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CP-violating asymmetries in charmless nonleptonic decayB—PP, PV, VV
in the factorization approach

A. Ali
Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany

G. Kramer and Cai-Dian Lu
Il. Institut fir Theoretische Physik, Universtttdlamburg, 22761 Hamburg, Germany
(Received 22 May 1998; published 17 November 1998

We present estimates of the diréit decay amplitudesand indirect(mixing-induced CP-violating asym-
metries in the nonleptonic charmless two-body decay rateBfeP P, B— PV, andB—VV decays and their
charged conjugates, wheR(V) is a light pseudoscalatvecto) meson. These estimates are based on a
generalized factorization approach making use of next-to-leading order perturbative QCD contributions which
generate the required strong phases. No soft final state interactions are included. We study the dependence of
the asymmetries on a number of input parameters and show that there are at leg@stssildy thregclasses
of decays in which the asymmetries are parametrically stable in this approach. The decay modes of particular
interest are(BéHw*w’, (BaﬂKgWO, éaﬂKgn’, (B&HKgr;, and (Baﬂp+p7. Likewise, the CP-violating
asymmetry in the decayiséatho with h°= 7%, K&, #, 5’ is found to be parametrically stable and large.
Measurements of these asymmetries will lead to a determination of the phasesssid 2in 23 and we work
out the relationships in these modes in the present theoretical framework. We also show the extent of the
so-called “penguin pollution” in the rate asymmetty (7" 7~) and of the “tree shadow” in the asymmetry
Acp(K27') which will effect the determination of sin@2 and sin B from the respective measurements.
CP-violating asymmetries iB~ decays depend on a model parameter in the penguin amplitudes and theoret-
ical predictions require further experimental or theoretical input. Of theBeviolating asymmetries iB*
—7Ty', BF=K**y, BE=K**5’, andB*—K**p? are potentially interesting and are studied here.
[S0556-282198)01821-9

PACS numbgs): 13.25.Hw, 12.15.Hh, 12.38.Bx

[. INTRODUCTION help to test the factorization approach and give information
on the Cabibbo-Kobayashi-Maskaw@KM) matrix [7] are
Recent measurements by the CLEO Collabordtig@] of ~ CP-violating rate asymmetries in partial decay rates. In the
a number of decayB—h;h,, whereh; andh, are light pasta large variety of ways has been proposed to ob§#ve
hadrons such ds,;h,= 77, 7K, 'K, oK, have lead to re- violation in B decays[8]. One method is to studyP-
newed theoretical interest in understanding hadrdhide-  violating asymmetries in the time-dependence of the neutral
cays[3]. B meson decay rates in specific modes, which involve an
In a recent work[4] we have calculated the branching interference between two weak amplitudes. Asymmetries in
fractions of two-body nonleptonic decags—PP, PV, VV, chargedB decays require an interference between two am-
whereP andV are the lowest lying light pseudoscalar and plitudes involving both a CKM phase and a final state strong
vector mesons, respectively. The theoretical framework usetiteraction phase-difference. Such asymmetries occur also in
was based on the next-to-leading logarithmic improved efdecays of neutraéB mesons in whictB® andB° do not decay
fective Hamiltonian and a factorization ansatz for thejnto common final states or where these states areCiot
hadronic matrix elements of the four-quark operafisWe  gjgenstates. In these decays the weak phase difference arises
worked out the parametric dependence of the decay ratgfom the superposition of various penguin contributions and
using currently available information on the weak mixing tne ysual tree diagrams in case they are present. The strong-
matrix elements, form factors, decay constants, and quarkpase differences arise through the absorptive parts of per-

m_ar?sels. In ]Eotal_we ;:ohnsider:]reo_l set\)/entyh_six decay ?hagneﬂﬁrbative penguin diagramard final state interactigri9]
with a large fraction of them having branching ratios of order, o' onoerurbativelysoft final state interaction

10 ° or higher which hopefully will be measured in the next '
round of experiments oB decays. The recently measured Wﬁoen "’_‘BO and B decay -to a common f|nql -stalfe
decay modesB’—K*7~, B*—K*y', B'—K%;', B* —B mixing plays a cru0|all role in determining the
—7K®, andB* —wK* are shown to be largely in agree- CP-violating asymmetries, requiring tlme-depgndent mea-
ment with the estimates based on factorizafidr6]. This surements. For the final states Whlch_ are HoHEeigenstates
encourages us to further pursue this framework and calcula@d involve only one weak phase in the decays, @iz
quantities of experimental interest in two-body nonleptdhic Violating asymmetry is independent of the hadronic matrix
decays. elements. This occurs in the well studiBé—n]/(/;KS decays
Besides branching fractions, other observables which wilmaking it possible to extract the value of sif 2vith no
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hadronic uncertainties. For neutl@ldecays into two light abundant enabling us to predict quite a few others. A mean
mesons such as direct translation of ®B-violating asym-  value ofk? can also be estimated in specific wave function
metries in terms ofCP-violating phasesy, 8 and y will not models[14]—an alternative we do not consider here. How-
be possible, in general. Hence, the predicted asymmetries aewer, quite interestingly, we show that a number of class-I

subject to hadronic uncertainties. In principle, these uncerang class-1V(henceN_-stablé decays involvingB®/B® me-
tainties can be removed by resorting to a set of timesons haveCP-violating asymmetries which are also stable
dependent and time-independent measurements as suggesigdinst variation ink?. Hence, in this limited number of

in the literaturg[ 10—13. In practice, this program requires @ gecays, the asymmetries can be reliably calculated within the
number of difficult measurements. We pursue here the Oth%ctorization framework. We find that th€P-violating

a]t_ernaﬂve, ”ame'y we estimate these .uncertamt.les In a.Spg'symmetries in the following decays are particularly interest-
cific model, which can be tested experimentally in a variety . ) R o R
of decay modes. ing and (r_elatlvely stable:B:_—w-r 7, B’ —=Kgm", B
CP-violating asymmetries are expected in a large number— K‘S’n, Bé—>Kgn’ and B°=p*p~. Likewise, the
of B decays; in particular the partial rate asymmetries in a"CP-vioIating asymmetry in the decaygdﬂtho with
theB—h;h, decay modes and their charge conjugates studﬁo: 70 K 5 7' is large as the individual decay modes

ied in [4] are potentially interesting for studyingP viola- have the same intrinsi€P parity. The k? dependences

tion. We recall thatCP-violating asymmetries iBB—hh, in the individual tries in thi hich It
decays have been studied earlier in the factorization frameh \N€ INAIVIOUAl asymmetries in this sum, which are smat to
start with but not negligible, compensate each other resulting

work [8,14—-14. With the measurement of some of tBe o T . .
—h;h, decays[1,2], some selected modes have received" CP-violating asymmetry which is practically indepen-
dent of k?. Ideally, i.e., when only one decay amplitude

renewed interest in this approa¢h7-19. These papers, i _ s :
however, make specific assumptions abgstl/N,, (hereN, dominates, the asymmetr!es in the mentioned decays
is the number of effective colorsand certain other input Measure one of th€P-violating phasesr and 3. In actual
parameters; in particular, the earlier ones used CKMmdecays, many amplitudes are present and we estimate their
parameter values which are now strongly disfavored by recontribution in the asymmetries. To quantify this more
cent unitarity fits[20,21] and/or they do not include the pointedly, we work out the dependence of the time-
anomaly contributiongor not quite correctlyand the latter integra’Egd partial rate asymmetrpcp(7m ) in the

ones make specific assumptions abguivhich may or may  decaysB’— =" 7~ on sin v and show the extent of the
not be consistent with data d— h,h, decays. We think it so-called “penguin pollution.” Likewise, we work out the

is V\-IOI’thW.hI|e to stud_y again thesgP-violating asymmetr.|es dependence Oﬁcp(Kgn'), Acp(K(s)TfO), Acp(Ké’,n) and

by including theoretical improvement$,6] and determine ACP(thO) on sin28. We also study the effect of the

their Ne-and other parametric dependences. tree contribution, which we call a “tree shadow” of the

Following our previous wor{4] we study this on the ) . . 0,
basis of the factorization approach. We consider the Sam%engum-dommated amplitude, OAcp(Ksy'). The CP-

seventy six decay channels as[#] and calculate the&€P- V|20Iat|ng asymmetrles_; inB~ <_:iecays are in ger_leral
violating asymmetries for charged and neuBalecays with K. -dependent. Supposing that this can be eventually fixed, as
the classification to V as in[4] to distinguish those channels d|scusse_d above, the mteresimg afymm?tr'eB:Thlhf
which can be predicted with some certainty in the factoriza—deciyf’ In_our eipprogtih Qe —my, BT =Ky, BT
tion approach. These are the class-l and clasé@hd possi- — K™~ 7" andB~—K*7p". We study the asymmetries in
bly some class-I)l decays, whose decay amplitudes arethe mentioned decays and alscﬁﬁl—miwi in detail in this
N.-stable and which do not involve delicate cancellationspaper.
among components of the amplitudes. In our study here, The effects of soft final state interactiofSFl) may
we invoke two models to estimate the form factor depen-influence soméor all) of the estimates presented here for the
dence of the asymmetries, study their dependence on trasymmetries. By the same token, decay rates are also
effective coefficients of the QCD and electroweak penguirsusceptible to such nonperturbative effef@2—27, which
operators in term o, the dependence d, the virtuality ~ are, however, notoriously difficult to quantify. We think that
of the gluon, photon orZ in the penguin amplitudes the role of SFIinB—h;h, decays will be clarified already as
decaying into the quark-antiquark pajig’ in b—qqg’'q’  the measurements of the branching ratios become more
and, of course, the CKM parameters. The last of these is therecise and some more decays are measured. Based on the
principal interest in measuring th€P-violating asymme- ‘“color transparency” argumenf28], we subscribe to the
tries. Our goal, therefore, is to identify, by explicit calcula- point of view that the effects of SFI are subdominant in
tions, those decay modes who&®-violating asymmetries decays whose amplitudes are rioblor)-suppressed. How-
are relatively insensitive to the variations of the rest of theever, it should be noted that the effects of the so-called
parameters. nonperturbative “charm penguing29] are included here in

In this pursuit, the sensitivity of the asymmetriesionis  the factorization approach in terms of the leading power
a stumbling block. As the branching ratios are relatively in-(1/mZ) corrections which contribute only to the decays
sensitive to the parametds?, this dependence can be re- B—h;h, involving an# or %' [6], as explained in the next
moved only by the measurement of at least one ofGRe  section.
violating asymmetries sensitive to(éxamples of which are This paper is organized as follows: In Sec. Il we review
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the salient features of the generalized factorization framecoefficientCS", c&", c&, c&f, cef andcgﬁ contain contri-

work used in estimating thB—h;h, decay rates if4]. In  putions of penguin diagrams with insertions of tree operator
Sec. lll we give the formulas from which the vario@>- o, , denoted byC, andC, in [4] and with insertions of the
violating asymmetries for the charged and neuBalecays QCD penguin operator®;, O, and Og (denoted byC, in
are calculated. Section IV contains the numerical results fof4]). These penguinlike matrix elements have absorptive
the CP-violating coefficients, required for time-dependent parts which generate the required strong phases in the quark-
measurements of tHeP-violating asymmetries iB% andB®  |evel matrix elements. The contributio® and C, depend
decays, and time-integrate@P-violating asymmetries. The on the CKM matrix elements. All three functio, C, and
numerical results are tabulated for three specific values of the, depend on quark masses, the scaleand k?, and are
effective number of colord\N,=2,3, varying k® in the  given explicitly in Eqs.(10), (11) and (14), respectively, of
rangek?=m2/2+2 Ge\?, and two sets of the CKM param- Ref. [4].
eters. We show the CKM-parametric dependence ofRe Having definedH in terms of the four-quark operators
violating asymmetries for some representative decays bed; and their effective coefficient§" the calculation of the
longing to the class-l, class-Ill and class-IV decays, whichhadronic matrix elements of the tygh,h,|O;|B) proceeds
have stable asymmetries and are estimated to be measurakljth the generalized factorization assumpti@i]. The re-
large in forthcoming experiments & factories and hadron syt of this calculation for the variol8— PP, PV andVV
machines. Finally, in this section we study some decayjecays are written down in detail j#]. The hadronic matrix
modes which have measurable buf-dependentCP-  elements depend on the CKM matrix elements, which con-
violating asymmetries, mostly involvinB~ decays but also  tain the weak phases, the form factors and decay constants of
a couple ofB°/B° decays. Section V contains a summary of current matrix elements, various quark masses and other pa-
our results and conclusions. rameters. The quantities , given in terms of the effective
short-distance coefficier@?",
Il. GENERALIZED FACTORIZATION APPROACH 1
AND CLASSIFICATION OF B—h;h, DECAYS ai:Cieff+ - C?fl (i=0dd):

