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We systematically investigate the semi-inclus®elecaysB— M X, which are manifestations of the quark
decayb— Mg, within a framework inspired by QCD-improved factorization. These decays are theoretically
clean and have distinctive experimental signatures. We focus on a class of these that do not require any form
factor information, and therefore may be especially suitable for extracting information on the araheksy
of the unitarity triangle. The nonfactorizable effects, such as vertex-type and penguin-type corrections to the
two-bodyb decay,b— Mg, and hard spectator corrections to the three-body dBeaym qlaz are calculable
in the heavy quark limit. QCD factorization is applicable when the emitted meson is a light meson or a
charmonium. We discuss the issue of @B T constraint on partial rate asymmetries. The strong phase coming
from final-state rescattering due to hard gluon exchange between the final states can induce large rate asym-
metries for tree-dominated color-suppressed moadsp’, w)X5. The nonfactorizable hard spectator interac-
tions in the three-body decﬂanlaz, though phase-space suppressed, are extremely important for the
tree-dominated modestl, p°, w) X5, ¢X, I/ X,/ X and the penguin-dominated moa&s. In fact, they
are dominated by the hard spectator corrections. This is because the relevant hard spectator interaction is color
allowed, whereas the two-body semi-inclusive decays for these modes are color suppressed. Our result for
B(B—J/yX,) is in agreement with experiment. The semi-inclusive decay mBdes(°,p°,w)Xs, p°Xss,

B°— (K™ X,K* ~X), andB~— (K°X¢,K*°X,) are the most promising ones in searching for di@ét viola-

tion. In fact, they have branching ratios of order £6- 10 * and CP rate asymmetries of order (3310)%.

The decay§2—>(wo,po,w)xsgandB‘a¢X are electroweak-penguin dominated. Some of them have sizable
branching ratios and observalld® asymmetries.
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I. INTRODUCTION free parameter to be fitted to the data. Apart from the un-
known nonfactorizable corrections, this approach encounters
Recently Beneke, Buchalla, Neubert, and Sachrajdanother major theoretical uncertainty, namely the gluon’s vir-
(BBNS) [1] proposed a QCD-improved factorization ap- tuality k? in the penguin diagram is basically unknown, ren-
proach to a class of exclusivi®@ decays that appears quite dering the predictions o€ P asymmetries not trustworthy.
promising. BBNS suggested that nonfactorizable effects in The aforementioned difficulties with the conventional
an exclusive decaB— MM, with recoiledM; and emitted methods can be circumvented in the BBNS approach of
light mesonM, are calculable since only hard interactions QCD-improved factorizatiofQCDF). Indeed, by placing an
between the BM;) system andM, survive in the heavy energy cuy,=2.1 GeV on the meson in the semi-inclusive
quark limit. In this paper we extend the application of thesignalB— M+ X, not only can we enhance the presence of
BBNS idea of QCD factorization to a certain class of semi-the two body quark decays— M +q, but alsoM can then
inclusive decays. In this regard our approach complementglay the role ofM, and X that of the recoiled mesol ; in
the recent works of Het al [2,3]. The semi-inclusive de- the above-mentioned exclusive ded&y M+ M,, in sofar
cays that are of special interest originate from the quark levehs the considerations of BBNS go. Furthermore, a very im-
decayb— M +q; they are theoretically cleaner compared to portant theoretical simplification occurs in the semi-inclusive
exclusive decays, and have distinctive experimental signadecays over the exclusive decays if we focus on final states
tures[4]. Since these semi-inclusive decays also tend to haveuch thatM does not contain the spectator quark of the de-
appreciably larger branching ratios compared to their exclueayingB(Bs) meson, as then we completely bypass the need
sive counterparts, they may therefore be better suited fdior the transition form factor foB(Bg)— M. Recall that for
extracting Cabibbo-Kobayashi-Maskaw@KM) angles and the exclusive case, in general, we need knowledge of two

for testing the standard modébM). such form factors ifM is a pseudoscalar meson or of four
Earlier studies of semi-inclusive decays are based on nderm factors ifM is a vector meson.
ive factorization 4] or generalized factorizatidid], in which The consideration of these semi-inclusiBedecays has

nonfactorizable effects are treated in a phenomenologicaeveral other theoretical advantages over the exclusive ones
way by assuming that, for example, the number of colors is @s well. For one thing, there is no troublesome infrared di-
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vergent problem occuring at end points when working inwith M, being a recoiled meson, the transition matrix ele-

