,.

(A10)

p.fo.fa

APPENDIX B: KINEMATICS

Spherical harmonics

YO-V0- =

5
Ve~ Van

3 1 15 :

-, _ = +1_ — e *ig

200§0 2), Yyt=% \/8775'”9‘30593 :
(B1)

Polarization vectorsin the B rest frame, where the coor-

dinates are chosen such that thexis is along theévi; mo-
mentum and the charged lepton momentum is in xke
plane with positivex componenfcf. Fig. 2a)], the polariza-
tion vectors for the virtuaW are

1_(FnB+r~nD)(

PHYSICAL REVIEW D60 094019

1 m,53 H
- = , A4
2my 4/-L+mD:8éD A
I

e( +)"=_i(01_i0)

ql— \/E gy 1] ]

E(q!O)M:i(leoioi_qo)v

Vo?
e(q,S)"=iq“, (B2
Jo?

and the polarization states of the spin 1 mesons are

e(xH)*=%F

1 1

—(0,1*] T

\/5(01 ¥ |10)1 E(O) @(DM,0,0EM),
(B3)

wherepy = VQ,.Q_/2mg with Q.. defined in Eq(20), and
Ey=(m3+sy—q?)/2mg. For the spin 2 meson we get

€(+£2)M=el(=1)e’(+1),

e(il)“”=%[e“(tl)e”(0)+ e*(0)e’(=1)],

6(0)'“1}2%[6’“("1‘1)6]}(—1)4' e“(—1)e"(+1)]

\/E s v
+ 3€ (0)€¥(0).

In the W rest frame the polarization states of the virtWal
are

(B4)

1
e(q,i)"=IE(0,1,Ii,0),
€(q,0#=(0,0,0;-1),

1
e(q,s)“=ﬁq“=(l,0,0,0. (B5)
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APPENDIX C: CP-EVEN AND CP-ODD QUANTITIES
1. Within the SM
The CP-even quantityS is

5=2C(g%,sy)3, (Cy
with

3 =(Lg SHY0) 2 |2+ (Lo PRYQ)2|&|?Mp|?+ (VT )IL, |2+ (T )M, |*+2(Lo SpYo) Re(TTy T15 (V™ )* + T Ty (T7)*)
+2 Re(ILITE (VT )(T7)*) +2(Lg PoYo)RE(€)[ (Lo SpYo) Re(IIpIL ) + Re(IpIT (V™) * + Tp I (T7)*)]
+(Lg SOYg— Ly SOYQ2ITLy |2+ (Lg POYE— Ly POYE)? |2 TIp |2+ [TT,[2[(V )~ Ly VY|4 [Ty 2T ) — Ly TOY5?
+2(Lg S~ L S Yol — (Lg VAYDRe(IT I1%) +Re(TT; TI5(V)*) = (L TOYIRe(TL¢ 117 + Re(I ITF (TH)*)]
+2 RETIITE (VT )*) +2(Lg VYD (LS TOYRETLITT ) —2(LS TIYH)REIIITF (VF))
—2(LSVIYDREITF(TH)*) +2(Lg Po— LS P Y Re(é)[(Lg Sy—Ld S YGReIIpII} ) — (LS VIY)Re(TIpIT})

+Re(IpIT5 (V)*) = (Ly TYDRe(TIpIIT) + Re(IIp 7 (T*)*)], (C2)

and theCP-odd quantityD is

D=2 1Im(£)C(?sm)A, (C3)
with
A=—2(Lg POYQ[ (Lo SPYQIM(TTTTF ) +Im(TIpITS (V™ )*) +Im(ITpITF (T7)*)]
—2(Lo Po— Ly PYEL(Lg So—Lg S Yo Im(IIpITF ) — (L VaY) IM(IpIT) + Im(TIpITs (v *)*)
= (LS TOYDIM(IIpIT} ) +Im(TTpITF (T*)*)], (c4
where
(Vo)= LiVaYl, (T%)= LyTAY3, (C5)
i=0,+1 i=0,+1

and the overall functiol©(qg?,sy) is given by

S I L i AT (o)
a%Sm)=1Vup 2 2mB 25671’3méq2 .

2. With a complex scalar coupling
The CP-even quantitysS is

§=2C(q?sv)3, (C7)

with
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3= (Lo SOOI |2+ [(V)IT |2+ (T |2+ 2(Lo SpYg)Re(IT; TI5 (V7 )* + 10 ITF (T)*)+2 ReTI 7 (V™)
X(T)*)+ [Ty PILg SRYS— (1= ¢/)Ld SOVl >+ [T LIV )2+ (LS VY21~ £ [P~ 2(L VYD Re(VF))
XRe(1— )]+ [T [T P4 (LS T2 1— ' [2-2(LJ TIYYRe(TH)Re(1-¢')]+2 Re(IT TT%)
X[(LgSg—Ls SYYGRE(V™)) —(Lg SHYQ) (L VEYDRE(1— ') +(Ly SIYYRe(VF))Re({') +(LJ SIYp)
X(Lg VaYDI1=¢' |21+ 2 Im(IT¢ IT5)Im((V)[(Lg So—Lg S3) Yo+ (Lg SiYgIRe(¢)]+2 Rl 1)
X[(LgS9—LaSYQRE(T))~ (L SHYO(Ls TIYDRE1— ')+ (L SIYYRe(TH))Re(¢') +(Lg SIYP)
X(LSTRY2) 1= £ [2]+ 2 Im(IL; T ) IM((T*)[(Lg S~ La S Yo+ (L SIYo)Re(¢")]+2 Re(IL 17
X[Re(VINTH)*) = (La TOYDRe(VF)) + (L TYDRe(VF))Re(L) — (L VEYDRe(T™))Re(1~ ")

+(Lg VAYD(LITIVD) 1= ¢’ [2] =2 Im(IL I ) Im((V*)(T¥)*) = (LS TIYD)Im((V ™))
+(LTYDIM(V)REL) + (L VIYDIM(T*))Re(1- )], ()

and theCP-odd quantityD is

D=21m({")C(0?,sm)A, (C9
with

A=2[Im((VN{(Lg VYD |2+ (LS SIYQORE(TT IT5) + (L TOYD)Re(TLITE )} +1Im((T){(Lg TOYH[I |2
(Lg SYQRE(IT 17 )+ (L VOYDREITITT )} +Re((V ) {(Lg TOYIM(ILITF ) — (LS SQYo)Im(TT¢ IT%)}
—Re((T " N{(Lg VYDIM(ITITF ) + (Lg SIYQ)IM(IT; TT7 )} +(Lg SoYo) (Lg VEYD)IM(IT IT%) + (Lo SYo)
X(Lg TIYH)Im(TL; IT7)]. (C10

Note that since every term i of Eq. (C10) contains square terms &f" which are proportional tan, [see Eq.(12)], the
CP-odd quantityD of Eq. (C9) is proportional to lepton mass due to the definitionf6f{see Eq.44)].
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