The calculation of th&CP-violating asymmetries reported ¢

here is based on our work described4n. There, we started 1

from the short-distance effective weak Hamiltonidy for a;=C"M+ et (i=even, 2)
b—s and b—d transitions. We write belowH; for the N¢

AB=1 transitions with five active quark flavors by integrat- . .

ing out the top quark and tH&/* bosons: wherei runs fromi=1,...,10, are otentral phenomeno-

logical importance. The terms in EqR) proportional to¢
=1/N. originate from fierzing the operatof3; to produce
VipViig(C107+ Co0%) +VepVe (C105+C,05)  quark currents to match the quark content of the hadrons in
the initial and final state after adopting the factorization as-
sumption. This well-known procedure results in general in
(1) matrix elements with the right flavor quantum number but
involves both color singlet-singlet and color octet-octet op-
erators. In the naive factorization approximation, one dis-
whereg=d,s; C; are the Wilson coefficients evaluated at the cards the color octet-octet operators. This amounts to having
renormalization scalg. and V;; are the CKM matrix ele- N.=3 in Eq.(2). To compensate for these neglected octet-
ments for which we shall use the Wolfenstein parameterizaectet and other nonfactorizing contribution one treats
tion [30]. The operatorsO;' and Of with i=1,2 are the §¢=1/N. in Eqg. (2) as a phenomenological parameter. In
current-current four-quark operators inducing the>uqq  theory, & can be obtained only by fully calculating the octet-
andb— cqq transitions, respectively. The rest of the opera-octet and other nonfactorizing contributions and can, in prin-
tors are the QCD penguin operator®4, . ..,0g), elec- ciple, be different for each of the tem.
troweak penguin operatorsOg, ...,0,9), and Oy repre- Starting from the numerical values of the ten perturbative
sents the chromomagnetic penguin operator. The operatshort distance c:oefficien@ieff (i=1,...,10) wenvestigated
basis forH is given in[4] together with the coefficients in [4] the N, dependence of the ten effective coefficieats
Ci, ... ,Cg, evaluated in NLL precision, an@,, .. .,Cyq, for the four types of current-current and penguin induced
and Cy, evaluated in LL precision. Effects of weak decays, namelp— s(b—s) andb—d(b—d). It was found,
annihilation and/N-exchange diagrams have been neglectedthat a,, a,, a5, ag and ag are rather stable with respect to
Working in NLL precision, the quark level matrix ele- variations of¢ in the usually adopted intervgle [0,1/2] (or
ments ofH are treated at the one-loop level. They can bep <N_.< ) for all four types of transitions, whereas, a;,
rewritten in terms of the tree-level matrix elements of thea., a, anda,, depend very much o#.
effective operators with new coefficien&", . . . ,C$( (for Based on this result we introduced a classification of fac-
details se¢4] and the references quoted thejeifihe effec-  torized amplitudes which is an extension of the classification
tive coefficientsCS™, CS", C8"=Cg, and CS"=C,, have no for tree decays in32] relevant for B decays involving
absorptive parts to the order we are working. The effectivecharmed hadrons. These classes I, II, Ill, IV, and V are fully

o= oF
eff VI

10
—thqu( _23 CO; +cgog)
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described in[4] and will be used also in this work. The expansion can be represented as a higher dimensional local
classes |, Il, and Il in the decayg—h,h, are defined as in operator. In fact, it is just the chromomagnetic analogue of
previous work [32]. They involve dominantly(or only)  the operator considered by VoloshiB4] to calculate the
current-current transitions. Class IV and V involve pure pen-power (1m?2) corrections in the radiative dec&/— X+ 7.

guin or penguin-dominated decays. The classification isNow comes the observation made[#] that in the assump-
such, that decays in classes | and IV are stable against variden of factorization, only the states which have nonzero ma-
tions of N, whereas decays in classes Il and V dependrix elementsM|a G2#(D 4G.,.)4|0) contribute to the 1h?
strongly oné=1/N. and decays in class Ill have an interme- corrections in the decay rates f8— Mh. For M= 5, 7',

diate status, sometimes depending more, sometimes less @)s matrix element is determined by the QCD anomaly, and

& We concluded irf4] that decay rates in the classes | andqz also gets fixed withq2=mf7(,) which justifies the expan-

IV decays can be predicted in the factorization approxima-_. ()he (%) 2
tion. The decays in class Il and V have sometimes rathe? o - For the decay8— 7 ""K™, the 1M, effects were

small weak transition matrix elements, depending on the Valgalculated in[6] in the decay rates, For the two-body

ues of the effectiveN, and CKM matrix elements. This in- 11Nz decays, these are the onlyn/ contributions in the

troduces delicate cancellations which makes their amplitude@ctorization approach. They are included here in the esti-
rather unstable as a function of,. Predicting the decay Mates of the rates zand the asymmetries. Note that as the
rates in these classes involves a certain amount of theoreticinction Ais(m’ (,/mg) has no absorptive part, there is no
fine-tuning, and hence we are less sure about their estimat@§ase generated by the anomaly contribution B
in the factorization approach. Depending on the valug @f  — 7'’K®*) decays.
is probable that other contributions not taken into account in Concerning the actual estimates of tBe-h;h, matrix
the factorization approach used [i], like annihilation,w  elements in the factorization approximation, we note that
exchange or soft final state interactions, are important. Wéhey are calculated as i@] using two different theoretical
expect that the matrix elements of the decays in class-I andpproaches to calculate the form factors. First, we use the
class-1V (and most class-1J] being dominantly of0(1) as  quark model due to Bauer, Stech and Wirf@2]. The sec-
far as theiMN.-dependence is concerned will be described, inond approach is based on lattice QCD and light-cone QCD
the first approximation, by a universal value of the parametegum rules. The specific values of the form factors and decay
& We are less sure that this will be the case for class-Il angonstants used by us and the references to the literature are
class-V decays. As we show here, thisensitivity of the  given in[4]. The implementation of they— »' mixing fol-
decay rates reflects itself also in estimates of BB  lows the prescription of5,6].
violating rate asymmetries. Of particular importance for calculating ti@&P-violating
There is also an uncertainty due to the non-perturbativé@symmetries is the choice of the parameitér which ap-
penguin contributiong29], as we do not know how to in- pears in the quantitie§,, C, andC, in the effective coeffi-
clude their effects in the amplitudéb,h,|Hq4B) from first cientsC®™. Due to the factorization assumption any informa-
principles. However, these effects can be calculated as aion onk? is lost when calculating two-body decays, except
expansion in Ih? in the factorization approach. The domi- for the anomaly contribution as discussed earlier. In a spe-
nant diagram contributing to the power corrections is thecific model and from simple two-body kinematics the aver-
processh—s[cc—g(k;)g(k,)], which was calculated in age k? has been estimated to lie in the rangg/4<k?
the full theory(standard modgin [33]. In the operator prod- <m§/2 [14]. In [4] it was found that the branching ratios

uct Ianguage which we are USing, this contribution can b?averaged oveB and B decay$ are not Sensitive'y depen_

expressed as a new induced effective Hamiltorgin dent onk? if varied in the vicinity of k?=m?2/2. Based on
G 2 1 earlier work[15], we do not expect the same result to hold
gg_ s _ °F * AP | 99 for the asymmetries. Therefore, we calculated GE-
H eff a VCchsA I's 2 0%, (3) . . . . . 2
2T T2 mg/ Ky Kz violating asymmetries by varying? in the rangek®=mg/2
0 _ +2 Ge\?, which should cover the expected rangekdfin
where the operatod®® is defined as phenomenological models. Quite interestingly, we find that a
OggEGgﬁ(DB’éaM)ag’yM(l_ ve)b, 4) number of decay modes in the class-1 and class-IV decays

have asymmetries which are insensitive to the variation of
I~ . , 2 i i
with G, .= 1/26ag;wG§ﬁ, and G2# being the QCD field k®. These then provide suitable avenues to test the assump-
strength tensor. This formula holds for on-shell glugffs  tion that strong interaction phases in these decays are domi-
— (ky+k,)2=2k; -k, and the sum over the color indices is N@ntly generated perturbatively.

understood. The functiofis(z) is defined a$6]
lll. CP-VIOLATING ASYMMETRIES IN B—h;h,

mr DECAYS: FORMALISM

1
Aig(z)=—1+ 7 T2 arctaré;— 1
For charged ™ decays the&CP-violating rate-asymmetries

for 0<z<4. (5 in partial decay rates are defined as follows:

The HY gives a nonlocal contribution but one can expand A _T(B —f)-T(B —~f) ©
the functionAis(z) in zfor z<1 and the leading term in this CPTT(BT—=fH+I(B —=f")"
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As these decays are all self-tagging, measurement of these

CP-violating asymmetries is essentially a counting experi- A+=§ (IM[>+|M]?)

ment in well defined final states. Their rate asymmetries re-

quire both weak and strong phase differences in interfering =(T?+P2)|£,)%+ P2 &2
amplitudes. The weak phase difference arises from the su-

perposition of amplitudes from various tréeurrent-current — 2P Py & & cosy o 8yc— Sic)

and penguin diagrams. The strong phase, which are needed TP, ¢&,|2c0s 8

to obtain nonzero values f@&p in Eq. (6), are generated by uclsu uc

final state interactions. For both—>§ andb—d transitions,. +2TPy| & £|cosy cos by (12)

the strong phases are generated in our model perturbatively

by taking into account the full NLO corrections, following In the case ob—s transitions the weak phase entering in

earlier suggestions along these lif8% A~ is equal toy, as we are using the Wolfenstein approxi-

mation[30] in which & has no weak phase and the phase of

&, is v. Thus, the weak phase dependence factors out in an

_ overall sinyin A™. Despite this, the above equations for the

For theb—s, and the charge conjugatds—s, transi-  CP-violating asymmetryAcp are quite involved due to the

tions, the respective decay amplitudes and M, including  fact that several strong phases are present which are in gen-

the weak and strong phases, can be generically written as eral hard to calculate except in specific models such as the
ones being used here. However, there are several small pa-

A. CP-violating asymmetries involving b— s transitions

_ i5 io i

M=TE —Piée'—Pgce'e— P g ey, rameters involved in the numerator and denominator given
above. Expanding in these small parameters, much simplified

M=TE —P£red—P gteld%— P keid, (7y forms for A= and A" and henceAcp can be obtained in

specific decays.
First, we note thaté,|<|&|=|&|, with an upper bound

* I
where §=V,;,Vi;. Here we denote byl the contributions |§u|/|§t|\0025 In some channels such BS K+ 0,

from the current-current operators proportional to the effec, tm0 K* 0 BOSK m, K* o, KT p, typ|cal

tive coefficientsa; and/ora,; P, P, and P, denote the
L . . value of the rat|o| P../T| is of O(0.1), with bothP,. and
contributions from penguin operators propomonal to thePtC comparable with typicalljP,./P;c|=0(0.3). The im-

product of the CKM mgtrlx elements, & andé,, respec- portance of including the contributions proportional RQ,
tively. The corresponding strong phases are denoted, by has been stressed earlier in the literat{88] (see, also

dc andd, respgctl\_/ely. qukln_g] in the standa_\rd mOdel’ we [36,37). These estimates are based on perturbation theory
can use the unitarity relatiog,= —&,— &; to simplify the . )

above equatior?) but the former |nequqllt3¥I_:>tC/T|<1 should hold generally
' as the top quark contribution is genuinely short-distance. The
_ i5 i5 other inequality can be influenced by nonperturbative pen-
M=TE=Pre&ie o= Puctue™e, guin contributions. However, also in this case, for the men-

o tioned transitions, we expect thg®,./T|<1 should hold.