QCD factorization. As foiICP violation, contrary to the ex- ment of an operatod, namely,(M,M,|O|B), is factorizable

clusive hadronic decays, it is not plagued by the unknowrin the heavy quark limit. Schematically one H4ds

soft phases. Consequently, the predictions of the branching

ratios and partial rate asymmetries #®+ M X are consider- IR\ — _

ably clean and reliable. (M1M2|0i[B) =(M1M2| Oi[B) act
Recently QCD factorization has been applied to charm-

less semi-inclusive decayB— K(K*)X and B— ¢X, in X

Refs.[2,3]. In the present paper we will systematically study

all semi-inclusive decayB— P X(Xs,X.), B—VX(Xs,X¢) 1

andB— J/ X, with P (V) being a light pseudoscalérecto) =2 FjBMl(mg) fo du T} (U) Py, (u)

meson, X the final state containing no charmed or strange .

Aqcp

1+ rhal+0
my

particles X, the final state containing a strange quark, 2nd 1 |

the final state containing a charm quark. We differ from Refs. + fo dédudv Ti (€,u,0)Pg(£)

[2,3] in two main aspects: First we include the complete

twist-3 corrections to the penguin coefficieay to be intro- XDy (W) Py, (v), (2.7

duced below and electroweak penguin-type corrections to the

coefficientsa;_ ;o induced by tree four-quark operators; both BM, s ;
: where F*"'1 is a B— M, transition form factor®, is the
have been neglected in Ref&,3]. Second, the hard specta- light-cone distribution amplitude, and@', T' are perturba-

tor interaction in the three-body dec&—Mq,q, iS ne-  tjvely calculable hard scattering kernels. In the naive factor-
glected in Refs[2,3], whereas we will show that it is quite j;ation approachT' is independent ofi as it is nothing but
important for color-suppressed modes. As a by-product, Wghe meson decay constant. However, the large momentum
shall see that the troublesome infrared divergent problem enransfer toM, conveyed by hard gluon exchange implies a
countered in the exclusive two-body decays does not occUignrivial convolution with the distribution amplitud@ .

in the semi-inclusive case. . I . .
The consideration of semi-inclusive decays-MX has The second hard scattering f“ﬂc“"ﬂ* which describes
two more complications than the corresponding two-bodyhard spectator mteractlons_, survives in th_e h_eavy quark limit
when bothM; andM, are light or wherM ; is light andM,

decay,b—Mgq. First, in the free quark approximation, the . . o I
fact thatB—MX can be viewed as the fréequark decay is a quark_onlun[l]._Th_e fa(_:torlzatlon forr_nulzﬁz.l) |mpl|e_s
that a naive factorization is recovered in thg—oo limit

b_—.>Mq is justified on_ly in the heavy quark limit. Fo_r the and in the absence of QCD corrections. Nonfactorizable cor-
finite b quark mass, it becomes necessary to consider the . X : )
ctions are calculable since only hard interactions between

. . . . f
initial b quark bound state effect. This has been investigate S o
recentl qin Ref[2] using two different approaches whichgwe Eﬁe (BMl). SySte“.“ and,, survive in the heavy quark I”.n't'

y 9 P As an illustrative example of a case when QCDF is not

will follow closely. Second, the three-body de_caHM applicable, let us mention the decﬁ9—> 7°D°. QCDF does