M=TEN — P &F eldtc— Pucts gl duc, (8) Using these approximations, Eq4.1),(12) become simpli-

fied:

where we define A~ =2TPy| & &sin v sin &, (13
P €' %e=Pe'—Pe'’, A*=P2| £ |2+ T £ |2+ 2TP|€* &/cosy cos 8. (14)
P, fuc=P el %u—P_ g%, (9) The CP-violating asymmetry in this case is

Thus, the direcCP-violating asymmetry is Acp= 22125iN 8,SIN y , (15)
1+ 22,,£08S 6,,C0S Y+ 22,

A+ , (100  wherez;,=|£,/&|XT/P, where we use the notation used
A in [4]. This relation was suggested in the context of the de-
cay B— K by Fleischer and ManngB8]. Because of the
where circumstance that the suppression dueé&g &/ is stronger
than the enhancement due P, , restricting the value of
1 Z,,, the CP-violating asymmetry for these kinds of decays
A =5 (IM[>=|M[?) are O(10%). To check the quality of the approximation
made in Eq(15), we have calculated théP-violating asym-
=2TPy| &) &|sin y sin 8¢ metry using this formula forB°—K* 7™, which yields
Acp=—7.1% atN.=2, very close to the value-7.7% in
+2PcPycl &5 &lsiny sin(8uc—8ie), (1D Table V calculated using the full formula, with=0.12,

ACP a
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7=0.34 andk?=m2/2 in both cases. The results for other For the tree-dominated decays involvibg-d transitions,
values ofN, are similar. Thus, we conclude that E45)  such asB™—# " 5("), p* () p*w; the relationP <Py
holds to a good approximation in the factorization frame-<T holds. This makes the formulas simpler, yielding
work for the decays mentioned earlier on. However, @i

violating asymmetriesAcp in the mentioned decays are A~ =—2TP, | ¢|sin a sin &, (24)
found to depend oi?, making their theoretical predictions
considerably uncertain. These can be seen in the various

+ __T2 2__ 2
tables forAcp. Of course, the relatiofil5) given above, and AT=THL[" = 2TPyd £u[*cos by

others given below, can be modified through SFl—a possi- +2TPy| L% & cos a cos Sy
bility we are not entertaining here.
There are also some decays with vanishing tree contribu- =T'2|{ |2+ 2TPy|{f ¢|cosa cos 6.,  (25)
tions, such a8 — 7 K2 7 K*?, pTK*0. For these de-
cays,T=0, and|&,|<[&], then for these decays with T'?=T2-2TP,.c0sd,.. The CP-violating asymmetry
is now approximately given by
A”=2P Pyl &} &lsin v sin(8yc— bic), (16)
—224Sin 6i.Sin
+__p2 2 * Acp= , (26)
AT=P{|&|*— 2P P/ &; &|cos ycog Sy~ ) (17) CP™ 1+27,c05 5,.C0S &
=P2|&/2. (18  with z;=1£/{y| X TP, /T'?. Note, theCP-violating asym-
metry is approximately proportional to sinin this case.
The CP-violating asymmetry is Here the suppression due Ry T/T'? is accompanied with
some enhancement frofd,/¢,| (the central value of this
Puc 'fu . quantity is about 320]), making theCP-violating asymme-
Acp= 2 |z Sin(Syc— Sc)Sin . (19 try in this kind of decays to have a valué\cp

=(10-20)%. We have calculated to#-violating asymme-
try of B*—p*w using the approximate formulé6). The
number we got foN;=2 isAcp=9.2%, which is very close
to the valueA:p=8.9% in Table Xl calculated using the
exact formula, withp=0.12,7=0.34 andk?=m?/2.

For the decays with a vanishing tree contribution, such as
BT —KTKY KTK*? K**K*° we haveT=0. Thus,

Without the T contribution, the suppression due to both
Puc/Pic and|&,/&] is much stronger and théP-violating
asymmetries are only aroune(1-2)%. This is borne out by
the numerical results obtained with the complete contribu-
tions, which can be seen in the tables.

B. CP-violating asymmetries involving b—d transitions _ . .
. ——ZPmF’uclé’ﬁ ilsin @ sin(8yc— bye), (27
For b—d transitions, we have

M:Tgu_ F)tgtei O~ chcei %o — I:)ué‘uei §u, AT= Pt20|gt|2+ Pﬁc|gu|2

— : . . — 2P Pyl ¢|cosa coq 8yc— Sie).  (28)

M=TLS-Pie?=P el =P el (20) o o
The CP-violating asymmetry is approximately proportional

where {;=V;,Viy, and again using CKM unitarity relation to sina again,

{e=— (i~ {,, we have

—223SIN(d,.— ;) SN
ACP: 3 n( uc tc) ' (29)

M= Tgu_ Ptcgtei %te— Pucguei 5uc,
1—225c04 Syc— Byc)COS a+ 75

M=TLE =Py Lrede— Pk eidu, (21)
fu™ Pl uedu with z3=|,/{| X Pyc/Pi.. As the suppressions from
|¢u1g| and |P,./Py| are not very big, theCP-violating

o ol
A" =—2TPy| i dilsin a sin & asymmetry can again be of orddi0—20%. However, being

—oP. Pl ¢lsin a sin(S..— & 22 directCP-vioIatin+g asymme+tries, the mentioned asymmetries
tePucl 3 & Sue™ o) @ the specificB*— (h;h,)* modes depend ok? and are
uncertain.
AT =(T2+PEI¢>+ PRl
—2P Py £t ¢ cosa coq 8y~ i) C. CP-violating asymmetries in neutral B® decays
—2TP,J|¢,|?cos 8, For the neutraBo@) decays, there is an additional com-
. plication due taB°— B mixing. TheseCP-asymmetries may
+2TPy| ] {i|cos a cos . (23)  require time-dependent measurements, as discussed in the-
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literature [8,40—42. Defining the time-dependent asymme- there are four cases that one encounters for neBfB°)

tries as

-
TABLE I. CP-violating asymmetry parameteas, anda. . ., (in percent for the decaysBéahlhz using

p=0.12,7=0.34, andN =2, 3, =, for k?=mZ/2+2 Ge\?

PHYSICAL REVIEW D 59 014005

a. Qcser
Channel N.=2 N.=3 N =00 N.=2 N.=3 N =00

BO— o 6.9"3¢ 7058 705 35335 35035  3453;
Bé—mr a0 —14.8.2% 27,5 18.9°3% -90.0'33 —44.6,93 77.8,34
B8O 'y 26057 3L -17.2{%, 6281, 78035 85783
(B_éﬂ nn' 22.9'33 23.3'03 —13.3.%2; 885,33 627,59 —96.5'33
B 7 19335 161938 -10L% 97793 50695 —99573
B 70 31.305 22989 92,77 59135  2993F 20173
B 70y 17.255 13845 74558 4343E 21853 -157.23
B K2m® 04795  -12799  -389) 750705 690705 58.1.03
BO K2y —2403  -180; 0997  6470) 66900 70203
B0 K2y 11799 1091 431l 78.0"92 69.7°91 54.1;04
B KkoK® 12522 12332 12022 15755 15635 15333
B0 00 -6.4.55 3133 78735  —40635 995150  36.0.32
BO_, om0 26.2°28 23.4,98 1.0192 84.7,9% 50.1; 17 49.8,92
B 0y -1083%;, 1293 3013 9793 15957  93.93%
(B_é—>po7;’ —52. 7—;263 —55.0,757 38.3 %5, 37.8'3%: —435' %% 318,35
B30y 16.3" 25.1°34 1.8792 74.6,2% 94.8,98 9.5,%4
B vy’ 17748 435735, 199 46033 5563, 37803
BO . g 16.2.33 10,07 10537 19023 1607 138733
B gy 16.2,33 10,63 10537  19.0.33 1607 13833
B gy’ 16.2,¢3 10,37  1053%  19.0%3 16.03 13833
B poKg 2.1798 099  —2.0798 18.7°3% 58.0°92 98.6,92
BY_ ¢k -17.97  -1887  -27.¢1  675Q)  675QY  67.9°83
BY_ WK -535; —24010; —38%% 50707 19290 54883
B ptp- 4.1'38 4239 42439 17.L4i: 1691F 16571
B0 p0p? ~8.0,33 19,99  121°3%  -97.071F  -41473% 88273
B ww 20.8'% 22.0" 4.7°11 95.2, 15 78.6,93 24.4,1
BO_ k*OK*© 152,37 14 b:59 1843 1815 17550 16573
BO— 0% 82.%, 4538 8338 21471 22895  -213%
B0 0% 16.2.¢3 10,37 1053  19.0%3 16.03 13833
B we 16.2.¢3 10,37  1053%  19.0%3 16,02 13833

T (Bt)—f )-T(Bt)—T )

Acp(t)=

rBOt)—f )+F(B°(t)—>f )

decays.

(30

Case (i)

° andBY, for exampleB°—K* 7
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Case (ii) TABLE II. CP—vioIating_asymmetry parametess, anda,, .
(in percent for the decay8”—h;h, usingp=0.23, =0.42, and

B (f=f )« B? with fCP==+f, involving final states S 9
N.=2, 3, %, for k“=m/2.

which are CP eigenstates i.e., decays such BYB?)
—ata, 7°%a7°, Ks'n' etc.

=] Ay el
Case (iii) Channel Ne=2 N.=3 N.= N,=2 N,=3 N,=x
0 — £, RO wi i o fi ; -
B —)(f—.f )< B" with f, mvplvmg final states which are éa_wﬁw, 4.9 4.9 50 293 291 287
not CP eigenstates. They include decays such Bfs <
—(VV)?, as theVV states are noEP-eigenstates. BO—m'n®  —124 38 145 -716 -60.7 637
86*)77 7' 19.3 423 —140 50.8 88.3 —66.3
Case (iv) S 18.6 288 —11.8 754 787 —822
BO— (f&f )« B with f°P#f, i.e., bothf andf are com-  BY_. 172 210 -97 902 66.7 —92.3
mon final states oB° and B®, but they are noCP eigen- (B_d_,#onr 389 312 130 742 41.1-28.4
states. DecayB®—p "7, p~ 7" andB°—K*°Kg K*Kg g3 o 228 192 105 579 305-223
are two examples of interest for us. 3 Lo o
Here casdi) is very similar to the chargeBi_decays. (B_(;KS” 0.4 15 49 %07 &7 751
For caselii), and(iii), Acp(t) would involve B®~B® mix- B —Kgy' -30 -22 -11 818 838 866
ing. Assuming|AT'|<|Am| and|AT/T'|<1, which hold in BaﬂKgn 13 -12 -56 927 863 709
the star_ldard model for the mass and width differer_ncefs BY_, KOKO 175 173 169 222 220 217
;r:rc]ishlf“lég ;tczfmn.eutralB-sector, one can expresgp(t) in a (B_6—>p0770 36 19 48 -261 -970 307
' B, a® 287 304 07 945 656 40.1
Acp(t)=a,cogAmt)+a,, sin(Amt). (3D (B_(LPO,, -19.3 183 26.3 —92.3 -225 852
- 3 ; or which we follow the def B 0y -390 —69.2 276 321 -536 27.2
e quantitesa anda,, .+, for which we follow the defi-
nitions given in[42], depend on the hadronic matrix ele- (B_&—"*”? 124 247 13 606 960 111
ments which we have calculated in our model B'—wy' 127 326 13 373 457 311
B3, 0 227 14 148 267 23 196
—IN 2 <3
= | cp|2' (32) (B_—>¢77 22.7 1.4 148 267 23 196
1+|hcpl B0 g7’ 227 14 148 267 23 196
(3_5_>p0Kg 2.9 1.1 -20 263 751 987
o —2ImQce) 33 B 4K2 -21 -22 -34 843 843 846
R P B wk? 70 -333 -49 671 268 717
B —ptp~ 2.9 2.9 30 164 162 159
where B0, 50,0 -71 26 97 —825 -56.8 74.2
s — B wa 178 253 33 848 917 215
cp= VioVia( f[HerlB") (34  BS_Kk*0k*® 213 203 188 254 246 233
0 —
VipVia f[Her BY) igéﬂpow 11.6 6.3 11.8 —30.4 321 -3.0
50 o
For casdi) decays, the coefficiert,, determine#cp(t), (B_ —p ¢ 221 14 148 267 23 196
and since no mixing is involved for these decays, @fe Ba—rwd) 22.7 14 148 267 23 196

violating asymmetry is independent of time. We shall call
these, together with thEP-asymmetries in chargeB* de-
cays,CP-class(i) decays. For casd§) and (iii), one has to
s_epar_ate the sinft) and cosAmt)_ terms to get theCP- widths for Bo(t)ef,@(t)—ﬁ_, Bo(t)—>f_ and @(t)—ﬁ
violating asymmetryAcp(t). The time-integrated asymme- [40,41,42. These time-dependent widths can be expressed
tries are by four basic matrix elements

1 X — 0 — RO
ACP=1+ s ag+ S A, (35) 9=(f|HerB”), h=(f[Hex|B"),
X 1+x (36)

g=(f|HetB%, h=(f[HB,

with x=Am/T"'=0.73 for theB°— B? case[39].
Case(iv) also involves mixing but requires additional for- which determine the decay matrix eIementsBBf—>f&f and

mulas. Here one studies the four time-dependent decagf B f&f att=0. For example, whefi=p~ 7" the ma-
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trix elementh is given in Appendix B of4] in Eq.(99) and ~ where
g for the decayB®—p* 7~ is written down in Eq(100) in

Appendix B of[4]. The matrix elements andg are obtained om EE
from h and g by changing the signs of the weak phases |g|2—|hl|? Py
contained in the products of the CKM matrix elements. We ag = W At E/ZW,
also need to know th€P-violating parameter coming from 9 9
the B°—B® mixing. Defining 47 (40
— — —2Im —=
B,=p|B°%+q|B°), ~_Ih*-fg]? o (ph)
_ < 2+ lal?] ' 12
B,=p|B%)—q[BY), 37) Inl*Tel L+[g/hl

with |p|2+|q|?=1 and q/p=\Hy/H1, with Hij=M;; By measuring the time—depgndent spegtrym of the decay

—i/2T';; representing théAB|=2 andAQ=0 Hamiltonian rates ofB% andB°, one can find the coefficients o_f_the two

[8]. For the decays oB® andB®, we use, as before, functions cosAmtand sinAmtand extract the quantities. ,

acre, |0|%2+ 0|2, az, a.. o and[g]?+|h|? as well asAm

q ViV o andT’, which, however, are already well measuf8@l. The

—=———=e " (38 signature of CP violation id'(B°(t)—f )#I'(BO(t)—f )
and'(BO(t)—f )#I'(B°(t)—f ) which means, thah,, #

So,|q/p|=1, and this ratio has only a phase givenbgg. ~ & andlor a..o#—a., .. In the two examplesf

. ; . - - _ %00 : !
Then, the four time-dependent widths are given by the fol—_.P+?" andf=K*"Kg, the amplitudeg andh contain con-
lowing formulas(we follow the notation of42]): tributions of several terms similar to what we have written

down above for the chargdsl decays. They have weak and

1 strong phases with the consequence t|g| and |h
Tt —f)=e "2 (lgl*+[hf?) #|h|. el an

P ViV

x{1+a,cosAmt+a,, osin Amt, IV. NUMERICAL RESULTS FOR CP-VIOLATING

1 COEFFICIENTS AND Acp
r@m—f)=e "2 ([g*+[h? i i o
2 Given the amplitudes\t and M, one can calculate the
_ CP-violating asymmetryAcp for all the B—PP,B—PV
X{l-agcosAmt—a., asin Amt}, and B—VV decay modes and their charged conjugates
whose branching ratios were calculated by us recently in the
factorization approacf4]. The asymmetries depend on sev-
eral variables, such as the CKM parameté&ls, the virtual-
ity k? discussed earlier, and the scale The scale depen-
dence ofAcp is important in only a few decays and we shall
estimate it by varying: betweenu =my/2 andu=m, at the
F(@(t)—ﬁ )=e It 1 (Ig|2+|h[?) end of this section for these decays and fix the scalg at _
2 =my/2. The dependence on the rest of the parameters is
worked out explicitly. We show the results ftx.=2,3¢0,
for two representative choices of the CKM parameters in the
(399 tables: central values emerging from the CKM unitarity fits

r@n—f)=e " % (Ig*+h[*)

X{1l+agzcosAmt+a,,zsin Amt},

X{l—-a.,cosAmt—a,, . sin Amt},

TA(\_BLE I1l. CF:-_vioIating asymrrg_etryﬁarame'([gagf , 8,8, ,a., defined in Eq.(40) for the de-
caysB’—p 7", B'=p*w, andB°—K*°KS B°—K*KE (in percen}, using p=0.12, »=0.34, and
K2=mZ/2+2 Ge\~.

Channel N¢ a. ag Aerge Ao
Ne=2 ~54.9'93 58.6'03 6.0,0%3 6.2.95
(B_é—>p771'+, ptm™ N.=3 ~54.9°9% 58.7°05 5.8.0% 6.0.93
Ne=c° ~54.9'73 58.7.0% 5.6.04 58,3
Ne=2 99.3,0% —99.1°54 -5.3.%8 10.0°35
BO_ K*9K, K*°K2 N.=3 99.905  -99.69; = -3.233 8.8'53
Ne=o0 99.8,05 —99.1,5; ~0.4.33 7.2'53
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TABLE IV. CP-violating asymmetry parametera,,, ag,

A e deflned in Eq.(40) for the decaydBaﬂp mt B‘)’

(—

PHYSICAL REVIEW D 59 014005

The results are presented taking into account the follow-
ing considerations. For decays belonging to @feclassti),

Aeters . . -
H;*w _and B HK*oKo B . K*°KS (in percent, usmg the CP-asymmetry is time-independent. Hence for this class,
=0.23, 7=0.42, andk?=mZ/2 Acp=a, . For theCP classfii) and CP class¢iii) decays,
p=0.23, 9= an . €
the measurement dcp will be done in terms of the coef-
Channel N, a. a0 Ange Auw ficientsa,, anda,. ./, which are the measures of direct and
indirect (or mixing-inducedl CP-violation, respectively. In
N.=2 -555 581 7.8 8.1  view of this, we give in Tables | and Il these coefficients for
(— . -0 .
BOp at ptm Ne=3 -555 581 7.6 80 the thirty decay modes of thB® and B’ mesons, which
N,= -555 58.1 75 7.8 belong to these classes, for the two sets of CKM parameters
N.=2 994 -99.0 -44 11.1  givenabove. For the four decays belonging to @class-
G0 K¥OKO K*OKO N.=3 99.9 —995 -22 103 (iv) decays, one would measure by tlme—fiependent decay
s S rates the quantities,,,a.. . ,az and a. .. They are
Ng=0o0 99.8 —98.8 0.8 9.0

of the existing data, yielding=0.12,7=0.34[20]; for val-
ues ofp and » which correspond to their central valu¢d.o,
yielding p=0.23 and»=0.42[20].

given in Tables lll and IV for the two sets of CKM param-
eters, respectively. Having worked out these quantities, we
then give the numerical values of ti#-violating asymme-
tries for all the seventy six decayg— PP, B—PV (b—d
transition, B— PV (b—s transition andB—VV in Tables
V-=XII.

For each decay mode and given a valuéNgf the errors
shown on the numbers in the tables reflect the uncertainties
due to the variation ofk? in the range k?=(m2/2
+2) Ge\£. For some selecte@P-asymmetries, we show in  We now discuss th€P asymmetries given in Tables |-
figures, however, the dependence on the CKM parametergl| and their parametric dependence.
for a wider range ofp and » which are allowed by the

A. Parametric dependence ofCP-violating
parameters andAcp

present 95% C.L. unitarity fitg20].

TABLE V. CP-violating asymmetrief\cp in B-pPP decays
(in percen) using p=0.12, #=0.34, andN,=2, 3, =, for k>

Form factor dependence of Ao

The CP-violating asymmetries depend very weakly on the
form factors. We have calculated tkd#P-violating asymme-

(_
—mb/2+2 Ge\2. TABLE VI. CP-violating asymmetried\cp in B‘%HPP decays
(in percent using p=0.23,7=0.42, andN.=2, 3, » for k?
Channel ClassCP class =2 N.=3 Ng=00 =mp/2.
Bt | (ii) 21.3°93  21.2°9%  21.0°9%  cChannel Class CPclass N,=2 N.=3 N,=x
i 2.6 —7.2 1.2 —

BO_ m0m0 1 (i)  —-52575 —19.4,{5, 49.333 B ot e | (i) 17.2 171 16.9
By M () 46951 620753 -520.38 g8, oo I (ii) —422 -264 398
(— .. —
BOoyy M ) 57030 450787 -546337 BB, I (i) 36.8  69.7 -40.7
(—, - —
BLM I (ii)) 59.0°35 34.6,9% -53.9.33 igéﬂm,r Il (ii)) 48.0 56.3 —46.8
B*—aa® 0 013% 00735 00733 B,y I (ii) 542 454 —50.2
B*—a y 1l (i) 12.0°25 14532 21332 BT g g0 I (i) 0.0 0.0 0.0
B*—=m gy |l (i) 11.8'23 14025 1913 B owy Il 0] 8.5 105 16.7
(B_éﬂrror/’ \Vs (ii) 48.6:2:1 29.2;'8‘: 3.61613-179 Ba—wr 7 1 (-i.) 8.7 10.6 16.2
om0y Vo) 373 1048) —26f Bomw Vo 00 007899 E0
B*—K*7® IV (i) ~7.157 —6.335 —4.933 EjT(j? . |\\// (('_')) 45': 287'61 _Z';
(— _ . - — - - | —J. —o. —0.
BéHKiW*' v (i) - 7714%8 - 7-9“21:2 - 8-2+421:3 ) - 77_ .
- ) os o o7 BOoK*aT Y (i) -105 -10.8 -—11.2
BO—K2r® IV (i) 36.000, 32003 25.L%] )

s 0 o o o BYSKYr® vV (i) 43.4 39.8 32,5
B*—K*yp' IV i -4.9;32 —-41:Y -3.0% A .
< o 7’ N 29 o2 30 ];(111 32 813"1’ B K"y \Y (i) -63 -53 38
B®—Ks7 l 204 +0.0 So3 gy, \Y; (ii) 369 384 405

=+ + H 3.4 +2.6 +1.4
B'—K%y IV (i) 37.8'7; 3257 22915 BO_kQy v (ii) 45.0 40.2 30.0
B a*KY IV ) 1405 -1405 -140%  B*oxKY IV (i) -18 -17 -17
B*—K K2 IV (i) 12,529 12322 120,28 B*—K*K2 v (i) 17.5 17.3 16.9
BO_KOKO IV (ii) 156,30 15531 151,22  BO_KOKO \Y% (i) 22.1 21.8 21.4
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TABLE VII. CP-violating asymmetrieA¢p in Bpv decays b—d transition (in percent using
p=0.12,7=0.34, andN.=2, 3, for k2=mZ/2+2 Ge\~.