+04:+0p with the quark contentl{g,) for the B meson ot work here because the emitted meBdtis heavy so that
C_°“|d be important for color-suppressed modes, as men ig pejther small(with size of order 1A qcp) nor fast and
tioned above. Here one needs a hard gluon exchange bgsnnot he decoupled from tha4) system. This is also
tween the spectator quade and the mesoM in order to  ascribed to the fact that the soft interaction betweBnrY
ensure that the outgoingy, is hard. and thec quark of theD® meson is not compensated by that
In passing, we briefly recall that for experimental pur- between B#) and the light spectator quark of the charmed
poses a useful feature of these semi-inclusive decBys, meson.
—M+X, with an energetidV, is that these events should As for the semi-inclusive decaB— MX, a momentum
have relatively low multiplicity4]. cutoff imposed on the emitted light mesdfy saypy>2.1
The paper is organized as follows. In Sec. Il we will out- GeV, is necessary in order to reduce contamination from the
line the QCD factorization approach relevant for our pur-unwanted background and ensure the relevance of the two-
poses, and then proceed to apply it to the two-body decays dfody quark decaypb—Mq. For example, an excess of
theb quarkb— Mg in Sec. Ill. In Sec. IV we study the hard K(K*) production in the high momentum region, 2.1
spectator corrections and summarize the results for branch<py+)<2.7 GeV, will ensure that the decayB
ing ratios andCP rate asymmetries. Section V gives our —K(K*)X is not contaminated by the backgroubd-c
conclusions. transitions manifested &—D(D*)X—K(K*)X’, and that
it is dominated by the quasi-two-body dechy-K(K*)q
induced from the penguin process—sg*—sqq and the

In this section we want to suggest that the idea of QCDiree proces®— uus. As we shall see shortly, the kinematic
factorization [1] can be extended to the case of semi-consideration here will restrict the possible forms of factor-
inclusive decay8— M + X with a rather energetic mes,  ization for the matrix elemen{MX|O|B). By the same
say Ey=2.1 GeV. Recall that it has been shown explicitly physical reasoning as in the exclusive case and by treating
[1] that if the emitted mesoM, is a light meson or a M;=X and M,=M, we argue that factorization formula
quarkonium in the two-body exclusive dec&8/~M;M, (2.1 can be generalized to the semi-inclusive decay:

II. QCD FACTORIZATION
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(MX|O[B)ace=(M|j1|0)(X|j2IB). (2.3

Aqep
My

(Mx|o|B>:<Mx|o|B>fac{1+Z Faal+0O

L Note that the factorizable terriX|j;|0){M|j5|B) with j;
:f du T (u) Py (u) andj, arising from the Fierz transformation of the operator
0 O is prohibited if M does not contain the spectator quark
. of the initial B meson, while the annihilation term
+f déduT'(£,u)Dg(&)Py(u). (22  (MXIj1|0)(0]j[B) is suppressed by ordekqcp/m, and
0 hence they are not included in E.3). To order O(«y),
there are two additional contributions besides vertex correc-

However, this factorization formula is not as rigorous as theions: the bremsstrahlung process>-Mq g (g being a real
one[Eg. (2.1)] for the exclusive case, as we shall elucidategluon and the procesb—Mq g*—Mqq’'q’. The brems-
below. strahlung subprocess could potentially suffer from the infra-
In comparing this equation to the exclusive cd&®. red divergence. However, the vertex diagram in which a vir-
(2.1)], a crucial simplification that has occurred is that thetual gluon is attached td and q quarks is also infrared
semi-inclusive case does not involve any transition form facdivergent. This, together with the above-mentioned brems-
tor(s). This attractive feature holds so long as the meSbn strahlung process, will lead to a finite and well-defined
does not contain a spectator quark in the iniBameson.  correction? This finite correction is expected to be small as it
Since the lack of knowledge of these form factors is often ds suppressed by a factor efy/7~7%. Sinceb—Mqg
serious limitation in quantitative applications, this adds to thedoes not interfere with— Mg, it can be counted as an order
appeal of the semi-inclusive case. Note also that when thé(«,) correction. In the presence of bremsstrahlung and the
emitted mesoM is a light meson or a quarkonium, the non- fragmentation of the quark-antiquark pair from the gluon, the
factorizable corrections to naive factorization are infraredfactorizable configurations (X;M|j;|0)(X}|j.|B) and
safe in the heavy quark limit and hence calculable. Howeverx,|j,|0)(X;M|j,|B) with X;+X;=X and X,+X}=X,
by the same token as ti&’— 7°D° decay, the above QCD that will break the factorization structure shown in the first
factorization formula is also not applicable t@®° termin Eq.(2.2), are allowed. In general, one may argue that
_)DO(BO)X_l The analog oB°—D* 7 in semi-inclusive these configurations are suppressed since the momentum cut