Channel Class CP class N.=2 N.=3 N =

BO/EO—>p_7T+/p+7T_ | (iv) 3.6,17 35.%7 3.3.%7
BO/EO—>p+7T7/p*7TJr I (iv) G-Ot% 5-9t(1):g 5-9t(1):£79
B p00 I (ii) -235;3 494,333 22294
B O [ (if) 57.5'3% 39.2.33 24.3°03
B8 p0y I (i) ~59.5.171 095  64.4%
B poy ! i -165%  -senky 402k
8wy [ (ii) 46.2°93 61512 5.7°53
B0y’ I (ii) 33.5'9% 54.9"%9 19.2°91
B*—p’m* i () ~3.9:3% -5.2.32 -11.0.33
B*—p*a® 1] (i) 27798 3.0°%¢ 3699
B*—wmr” 1T (i) 9.8"22 7923 -1.8,98
B*—p*y 1 (i) 3.9°9%5 4.4 %% 5.7°%%
B*—p*y' I 0) 3.8"39 4332 5.63%
B KoKy K* 0K v (iv) 159,33 15.3.33 14.3.33
BO_ K* OKYK*OK? v (iv) ~12.2°%9 ~106%3 -8.2'43
B* KK v (i) 152,33 14585 134,83
B*—K**K2 v (i) -1.2°3%, 46.8 332 48.1.58
B*— ¢ v () 16.2.33 10,07 10.5,2%
B g v (il 19.6,3% 1.4:3 134,25
B gy v (it) 19.6,38 14,83 13.4,5¢
BO_ ¢y’ v (ii) 19.6,2% 1.4.03 13.4.%5

tries for the form factors based on both the B$3¥] and the B—VV decaysB°—K*%p°,

hybrid lattice-QCD/QCD-SR models. The form factor values  Wwith this, we note that th&l.-dependence ohcp in the

used are given ih4]. However, the dependence Atp 0N class-I and class-IV decays is at mas20%, as one varies

the form factors is weak. Hence, we show results only for the\y . in the rangeN,=2 to N =.

former case. Concerning class-lll decays, in most cages is found

to vary typically by a factor 2 a$\. is varied, with one

exceptionB™ — wx ™, in which case the estimate fé¢p is
The classification of theB—h;h, decays usingN.,-  uncertain by an order of magnitude. This is in line with the

dependence of the rates that we introducefdtiris also very  observation made on the decay rate for this proceg4]in

useful in discussindhcp. We see that th€P-asymmetries Both CP-violating asymmetries and decay rates for the

in the class-l and class-IV decays have mild dependence atlass-Il and class-V decays are generally strongly

N., reflecting very much the characteristics of the decayN.-dependent. We had shown this for the decay ratd4jin

rates. As already remarked, this can be traced back to thend for the CP-violating asymmetries this feature can be

N.-dependence of the effective coefficients. However, inseen in the tables presented here.

some decays classified as class-IV decay$4ip we have

found thatAcp shows a markedN. dependence. All these k2 dependence of Ap

cases are on the borderline as far asNhesensitivity of the o ]

decay rates is concerned due to the presence of several com- The CP-violating asymmetries depend on the valyekﬁf

peting amplitudes_ The decayS, which were C|assiﬁetﬂ]n as discussed in the ||teratl{rb5]. The value 01k2 relative to

as class-IV decays but are now classified as class-V decayéie charm threshold, i.ek?<(=)4ms, plays a central role

are as follows: here. For the choick2$4m§, the cc loop will not generate
B— PP decays:B%— 7%7("). a strong phase. We trelet as a variable parameter and have
B— PV decays involvingb—s transitions:B°—K*?7.  studied the sensitivity of thEP-asymmetries by varying it in

(The decay mod®°—K* %y’ was already classified ipd]  the rangek2=m§/2i2 Ge\2. This range may appear some-

as a class-V decay. what arbitrary, however, it is large enough to test which of

N. dependence of Ap
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TABLE VIII.

3, o for k?=mg2/2.

CP-violating asymmetrieé\cp in Bpv decays
(b—d transition (in percent usingp=0.23,7=0.42, andN_.=2,
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TABLE X. CP-violating asymmetrie#cp in 8PV decays
(b—s transition (in percent using p=0.23,7=0.42, andN.=2,
3, = for k?=mg/2.

Channel

ClassCP class

Ne=2 Ng=3 N=c

BO/EO—>p77T+/p+777
BYB—ptw lp mt

Bé—>p a0

Bé—>w'n'0

=0 0

B —gr-n

B‘)’—no 7'

Ba—>w7]

B0 )

B"—wn

Bi*)poﬂ_i
Btﬂptﬂo
B*—wm*

B*—p 7y

Btﬂpi”]’
BO/B— K* K/ K* 0K
BO/B°—>I(<i°Kg/K*°Kg
Bt*}KtK*b
B*—K**K
Bi—’(ﬁ'ﬂ'i

=0 0

B "— ¢

B0

B"—¢n

R0 )

B"—¢7n

(iv)
(iv)
(i)
(i)
(i)
(i)
(i)
(i)
U]
U]
U]
U]
0]
(iv)
(iv)
U]
()
U]
(i)
(i)
(i)

5.3
54
—14.8
63.7
—56.5
—10.2
36.9
26.1
—2.7
1.9
7.0
2.7
2.7
22.3
—-17.0
21.3
-1.6
22.7
27.5
275
275

5.2
54
—44.9
511
1.3
—70.8
61.8
43.0
—-3.7
2.1
5.6
3.1
3.0
21.4
—14.9
20.3
54.6
1.4
2.0
20
2.0

Channel Class CPclass N,=2 N;=3 N;=x
S1 g, 7k | 0) 115 -115 -11.4
5.4
g BT i (i) -552 —717 -75.2
19'5 BO_ L K** \Y 0) —221 -226 -23.6
57'7 Bo_, kxb0 v Q) 16 -16 —6.3
310 B —oK** 7l \Y (i) -18.2 -171 -14.8
6.1 BT —p’K* \% (i) -145 -159 -10.7
157 BToK**y v (i) -130 -133 -135
—83 Bi_krb, Vv (i) -31  -17 0.7
26  pr_Kr0g* Y (i) —21  -20 -19
-1.3 — .
o BY_. pok2 v (ii) 144 364 456
39 BT —p K \Y (i) 3.7 56 —5.3
201 BOK*by v (i) —47.7 -163 9.0
—-115 BT ¢K* Vv (i) —21 -22 34
188 Bo_ 4KQ v (ii) 387 387 380
625 Bo_uKe Vv (i) 273  -91 309
14.8
oo B oK Vv (i) -186 -15.1 1.1
19.0
19.0

TABLE IX. CP-violating asymmetried\cp in B PV decays b—s transition (in percent using p
=0.12,7=0.34, andN =2, 3, for k?=mZ/2+ 2 Ge\~.

Channel Class CP class N.=2 Ne= N =
(— _ . _

BO_ pK* | 0] ~16.4.33 16.4.33 -16.3.33
B*—K**y’ i 0] ~72.6.35 84.3 350 —61533%
BO_K** 7™ \Y 0] 15.5,59 15.9,5% 16.6.5%
BY_ K* 070 v (i) 1433 ~1.3°03 ~4.9.53
B*—K** 70 v (i) 12.8.33 12.0, 34 10.5, 22
B*—p°K* \Y 0] ~132.33 12.8.37 -7553
B*—K**y \Y 0] -9.1.%] -9.3.55 ~9.6.53
(—, «— . _ _

BéﬂK*bn \% (i) —2.4.03 —1.4.8; 0.6°7%
B LK*0nt v (i) -1.770.1 ~1.670.1 1.5.9%
BO_. ook v (i) 10.2°93 28. 45.5,9%
B*—p*Kg v 0) 3.0/0% 46,55 -4.4753
BO_k*dyy % 0] —44.0'53 -13.3.5% 8.0'72
B*—¢K* \Y (i) -1.7¥0.1 -1.8¥0.1 -2.7.501
BO_ 4K v (ii) 31.0,0% 30.9.6% 30552
BY— wK v (it) 20.6,13 ~6.6,53 23.6,93
B* s wK*® \Y; (i) -13.1,593% -19.6.7/; 0.9°97
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)
TABLE XI. CP-violating asymmetrieg\cp in B—VV decays(in percent usingp=0.12, =0.34, and
N.=2, 3, for k> =mZ/2+2 Ge\~.

Channel Class CP class N.=2 N.=3 Ng=00
BOptp- | (iil) 10.8"32 10.8"%1 10.6"%3
B0 50,0 [ (iii) —51.4,19 ~185,38 49.9'98
B wo [ (iii) 58.9'38 51.8°93 14.7°92
B —p*p° i 0) 0.2°%1 0.2:35 0.3°9%
B*ptw i 0) 8.9°3% 77533 4.055%
BOK**p* v (i) ~155.33 ~15.9,33 ~16.6.3%
BO_ i*,0 v (i) 5.1°%% -0.8°9% -9.2,28
BT K** 0 1V, 0) —-11.832 -10.327 ~7.3/58
Bt_}pt;(—*b Y, 0) -1.770.1 -1.670.1 -1.5.5%
B K* =KD v (i) 15.2;33 145,32 13.4. 31
G0_, c* 00 v (i) 18.6.%5 17.8.%5 166,37
B p%w v (i) ~4.8%, 13.8,98 4433
= = ; - -

i, v (i) -39 ~2.1.63 —117.43
B* -K**w v ) ~9.6,23 ~14.3.53 7.2583
B K** ¢ v 0) -1.7%0.1 -1.8v0.1 —-2.7.91
G by v 0) -1.750.1 -1.870.1 —2.7.01
B*p® v 0) 16.2.33 1.0:8% 105,57
e -

B0 00 v (i) 196,38 1483 134,59
(— _

Béﬂw(ﬁ v (i) 19.6, 38 1.4.93 13.4.%§

the asymmetries are sensitive to the choic&@fOne sees gested by NLO corrections in the decay rates Bor Xsy
from the tables, thaf\cp as well as theCP-violating param- andB— X4y [43], for which NLO corrections are small.
eters are sensitive &7 in most cases. Fortunately, there are

some decays which have larde p with only moderate the-
oretical errors from th&?-dependence. B. Decay modes with stabléA.p in the factorization approach

We use the parametric dependenceédgf just discussed
# dependence of Ap to pick out the decay modes which are stable against the
It should be remarked that tf@P-asymmetries depend on Vvariation of N¢, k* and the scaleu. As only class-I and
the renormalization scale. Part of this dependence is due to class-IV (and some class lidecays are stable agairist,
the fact that the strong phases are generated only by th&e need concentrate only on decays in these classes. With
explicit O(as) corrections. This can be seen in the numeratotthe help of the entries in Tables V—XIII, showing tkéand
A~ given in Eq.(11. In other words, NLO corrections to u dependence, we find that the following decay modes have
Acp, Which are of ofO(a?) remain to be calculated. De- measurably large asymmetries, iJ&¢p|=20% [except for
spite this, the scale-dependenceédgf. in B—hh, decaysis Acp(p*p~) which is estimated to be more 1ik®(10%)]
not very marked, except for a few decays for which the rel-with large branching ratios, typicallp(10 °) [except for
evant Wilson coefficients do show some scale dependencg® K2, which is estimated to be @ (10 %) [4]].
We give a list of these decays in Table XllII. This feature is
quantitatively different from the scale-dependencé\gp in B, BO KOs, (I3_6—>Kgn’, (B_&—>Kgn and
the inclusive radiative decays— Xsy andB— Xyy [43], for %5 _
which the u-dependence of the Wilson coefficient in the —Pp
electromagnetic penguin operator introduces quite significant We discuss these cases in detail showing the CKM-
scale dependence in thHéP-asymmetries. In contrast, the parametric dependence At in each case. Since these de-
Wilson coefficients contributing tAcp in the decaysB  cays measure, ideally, one of the phases in the unitarity tri-
—h;h, are lessu-dependent. Of course, there is still someangle, we shall also ploAcp as a function of the relevant
residual scale dependence in the quark masses. For all nupphase, which is sin@ for Acp(7"7~), and sin B for
bers and figures shown here, we ysem,/2, a scale sug- Acp(K270), Acp(K27) andAcp(K2n').
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)
CP-violating asymmetrie®\cp in B—VV decays

TABLE XII.
in percent using p=0.23, »=0.42, andN.=2, 3, » for k? -
(:mglz. ! 9p K ¢ We show in Figs. (@) and Xb) the CP-asymmetry param-
etersa,, anda., ., defined in Eqs(32) and (33), respec-
Channel Class CPclass N,=2 N,=3 Ng=o tively, p!otted as a function of the CKM-Wolfenstein param-
eter p with the indicated values of. The shadowed area in
|§5_,p p I (iii ) 9.7 9.6 9.5 this and all subsequent figures showing {hdependence
Bé—>p » 0 (i) _439 -253 416 corresponds to thg range<(<0.23, which is .the_ilo al-
- lowed values of this parameter from the unitarity fig0].
B"—ww I (iif) 520 602 124 The three curves in Figs.(d and Xb) represent three dif-
B*—pTp 11 0] 0.2 0.2 0.2 ferent values of the CKM-Wolfenstein parameter=0.26
B*—prw m (i) 6.3 5.4 28 (solid curve, =0.34 (dashed curve and »=0.42 (dotted
EéﬂK** - v (i) —221 -226 -236 curve. The time-inFegrated asymmetA,p calculated with
S e v _ 57 10 123 the help of Eq(35) is shown for three values of (=0.42,
B"—K*"p (i) : ' : 0.34, 0.26 with k?=mZ/2 in Fig. 2a). One notes that the
B*—>K*(*_p° v (i) —-168 -146 -10.1  CKM-dependence of Acp is very significant. The
B ptK*0 v (i) -21 -20 -19 k?-dependence oAqp(7" 7)) is found to be very weak as
B K*1I(<_*%’ v Q) 21.3 20.3 18,8 Shownis Fig. 2o), where wg plozt this guantity asza fur;ction
<3 00 of p for »=0.34 by varyingk® in the rangek“=m/2
EE(;K* K* v ("') 26.1 250 234 +2 Ge\2. Hence, there is a good case fBgp(7' 7 ")
B%— p%w v (iii) —-6.8 194 6.3 vyielding information on the CKM parameters.
BO_, K*0y Vv 0) —40 -26 -167 To have a closer look at this, we plot in FiggaBand
i - . .
B K** Vv 0 133 —204 6.6 3(b), the asymmetnAcp(7™ 7 ) as a fgnct!on of S|r)a to
B LK+ v 0 91 22 34 study the effect of the penguin contributidoalled in the
N ¢ : : : ‘ jargon “penguin pollution’) and the dependence oWy,
BY—K*%¢ v i) —21 -22 -34  respectively. The loweKupped curve in Fig. 3a) corre-
B*—p ¢ \Y (i) 22.7 1.4 14.8 sponds to keeping only the tree contribution in the decays
3_6_,p0¢ \% (iii) 275 2.0 19.0 B — "o (treetpenguin). We see that in the entire
B_éﬂauﬁ v (i) 275 20 19.0 tlg expected range of smaQ .depi(.:ted.as' a shadowed
region, the “penguin pollution” is quite significant, chang-
=)
TABLE XIIl. CP-violating asymmetrieé\.p in B—h;h, decaydin percent usingp=0.12, »=0.34, and
N=2, 3,%, k?=m?/2 for u=m,/2 andu=m,.
N.=2 N.=3 N,=00
Channel n=myl2 L=my L=mg/2 ©=my m=my/2 n=my
BO_, 77070 —-42.0 -37.8 -15.1 —-32.2 43.9 455
B*—K™*y 8.5 12.2 6.2 9.0 2.8 4.4
B0_ 070 -235 -18.3 —49.4 —49.9 222 20.1
BY_ ar® 57.5 61.5 39.2 48.4 24.3 23.4
B3 50y ~59.5 —61.0 0.9 —21.4 64.4 64.7
B 50, -16.5 ~10.0 ~56.7 -59.3 40.2 35.8
By 335 29.1 54.9 413 19.2 17.9
Bi—>K*iKg -1.2 -0.9 46.8 35.0 48.1 46.8
BY_ Kk*b50 1.4 3.5 -1.3 -0.3 —4.9 -5.3
B wk? 20.6 18.3 -6.6 -14.6 23.6 23.3
B0 50,0 -51.4 ~49.5 -185 -335 49.9 50.5
B Kk*b,0 5.1 10.0 -0.8 1.3 -9.2 -11.2
ELPOQ, —-4.8 -14.8 13.8 18.5 4.4 2.8
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FIG. 1. CP-violating asymmetry parametesas, (a) anda,, .- (b) for the deca>Bé—> 7t 7~ as a function of the CKM parametpiwith
k2=m§/2. The dotted, dashed, and solid curves correspond to the CKM parameter yalQet2, =0.34, andy=0.26, respectively.
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FIG. 2. CP-violating asymmetryAcp in Bé—m-r*q-r’ as a function of the CKM parameter. (a) k2=m§/2. The dotted, dashed,
and solid curves correspond to the CKM parameter vahe8.42, n=0.34, and»=0.26, respectivelyb) »=0.34. The dotted, dashed, and
solid lines correspond tk?=m?2/2+2 Ge\?, k?=mZ/2, andk?=mZ/2— 2 Ge\?, respectively.
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FIG. 3. CP-violating asymmetry Acp in (B_é—w* 7 as a function of sina for k2=m§/2. (a) Effect of the “penguin
pollution”: the lower (uppe) curve corresponds to keeping only the tree contribufibe complete amplitude, tregoenguin. Note that
|V,pl=0.003.(b) Dependence ofV,|: |Vyp|=0.002(solid curve, |V,,|=0.003(dashed curvg |V, =0.004(dotted curve
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solid curves correspond to the CKM parameter valye®.42, »=0.34, and»=0.26, respectively.
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FIG. 5. CP-violating asymmetryAcp in Be’—>Kgn’ decays as a function

0.2 0.3

P

of the CKM parameter (a) k’=m?2/2. The dotted,

dashed, and solid curves correspond to the CKM parameter vait@si2, »=0.34, andp=0.26, respectively. In all three groups, the upper

(lower) curve corresponds to neglecting the tree contributigvith the complete amplitude(b) 7=

curves correspond tk?=m?2/2+2 Ge\?, k2=m2/2, andk?=m?/2—2 Ge\?, respectively.
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FIG. 6. CP-violating asymmetryAcp in Bé—>Kgn’ as a function of sing for k2=m§/2. @

0.34. The dotted, dashed, and solid

0.8
sin 28

“Tree shadow”: the solid(dashed

curve corresponds to the full amplitu@ieeglecting the tree contributian(b) |V,4| dependence: dashed cury¥ | =0.004), dashed-dotted

curve (V.4 =0.008), dotted curve|V,y|=0.012).
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FIG. 7. CP-violating asymmetryAcp in B(BHK%’TTO decays as a function of the CKM parameger(a) kZ:m§/2. The dotted, dashed-
dotted, and dashed curves correspond to the CKM parameter vgau@€2, =0.34, andn=0.26, respectively(b) »=0.34. The dotted,
dashed-dotted, and dashed curves correspoid=tanZ/2+ 2 Ge\?, k?=mg/2, andk?=m?2/2— 2 Ge\?, respectively.

ing both Acp(*7~) and its functional dependence on of the angleg, following the earlier suggestion of the same
sin2x. Based on Fig. @), we estimate —10% in Ref. [45. The CP-asymmetry for this decay, like
<Acp(mtm)<+45%, with Acp(m*7)=0 as an al- Acp(K27'), is dominated by tha,, . term. The quantity
lowed solution, varying sin@ in the *1o range: Acp(K2¢) is found to be stable against variationhly and

—0.40ssin 22<0.53 [20]. k? (see Tables IX and X However, being a class-V decay,
- the branching ratio foB°—>Kg¢ (and its charged conjugate
CP-violating asymmetry in é*Kgﬂ'- is very sensitively dependent oN., with B(B°—K2¢)

=(0.2-9)x 10 %, with the lower (highep range corre-
sponding toN.= (N.=2) [4]. Moreover, the electroweak
penguin effect in this decay is estimated to be rather substan-
tial. The present upper bound on this decay B¢B°

K2¢)<6.2x10° [2]. Depending orN,, the above ex-
perimental bound is between one and two orders of magni-
tude away from the expected rate. Despite the large and
stable value OACP(Kgqb), it may turn out not to be measur-
able in the first generation d8 factory experiments.

The parametera,. anda., . for the decaysi38’—>Kg77’
are shown in Figs. @ and 4b) respectively, forp=0.42,
0.34, 0.26 with fixedk?=m2/2. As can be seen from these
flgures the time-integrated CP-violating asymmetry
Acp(B°—K2 an') is completely dominated by the.. .
term. TheCP-violating asymmetr)ACp(KSn ) is shown in
Fig. 5@ for three values ofp (=0.42, 0.34, 0.26 The
upper curve for each value afis obtained by neglecting the
tree contribution |an—>K sn’ and the lower curves repre-
sent the corresponding full (tregoenguin) contribution. 3
Figure §b) shows thek?-dependence oACp(Kgn’) with I
the three(almos) overlapping curves corresponding k3
=m2/2 andk?=m/2+ 2 Ge\ for fixed value,7=0.34. As
we see from th|s set of figures, the CKM-parametric depen-
dence ofACP(K n') is marked and the effect of the “tree
shadow” is relatively small. To illustrate this further, we plot I
in Figs. 6a) and Gb) this asymmetry as a function of sifB2 et
showing the effect of the “tree-shadowing” and dependence I
of Acp(K27') on|V,y|, respectively. Restricting to the range
0.48<sin 28=<0.78, which is thet 1o range for this quantity

40

Ay (%)

from the unitarity fits[20], we find thatAcp(K27') has a ST ]
value in the range 20%Acp<36%. This decay has been ’ ]
measured by the CLEO Collaboration with a branching ratio 0.4 0.6 0.8 1
B(B°—K27')=(4.7"55+0.9)x 10"° and is well accounted sin 26

for in th:e factorization-based ap%roabh—6] As the “tree FIG. 8. CP-violating asymmetryAcp in E‘Lngo as a func-
shadow” is small in the deca’—Kgsn' and the elec- o0 of sin 28 for k*=m2/2. The three curves correspond to the
troweak penguin contribution is also smpdl, Acp(K27') following values of the CKM matrix elemenjV/,q|: dashed curve
is @ good measure of sinB2 This was anthlpated by London (|v,4|=0.004), dashed-dotted curvéVis|=0.008), dotted curve
and Soni[44], who also advocatedcp(K2¢) as a measure (|V,g|=0.012).
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FIG. 9. CP-violating asymmetryAcp in B‘)’—>K‘S’77 decays as a function of the CKM parameter(a) k2=m§/2. The dotted, dashed-
dotted, and dashed curves correspond to the CKM parameter vgti8s12, 7= 0.34, andn=0.26, respectivelytb) »=0.34. The dotted,
dashed-dotted, and dashed lines corresporidtomZ/2+ 2 Ge\?, k?=mg/2, andk?=m2/2— 2 Ge\?, respectively.