g >2. -
decays isB’— 7~ X.. However, there is one difference be- pu=>2.1 GeV favors the two-body quark dechy-Mgq and

i th v the hard tator int i a low multiplicity for X. However, it is not clear to us how
Yveen em, name XI e . ar §pec ator m_eorac |o+n FfrOporﬁgorous this argument is. Therefore, in the present paper we
tional to the kernelT" vanishes in the decaB™—D" 7", il confine ourselves to vertex-type and penguin-type cor-

while it survives in the three-body decﬂ_ﬁﬁﬂw‘ca where  rections as well as hard spectator interactions, so that the

q is the spectator quark of tH& meson. This is because the factorization formula[Eq. (2.2)] is applicable to semi-
spectator quark in th®& and D bound states in th&—D  inclusive decays at least as an approximation.

transition is very soft in the heavy quark limit, whereas the ~ The effective Hamiltonian relevant for hadronic semi-

same quarkg appearing in the three-body decay has to pehclusive B decays of interest has the form

hard so that a hard gluon exchange betweeranda is

needed.
. — G

In contrast to the exclusive case, the parton model impliesy; (Ag=1)= i VARV oY% w)+c oY
that the semi-inclusive decay rate of tBemeson can be et ) 2 o Calp) O1(w) + C2() Oz )]
approximated by that of the frdequark in the heavy quark . . .
limit, namely, I'(B—MX)~TI'(b—Mgq). Hence the hard +VepVeq €2(w)O1(p) +Co(1) O3(w) ]
spectator interactions in semi-inclusive decays should be 10
suppressed in the heavy quark limit. As we shall see in Sec. —V,.V* ( c(w)Oi(w)+c e
IVB, they are suppressed by powers ofdcp/my) at the t¥tq |=23 (IO () + Eg()Oglst)

decay rate level. However, these interactions will gain large
enhancement for tree-dominated color-suppressed modes. * = =
. . . + +
Therefore, we will keep this term in EqR.2). VeoVigl €1(#)Ox(p) CZ('LL)OZ(’M)J]
The factorizable hadronic matrix eleme X|O|B) has
the simple expression +H.c, (2.9

Yin the present paper we do not consider the decay nide Whereq=d,s and
—D®)X that has been discussed in the literati&for two rea-
sons. IfD™) is an emitted meson, then QCDF is not applicable. If

D®) is a recoiled meson, the decay will involve unknovn 2For exclusive hadronic decays, the infrared divergence occurring
—D™) transition form facta(s) which we are trying to avoid from in the BM, system (1, being a recoiled mesoris absorbed into
the outset in this work. the B— M, transition form factorg1].
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0Y=(ub qu). ., OY=(u,b qgu , 3 — o
1 ( )V_A(q )V—A 2 ( a ﬁ)V_A(qB a)V—A OS(lO)ZE(quB)V_AE eq’(qﬁqa)
ql

V+A(V-A)

0f=(ch), ,(ac), ,, O5=(cubp), ,(Asca), .
O;=(ch), ,(qu), ,, Ox=(c.bp), ,(dpua), . 9s — ,,ma M
Og:meqgﬂvGMV?(l+75)b!

Og(5=(ab),_, > (a'a’)
q

V-A(V+A)

O4(6):(aabﬁ)v_A2’ (azd;) 295 with q'=u,d,s, (4102)v=a=017,(1* ¥5)dz, O3-Op be-
q V=A(V+A)! ing the QCD penguin operator§),—0,, the electroweak
3 penguin operators, ard, the chromomagnetic dipole opera-
O7(9)= E(ab)vaz eq,(a'q/) tor. After the inclu_sion of vertex-type and penguin-type cor-
q' V+AV-A) rections, we obtain

Ge — — — — — — — —
=5 VepViay(qu), @(ub) _ +a(uu) _ @(qb) _1+VepVifas(qe), ,@(ch)  +ay(cc)  @(qb) ]
—VipVi a3§ (H’q')v,pﬁmv,ﬁa% (Eq')V,A®(E'b>V,A+a5§ (@'q"),,,@(@b), ,
A 7 3 P St P 7
—2252, (qa'),,@(a'b)_ +5a72 eq(a’'q’), @ (ab), ,—322 ey (qq’) , @(a’b)
q q q
3 P S 3 N/ N
+§a9§ eq(a'q >V,A®<qb>V,A+§aw§ eq(qa’),,,@(a'b), |t 2.6
[

where the symbol ® stands for (MX|j;®j,|B) 3 b
=(M[j1|0)(X][j2[B) or (X|j1|0)(M]j|B). + 5(08+Cl°)i:2u &G(s)

The coefficients in Eq.2.6) evaluated in the naive dimen-

sional regularizatiofNDR) scheme forys have the expres- 1 4
sions —Ecg G(sq)+G(sb)+§ +chg],
_ C2 ag CF
al—Cl+N—C+EN—CC2F,
B PP 2
a=c+&+$&cF aS_C5+N_C+EN_CC6(_ -12), 2.7)
27720 N, 4m NV
_ C4 as CF C5 ag CF A
a3_c3+N_C+EN_CC4F' ag=Cgt+ N_C+EN_C _Cl()\_:G,(Su)
e 2 2 SRl e G(s)+Glsy)+ o Mg 2
a4—C4 NC A NC C3 (Sq) (Sb) 3 +)\_tG (SC)_§
N Ne 2 , : 4
—Cq1| —G(sy) + —G(s.)— = +C3) G'(Sq) + G (Sp) + 5| —6C5+(Cy
A A 3 3
b b
+(catee) 2 G(s) o) 2, G'(s1)
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3 b Note that the third line in Eq(2.10 arises from the trans-

+ E(C8+ 010)2 eG'(s) verse polarization component df . Since the asymptotic

I=u form of the distribution amplitude®?'?(x) and ®}'/(x) is
the same namely,§1—x), we will thus assum@J"f’(x)

+ché], "’(x) in general. It should be stressed that the strong
phase inf, or fJ’ ¥ comes from final-state rescattering due to
the hard gluon exchange between the outgdihgndg.

1 ) , 4
~5C G'(sq)+G (sb)+§

a;=Cy+ — 08 Cs( F—12)— @ —NCe, There are QCD penguin-type diagrams induced by the
Nc 4 Nc four-quark operator®; for i=1, 3,4, 6,8,9, and 10. The
c corrections are described by the penguin-loop functions
o b as e @, G(s) andG’(s)=G(s)+G,(s) given by
ag=Cgt N, 6477 N, (o 697TC6,
_ ClO ag CF o 4 1
B9=Cot "t 7 N, G107~ g NeCe G(s)=——|ni+4f dx dM(x)
3 my 0
L G Cq L9 ag Cp E o c 1
a10=C1o ~N CoF — g Ce xf duu(l—u)In[s—xu(l—u)],
N. 47 N O © 0 ( )In ( )]

whereCg=(NZ—1)/(2N,), s;=m/mj, and\q=VpV5,
In Eq. (2.7), the vertex correction in the NDR scheme is