CP-violating asymmetry in é—»K‘S’wO violating asymmetryAcp(K27) is, however, found to be
The decayB®—K2x° is dominated by the penguin dia- very similar toﬁ\cp(ngo). This is shown in Fig. 95_1) where
grams, with significant electroweak penguin contribufigh W€ PIotAcp(Ks7) as a function o for the three indicated
The estimated decay rate in the factorization approach i¥alues ofz, keepingk’=mg/2 fixed. Thek>-dependence of
B(B*—K27%) =(2.5-5)x 1075, with the present experi- Acp(KS7) is shown in Fig. %) and is found to be moder-
mental bound being3(B°— K270 <4.1x1075 [1], with  ately smallin the rangk?=m2/2+2 Ge\2. We show in Fig.
these numbers to be understood as averages over the chadf®Acp(K$7) as a function of sin &, with the three curves
conjugated decays. We expect that witl} BB events, sev- Showing three different values ¢¥,4|. Restricting again to
eral hundredk%7° decays will be measured. Thep- the =lo range of sin B, we estimate: 24% Acp(K37)

asymmetryACp(KgTrO) is dominated by tha,, . term(see <46%.

Tables | and I), which is large, stable against variationkif -

and shows only a mild dependenceNg. The quantities, CP-violating asymmetry in é-»tho, with h=7° K, 7,7'.
anda,. ., for this decaytogether with the others in thB As the CKM-parametric dependence of tB&-violating

—mm, KK and B —(Km)~ decay$ were worked out by  asymmetriesAcp(K27%), Acp(K27), Acp(K3y') are very

Kramer and Palmer ifil5]. As remarked already, there are gimjlar, one could combine these asymmetries. We estimate
detailed differences in the underlying theoretical framework

used here and ifil5] and also in the values of the CKM and
other input parameters, but using identical values of the vari-
ous input parameters for the sake of comparison, the agree-
ment between the two is fair. We show in Fig(ay
Acp(ngo) as a function ofp for three values ofy: 7
=0.42, 0.34, 0.26 and note that this dependence is quite
marked. Thek?-dependence oAcp(K270) is found to be
small, as shown in Fig. (B). Thus, we expect that
Acp(ngo) is also a good measure of si@2This is shown

in Fig. 8, with the three curves showing the additional de-
pendence of\cp(K27%) on |V,4|. Restricting the value of
sin 28 in the =10 range shown by the shadowed region, we
find 24%<Acp(K27%)<44%.

(@
[Ts)

Ay )
40

30

20

— 0.4 0.6 0.8 1
CP-violating asymmetry in é—> Kgn sin 28

The decayB’—Kg, like the preceding decay, is domi- g, 10, CP-violating asymmetryAcp in (BTaﬂKgn as a func-
nated by the penguins diagrams with significant electroweakon of sin 28 for k2=m22. The three curves correspond to the
penguin contributiorj4]. The branching ratio for this mode fojlowing values of the CKM matrix elemenV,q|: | V| =0.004
is estimated to be about a factor 3 too small compared tedashed curve |V, =0.008 (dashed-dotted curyg|V,4=0.012
B— K270, with B (B°—K27)=(1-2)x107%. The CP-  (dotted curvé
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FIG. 11. CP-violating asymmetryAcp in Bé—>th° decays withh®= 7% K2 #,7" as a function of the CKM parameter. (a) k®
= m§/2. The dotted, dashed-dotted, and dashed curves correspond to the CKM parameteyvald@s»=0.34, andp=0.26, respectively.
(b) »=0.34. The overlapping curves corresponckfe= mZ/2+ 2 Ge\?, k?=mz/2, andk?=mZ/2— 2 Ge\~.

-
B(B°—K2h0)=(2.7-4.6x10°°  with  Acp(K2h®) CP-violating asymmetry in B—p*p~.

=(22-36)%, forh®=m° pandz'. As the branchingratio  As another example of the decay whosgp is stable
for the decayB®—KZK® is estimated to be small, typically against variation inN, and k?, we remark that the decay
B(B°—K2K%=5x10"7, the above estimates oB(B° modeB°—p*p~ is estimated to have an asymmethyp
—K2h% and Acp(K2h) hold also to a very good approxi- =10%, as can be seen in Tables XI and XII. This decay
mation if we now also includ&$ in h®. The dependence of mode is dominated by the tree amplitudétke B°
Acp(K2h%) on the CKM parametersand »is shown in Fig. —7*7~) and belongs to the€P class (iii) decays. Esti-
11(a) and thek?-dependence in Fig. 18). Interestingly, the mated branching ratio for this mode B(B°—pp™)
k2-dependence in various components which is already sma# (2—3)x 107,

gets almost canceled in the sum, yieldmgp(tho) which

is practically independent &?. We show the dependence of

Acp(K2n%) on sin 28 in Fig. 12, with the three curves rep-  C. The decaysB’—p* =™, B°—p~a* and CP-violating
resenting each a different value pf4|. Thus, we predict asymmetries

Acp(K2h®)=(22-36)%, forh®=#" K2, #and# for the

: Next, we discuss decay modes which belong to G
+1¢ range of sin B. o

class (iv) decays. There are four of theB%— K* K&,
B K*k2 B~ p*7s~ and B°—p x". Of these the
decay B°—>K*°Kg belongs to the class-V decay and is
estimated to have a very small branching ratio in the
] factorization approachB(B%— K*°K2)=0(10"°) [4]. The
other B>~ K*°K2 is a class-IV decay but is expected to
] have also a small branching ratio, with(B°— K*°K2)
. =(2-3)x10"". In view of this, we concentrate on the de-
1 caysB’—p* 7~ andB°—p 7.
With f=p*#~ andf=p~ 7", the time evolution of the
four branching ratios is given in Eq40). They have each
| three components with characteristic time-dependences pro-
! portional toe ', e 'cosAmt and e 'sin Amt, with the
] relative and overall normalization explicitly stated there. The
0.4 0.6 0.8 1 time dependence of the branching rats¢B°(t)—p~ 7")
sin 24 and of the branching ratio for the charge conjugate decay
FIG. 12. CP-violating asymmetryAcp in (B_e)*)thO decays B(BO(.t)_)pr) is shown in Figs. 1& and 13b), re-
with ho=7KS 7,7’ as a function of sin& for k2=m%2. The SPectively. The time dependence of the branching ratio
three curves correspond to the following values of the CKM matrixB(B°(t)—p*7~) and of B(B°(t)—p =") is shown in
element|V,4|: dashed curve|{4=0.004), dashed-dotted curve Figs. 14a) and 14b), respectively. The three components
(]Vg|=0.008), dotted curve|Vq|=0.012). and the sum are depicted by the four curves.

40

30
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T
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Br (1079

1 : l‘.

L " 1 "
0 2 4 6 0 2 4 6
decay time (ps) decay time (ps)

M~

FIG. 13. Time-dependent branching ratio for the dedd¥s>p~ 7" (left) and§°—>p+7r‘ (right) as a function of the decay time. The
dashed, dashed-dotted, and dotted curves correspond to the contributions from the exponential deeay'teem 'cosAmt, and
e sin Amtin Eq. (39), respectively. The solid curve is the sum of the three contributions.

The resulting time-depender@P-violating asymmetry pranching ratio B(B°—p*7~) and Acp(p*m~) are

Acp(t) for B®—p~ 7" defined as N.-stable. In addition,Acp(p™7~) is also k2-stable, as
_ shown in Table VII.
. T@A)—p m)-TB%At)—pTm7) The branching ratio for the dec&8°—p~ =", averaged
ACP(LP ™ )E 0 — F =0 RN ; h ; d @ +__— d
T B(t)—p 7" )+T(B(t)—p 7 ) over its charge conjugate decBY—p™ 7, is expected to

(41 beB(B°—p 7")=(6-9)x10 °[4], i.e., typically a factor
4 smaller thanB(B°—p* ™). Also, Acp(p~ 7") is esti-
mated somewhat smaller for the central value of the CKM-
is shown in Fig. 15 through the solid curve. The correspondparametep=0.12, 77 0.34. For these CKM parameters, we
ing asymmetryACP(t pt ™) defined in an analogous way estimate Acp(P T ) (3-4)%. For p=0.23,7=0.42,
as for Acp(t;p~7") is given by the dashed curve in this Acp(p T )=Acp(pT 7 )=0(5%) (see Table VII).
figure. We note that our estimate of the ratid3(B°
We recall that the decay rate f@°—p* 7~ averaged —pta ) IB(B°— 7w 7w )=2.3 derived in[4] is in reason-
over its charge conjugated decBf§—p 7" is estimated to  able agreement with the corresponding ratio estimated in
have a value in the rangB(B®—p* 7 )=(2-4)x10° [41] but we also find B(B°—p 7" )/B(B°—p*n")
[4]; the time-integratedCP-asymmetry is estimated to be =0.27, which is drastically different from the estimates pre-
Acp(ptm7)=(4-7)%. Being a class-1 decay, both the sented inf41].

Br (1079
Br (1079

decay time (ps) decay time (ps)

FIG. 14. Time-dependent branching ratio for the dedd¥s>p* =~ (left) andgo—>,o’w+ (right) as a function of the decay time. The
dashed, dashed-dotted, and dotted curves correspond to the contributions from the exponential deeé)ytxee’ﬁr‘cosAmt and
e T'sinAmtin Eq. (39), respectively. The solid curve is the sum of the three contributions.
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In Figs. 16a) and 16b), we show theCP-violating asym-
metry Acp(K* =70 as a function ofp. The three curves in
Fig. 16a) correspond to the three choices gf with k2
= m§/2, whereas the three curves in Fig(lh6correspond to
usingk?=m2/2+ 2 Ge\? (dotted curvg k?=m?/2 (dashed-
dotted curvg k*=mZ/2—2 Ge\? (dashed curjewith 7
=0.34. Depending on the value &f, Acp(K* = 7°) could
reach a value-25%. The branching ratio is estimated to lie
in the rangeB(B™ —K* " 7% =(4-7)x10"®. The decay

Pr . mode BT —K**p® has very similar CKM and
[ ] k?-dependence, which is shown in Figs.(@7and 17b),
1 respectively, where we plot the CP-asymmetry
910 : L - L - ] Acp(K**p%. Also, the branching ratidB(B*—K* *p°)
decay time (ps) =(5-8)x10"% estimated in[4] is very similar to B*
—K*t 50,

FIG. 15. Time-dependent CP-violating asymmetry In Figs. 18a) and 18b), we show theCP-violating asym-
Acp(t;p~ ") (solid curve andAcp(t;p* 7 ) (dashed curveas a  metry Acp(K* = %') in the decayB™—K**7’. This is a
function of the decay time, with=0.12, 7=0.34, andk?®=m?/2. class-lll decay dominated by the tree amplitude and is

expected to have a branching ratiB(B™—K*"5’)

D. Decay modes with measurable buk?-dependentAcp ~3x10 7, where an average over the charge conjugated

. . ecays is implied. However, depending on the valué-of
In addition to the decay modes discussed above, the fol; sl At
lowing decay modes havAcp which areN_-and g-stable his decay mode may show a larG&-violating asymmetry,

i o )= — 0, = =
but show significant or strong?-dependence. However, we reaching Acp(K* "7') 90% for p=0.12,7=0.34 and

2_m2 2_m2/o— .
think that further theoretical work and/or measurements o mb/2t+2 GeV:. dFor tk mb|/2 fol'z’, ihi Zgo/P
Acp in one or more of the following decay modes will 2SYMMELY comes down 1o a valie: o 7')= o

. - . : All of these values are significantly higher than the ones
greatly help in determining? and hence in reducing the . 3 " . )
present theoretical dispersion 8 p. reported in[19]. Large butk“-sensitive values of this quan

tity have also been reported earlier[itb].

We also mention here the decay modgs—K* =g,
whose branching ratio is estimated #&(B"—K** )
=(2—3)%x10 ° [5,6,4 and which may haveCP-violating

These decays have branching ratios which are estimateasymmetry in the rang8cp(K* = 7)=—(4-15)% depend-
to be several multiples of I8 to several multiples of 10°  ing on the CKM parameters arid (see Tables IX and X
and may haveAcp| at least ofO(5%), butbeing uncertain Finally, we mention two more decay modeB°
due to thek?>-dependence may reach rather large values. The-K* “7~ and B~K* *p~ which are both class-IV de-
CP-violating asymmetries in these cases belong to the classays, with branching ratios estimated B6B°—K* "7 ™)

(— —
Bi_)ﬁinl’B&_)K*;t_ﬂ+’Bt_)K*iﬂ_O,Bi_)K*i”, Bi
—>K*in,,B6—>K*ipx,Bi—>K*ipo

(i), i.e., they are direc€P-violating asymmetries. =(6—9)x 1078 and B(B°—K* *p~)=(5-8)x10"° [4].
o ()
g o : : :‘-\\: o -~ ~

[+ el [ ~
<:° 1 <(.) |

Qb QL i

: ! N

N

—-0.1

(b)

FIG. 16. CP-violating asymmetryAcp in the decayB™—K* *#° as a function of the CKM parameter (a) k?=m?/2. The dotted,
dashed-dotted, and dashed curves correspond to the CKM parameter #al0€, »=0.34, andy=0.26, respectively(b) »=0.34. The
dotted, dashed-dotted, and dashed curves correspdic=tm2/2+ 2 Ge\?, k?=m?/2, andk?=mg/2— 2 Ge\?, respectively.
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FIG. 17. CP-violating asymmetryAcp in B*—K**p° decays as a function of the CKM paramejer(a) k2=m§/2. The dotted,
dashed-dotted, and dashed curves correspond to the CKM parameter yaldd, »=0.34, andn=0.26, respectively(b) »=0.34. The
dotted, dashed-dotted, and dashed curves correspdd=tmZ/2+ 2 Ge\?, k?=m2/2, andk?=mZ/2—2 Ge\?, respectively.

The CP-violating asymmetries in these decays are estimatedlass-1V decays yield asymmetries which are stable against
to lie in the range Acp(K* “7¥)=Acp(K**p™)=  the variation ofN.. There are two exceptionscp(K™ 7)
—(6-30)%. In Figs. 1@ and 19b), we show andAcp(K27), which vary by a factor 3 and 1.65, respec-
Acp(K**7™) as a function ofp by varying » andk?, re- tively, for 2<N <.
spectively. Estimates ofCP-violating asymmetries in class-Il and
class-V decays depend rather sensitivelyNgrand hence are
very unreliable. There is one notable exceptigp(pKY),
which is parametrically stable and large. However being a
Using the NLO perturbative framework and a generalizecclass-V decay, the branching rafi§B°— ¢Kg) iS uncertain
factorization approach discussed in detail[#{, we have in the factorization approach by at least an order of magni-
calculated theCP-violating asymmetries in partial decay tude[4].

V. SUMMARY AND CONCLUSIONS

rates of all the two-body nonleptonic decaBs—hih,, The CP-asymmetries in class-lll decays vary by approxi-
whereh,; andh, are the light pseudoscalar and vector me-mately a factor 2, as one varid§ in the range 2N <o,
sons. Our results can be summarized as follows. with the exception oAcp(w7™) andAcp(p®7*) which are

We find that the decay classification scheme presented imuch more uncertain. Thi.-sensitivity of B(B*— w7™)

[4] for the branching ratios is also very useful in discussingwas already pointed out ij#].
the CP-violating asymmetries. In line with this, class-l and  The CP-violating asymmetries worked out here are in

(] o
(] (o]
[ o~
| |
— — b
s S =
o Q
&g a3 L
- | |
(@] (@]
[{e] 0 |-
t |
ks
S
(o] (o]
[ve) o0 |-
| |
o o
o o
— —
= +0.1

(a) (b)

FIG. 18. CP-violating asymmetryAcp in B*—K** 7’ decays as a function of the CKM paramejer(a) k?=m/2. The dotted,
dashed-dotted, and dashed curves correspond to the CKM parameter #al0€, »=0.34, andy=0.26, respectively(b) »=0.34. The
dotted, dashed-dotted, and dashed curves correspdic=tm2/2+ 2 Ge\?, k?=m?/2, andk?=mg/2— 2 Ge\?, respectively.
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FIG. 19. CP-violating asymmetryAcp in BB’HK*HF decays as a function of the CKM paramejer(a) k2:m§/2. The dotted,
dashed-dotted, and dashed curves correspond to the CKM parameter #al0d, »=0.34, and»=0.26, respectively(b) »=0.34. The
dotted, dashed-dotted, and dashed curves correspdid=tmZ/2+ 2 Ge\?, k?=mZ/2, andk?=m?2/2— 2 Ge\?, respectively.

most cases relatively insensitive to the scald.e., this de- A (K2h?) are good measures of si2

pendence is belowt20%, for my/2<u<mj, except in We have studied time-depende@P-violating asymme-
some decays which we have listed in Table XIII. tries Acp(t:p™7~) and Acp(t;p~7"), working out the
As opposed to the branching ratios, asymmetries do NQjg ious characteristic components in the time evolution of

depend in the first approximation on the form factors andyg jngividual branching ratios. With the branching ratio av-
decay constants. However, in most cases, they depend on t@?aged over the charge-conjugated mod%8°—p* 7 )

parametek?, the virtuality of theg, y andZ° decaying into —(2—4)x 10" and time-integrate@P-violating asymme-
gq from the penguin contributions. This has been alread;fry Acp(pt77)=(4—7)%, for thecentral valueg=0.12
studied in great detail ifiL5], a behavior which we have also .4 210.34 it is an intéresting process to measure. as

confirmed. stressed if41]. The branching ratid3(B°—p~7") is esti-

Interesti_ngly_, we find that a numper &—h;h, decays mated by us as typically a factor 4 bel@(B°— p* 7 ) and
have CP-violating asymmetries which can be predicted henceAcp(p~7") is a relatively more difficult measure-
within a reasonable range in the factorization approach. The}ﬁent

include: Acp(m*7"), Acp(K37'), Ach(Ksm®), Acp(K37) There are several class-IV decays wh@$§easymmetries
and Acp(p*p). The decay modes involved have reason-gre small but stable against variationN, k? and . They
ably large branching ratios and tl#-violating asymmetries . ] + £,0 t(—*g

are also measurably large in all these cases. Hence, thdlfc!ude: Ace(K™7"), Acp(7~ Ks) and Acp(p™K*7). CP-

measurements can be used to put constraints on the CK@Eymmetries well over 5% in these decay modes can arise
parameterg and 7. Likewise, these decay modes are well through SFI and/or new physics. We argue that the role of

suited to test the hypothesis that strong phases in these dgf! can be disentangled already in decay rates and through
cays are generated dominantly by perturbative QCD. This, ifi’€ measurements of a number@?-violating asymmetries

our opinion, is difficult to test in class-Il and class-V decays.Which are predicted to be large. As at this stage it is hard to
Of particular interest iS“\cp(Kgn’), which is expected to guantify the effects of SFI, one can not stress too strongly

have avalue\cp(Kgn’)z(ZO—%)%. This decay mode has that a measurement &&P-violating asymmetry in any of

) these partial rates significantly above the estimates presented
already been measured by the CLEO Collaborafibnand here will be a sign of new physics.

estimates of its branching ratio in the factorization approach There are quite a few other decay modes which have mea-

are in agreement with dafd—6]. e ; X
surably largeCP-violating asymmetries, though without con-
The CP-asymmetryAcp(K2h), where h®=7° K, #, wlyarg éq% ymn 9 ) .
' is found to be remarkably stable k?, due to the com- straining the paramet experlmentglly, or removing this
nensation in the various channels 'The resultiog- dependence in an improved theoretical framework, they are
P ' at present rather uncertain. A good measurement oCthe

- - 00
isymmetryo IS _found to be 'afge’ WithAcp(Ksh™) __asymmetry in any one of these could be used to determine
=(20-36)%, with the range reflecting the CKM-parametricy2" e jist these potentially interesting asymmetries below:

dependence.
We have studied the dependence Afp(7"7~) on
sin 2o, studying the effect of the “penguin pollution,” Acp(K*=7%),  Acp(K**=70),  Acp(K**7),

which we find to be significant. The effect of the “tree-
shadowing” inACp(Kgn’) is, however, found to be small. -
Thus, Acp(K27'), likewise Acp(K27), Acp(K27) and Acp(K**9"),  Acp(K**p™) and Acp(K**p0).
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In conclusion, by systematically studying tfge—h;h, least in class-I and class-1V decays. We look forward to new
decays in the factorization approach, we hope that we havexperimental results where many of the predictions presented
found classes of decays where the factorization approach cdrere and if4] will be tested in terms of branching ratios and
be tested as it makes predictions within a reasonable range. GP-violating asymmetries in partial decay rates.
the predictions in the rates in these decays are borne out by
data, then it will strengthen the notion based on color trans-
parency that nonfactorization effects in decay rates are small
and QCD dynamics ilB—hh, decays can be largely de-  We thank Christoph Greub and Jim Smith for helpful dis-
scribed in terms of perturbative QCD and factorized ampli-cussions. We would also like to thank Alexey Petrov for
tudes. This will bring in a number dZP-violating asymme-  clarifying some points in his papgd9]. One of us(A.A.)
tries under quantitative control of the factorization-basedwould like to thank Matthias Neubert for discussions on the
theory. If these expectations did not stand the experimentdhctorization approach, and the CERN-TH Division for hos-
tests, attempts to quantitatively study two-body nonleptonigitality where this work was completed.
decays would have to wait for a fundamental step in the G.K. was supported by Bundesministeriunr fBildung
QCD technology enabling a direct computation of the four-und Forschung, Bonn, under Contract 057HH@2Pand
qguark matrix elements in the decafs—h;h,. However, EEC Program “Human Capital and Mobility” through Net-
present data oB— h,h, decays are rather encouraging andwork “Physics at High Energy Colliders” under Contract
perhaps factorization approach is well poised to becoming £HRX-CT93-0357 (DG12COMA). C.-D.L. thanks the
useful theoretical tool in studying nonleptorcdecays—at Alexander-von-Humboldt Foundation for financial support.
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