1
given by[1] Gp(s):—|ni+3f dx B(x)
m 0
F=—12In _18+1 2.8 1
m, b ' Xf duu(l-u)ln[s—xu(1-u)], (2.12
0
with
—2X P
f,—f dxdM(x)| 3 Inx 3im|, (2.9 1w 11 D (X) (1
Gg(s)=——ln—+—f dx f duu(l—u
3 my 3 0 0
where®M(x) is the leading twist light-cone distribution am- 1 xu(l—u)
pIitude(LCDA) of the light mesorM. For the vector meson X1 In[s—xu(1—u)]— —]
V, ®Y(x) is dominated by the longitudinal DA®'(x)) as 2 s—xu(1-u)

the contribution from the transverse LCIIA)V(X)) is sup-
pressed by a factor ahy,,/my. If the emitted meson is the

J/4 meson, then one has to take into account the charmeghered | and®}, are the twist-3 LCDAS of a pseudoscalar

quark mass effedt7,8], mesonP, to which we will come back shortly. It should be
stressed that the penguin-loop contribution proportional to
1—2x G’'(s) is available only if the emitted meson is of the pseu-

Y= f dx dy ¢(X){ o INx—=3im+3In(1-2) doscalar type. In E¢2.7) we have also included the leading

electroweak penguin-type diagrams induced by the operators

z(1—Xx) 1-x X 20| 0; andO, [9]:
290k (1-z2x2 [1-z21-x7/)** nzx
22[In(1—2)—i] 1 1
— +4rz - _ €1
[1-2z(1-X)] 1-z(1-x) 1-zx Ce= G( u)+ G(Sc) ARENE
C
In(1—z)—im (213
XInzx— m ] (2.10
cre )\”G’ )\CG’ 2 (o
where z=m3,/mg and r=(f],,mc)/(fy,my,), with ], W (S“)+)\_t (Se)—3 C2+N_C '
being the tensor decay constant of tHey defined by
(P N)[co,,cl0)=—if] (s VP, —exMP ). The dipole operatoO, will give a tree-level contribution

(2.11 proportional to
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Zj'ld Y (x) 1 1
- X : A =Coit ——Cai—1, @8p-1=Co—1t —c——
0 X (i P I NS

(2.14 (2.1

Gg: Czi .

.3 1d oM 1 1d dM(x)
Gg——zfo X p(x)—gfo X .

X Furthermore, it is assumed thaNZ“)i is process indepen-

dent. In the improved QCD factorization approaeh,(see
It is well known[10] that strong phases can be perturbativelyTable 1) and hence mﬁﬁ i are in general complex and they
generated from the penguin loop functid@$éx) andG’(x). are process anddependent.
The virtual gluon’s momentum squar&d= (1—x) mé is no
longer an arbitrary parameter; it is convoluted with the emit-
ted meson wave functio®™(x). Ill. TWO-BODY DECAYS OF THE b QUARK
The twist-3 DA's ¢, and ¢!, are defined in the pseudo-

scalar and tensor matrix elemefis]: The general decay amplitudes for—Pq and b—Vq

read
- o[l — — o—
<P(|O)|ql(0)l"y5<1|z(X)|0>=prXJo dne' ¢ (n), G
. YF —
A(b—Pq)=i E{(Atvubvzq/ — APV, VT ) FpBay,,
_ i o m;+m,)\? _
(P(P)|62(0)07,,7502(X)[0) = — s fpp,| 1- ~ X (1= y5)b—B ViV, fpa(1—¥s)b},
x(p,uxv_ pvx,u)
1 _ — _ . GF t * /L_
xj dy e ¢l (), A(bHPC)—ITA VeoVyq fPPECYL (1= ¥5)b,
0 2
(2.15
P_ 2 : . . Gr ~, .~ .
where u, =mg/(my+my) is proportional to the chiral con- A(b—Vqg)=—=(A Vubvuq,—Aththq,)
densate. In the present paper we will take the asymptotic V2
forms for twist-2 and 3 distribution amplitudes: —
P X fymye“ay, (1~ ys)b, (3.0)
OPVII()=6x(1—-X), PF(x)=1, DT(X)=6x(1-X).
(2.16 . -
_ . N A(b—Vc)= TAtvcbV:q,fvasf,“qyﬂ(l— ¥s)b,
Several remarks are in ordgii) The coefficientsag, and 2

a0, [12] induced by the electroweak penguin operators

Og g 10are absorbed in our case irdg anda, in Eq. (2.7).

The contributions ofC, and C; to the electroweak coeffi- Gr ~ x % *

cientsa;_ 4o, Which have beeﬁ neglected in most recent lit- A(b—Jl4q)= E(Atvcb\/cq_Aththq)

erature, are numerically more important thag, and a,g,

owing to the large Wilson coefficients; anc_i Cy. (ii) Thg XfJ/me/lij/ﬁam(l—%)by

scale andys-scheme dependence of the Wilson coefficients

ci(w) is canceled by the perturbative radiative corrections. In

particular it is easily seen that the scale dependenas if where q’'=d,s is not necessarily the same gs and the
compensated for by the logarithmje dependence irf. superscriptd and p denote tree and penguin contributions,
However, note that the coefficiendg andag are scale de- respectively. The coefficien&sandB relevant for some two-
pendent. This is because the hadronic matrix elemengof (body hadronid decay modes of interest are summarized in
—P)(S+P) operator is proportional tg:F/m,, which is  Table I. Owing to the complications for thg and 5’ pro-
also scale dependent owing to the running quark masses, afigction, their cases will be discussed separately below. Note
the scale dependence af andag is canceled by the corre- that the coefficient8 proportional tou,/my is formally
sponding one inu,(x)/my(u). We have included penguin- power suppressed in the heavy quark limit, but numerically it
type corrections tay g Moreover, we have included the is important sincew, /my~12Aocp/My [see a discussion
new contributions from the twist-3 DA (x). (iii) In the  after Eq.(3.19]. Therefore, we will keep this calculable
generalized factorization approach for nonleptonic decaysyower correction.

the nonfactorized effects are sometimes parametrized in The decay amplitudes di— 5‘)s, »()d have the ex-
terms of the effective number of coloN{™ so that pressions
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TABLE I. The coefficientsAl(A!), AP(AP) and B (in units of w,/mp) defined in Eq.(3.1) for some

modes of interest.

Mode q’ A{AY AP(AP) By /mp)
b—7"u d =N astag 2(ag+ag)
b—pTu d =Y a,+agg
b— 7°d d a,/\2 (—a,—2a;+3ag+3a,0/V2 3ag/\2
b— p°d d a,/\2 (—as+3a,+ 389+ 5,0/12
b—wd d a,/\2 [2a3+a,+2as+ 3(a;+ag—a50)]/V2
b—¢d d az+as—3(a;+ag)
b—%d d see text
b—»'d d see text
b—w"c d a
b—pTc d =Y
b—KOs d a,— 3a 2a5—ag
b—K*%s d a,—3ay0
b—K™u S =N astagg 2(agtag)
b—K*u s =N a,t+aqg
b—K°d S a;— 3y 2a5—ag
b—K*°d S a;— 3
b—K™c S &
b—K* ¢ s &
b—7ns S see text
b—n's S see text
3
b— s s a,/\2 m(_517+ag)
b—p% s a,/\2 i(a +ag)
2\/5 7 9
b—ws s a,/\2 [2a5+2ag+ 3(a;+ag)]/V2
b—¢s s az+ay+ag— 3(a;+ag+ay)
b—Jdl¢ys S 3 aztagta;+ag
b—J/¢4d d & aztasta;+ag

! . GF u C
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where the decay constants of tieand »' are defined by
(0lay,,vsdl 77(')>=ifq7](,)p#. The 5’ decay constants follow
a two-angle mixing patterfil3,14],

n' _5 8 /_3 0>
7' \/_ 8 \/— 0 4

with fg andf, being the decay constants of the SUoctet
and singletyg and 7, respectively:

(0|AD] mo)=ifop,, (OA}|7e)=ifgp,. (3.5
Likewise, for then meson
fg fo
fY=—cosfg— —sinfy,
i \/g 8 \/§ 0
fg fo

fS=—2—cosfg— —sinf,. 3.6
n \/g 8 \/§ 0 ( )

It must be emphasized that the two-mixing angle formalism

proposed in Refd.13,14] applies to the decay constants of
the »' and » rather than to their wave functions. It was
found in Ref.[14] that, phenomenologically,

68:_21'201 00:_9.20, f8/f,n.:126, fO/fW:]'l?
3.7
Numerically, we obtain
f49=78 Mev, f5=-112 MeV,

fU=63 Mev, f°,=137 MeV. (3.8

The decay constantf;, , defined by (O|cy,ysc|7")

= if‘;,qﬂ, is related to the intrinsic charm content of thé,

and it has been estimated from theoretical calculat[dng
and from the phenomenological analysis of the datal/ah
—n.y, Iy— n'y and of theny and ' y transition form
factors [9,14,14; it is expected to lie in the range 2.0
Mest;,s —18.4 MeV. In this paper we use the values

—(6.320.6) MeV,

—(2.4+0.2) MeV,
(3.9

Cc
€, fo

as obtained from a phenomenological analysis performed i
Ref.[14].

Care must be taken to consider the pseudoscalar matrix

element for then(')ﬂ vacuum transition. The anomaly ef-
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2
m.o £
om, (07 To0)

(n]syss/0)=—i

L L (3.10
<77( )|U)’5U|0>:<77( )|d7’5d|0>

=10 7")[s¥s5]0),

with [17]

22— £2 coso+ 1//2sine
" \2f2=2 coso—\2sing

1 2f5—f2 cosf— 2 sind
r,=—= :
72 2f2—f2 cosh+ 1/y2sing

r

(3.1)

where 6 is the — %’ mixing angle:
n' =ngsSinf+ 79C0SH, = 1ngCOSH— nySING.

(3.12

We will use 6= —15.4° as determined in Ref14].

To proceed with numerical calculations, we need to
specify some input parameters. For Wilson coefficients, we
use the next-to-leading ones in the NDR scheme,

¢,=1.082, c,=—0.185, c,=0.014,
c,=—0.035, c5=0.009, cg=—0.041,

c;/la=—0.002, cg/a=0.054, col/a=—1.292,

C10/@=0.263, cy=—0.143, (3.13

with a being the electromagnetic fine-structure coupling
constant. These values taken from Table XXIl of Ré]
are evaluated afu=my(my)=4.40 GeV andA%=225
MeV. For the decay constants other tharand »" we em-
ploy

f,=132 MeV, fc=160 MeV, f,=216 MeV,
fux=221 MeV, f,=195 MeV,
f,=237 MeV, fy,=405 MeV. (3.14

For the CKM matrix elements, we tak®,|=0.0395 and
[Viup/Vep| =0.085. For the unitarity angleg we usey=60°
as extracted from recent global CKM f[t&0]. The other two
unitarity anglesa and g8 are then fixed.

The hadronic matrix element of th&{ P)(S+ P) opera-

for involves the quantity./m,
myo m
Mp(p)  Mp(p)[My(p) +my(p)]’

(3.19

fects must be included in order to ensure a correct chiral

behavior for the pseudoscalar matrix elemgti]. The re-
sults ar€g/18,9]

where Eq is the running_quark mass of the quagk and
hence it is formallyA 5cp/my, power suppressed in the heavy

114013-8
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TABLE II. Numerical values for the coefficient (in units of  electroweak penguin dominated. Likewige;> 7%s and p°s
10 * for az,- - -,a19) in QCD factorization and in naive factoriza- are also dominated by electroweak penguin diagrams.

tion for b—Pq andq’'=d,s. We are now ready to compute the decay rates using
QCD factorization '2: %mg
q'=d q'=s Naive factorization I'(b—Pqg)= WdAtVubV:q, —Athbeq,|2
a, (1.05+0.01) (1.05+0.01) 1.02 )
a, (0.02-0.08)  (0.02-0.08) 0.18 1B VyV* ,|2)( 1— m_;)
as (74+ 26) (74+26i) 23 a mg)’
a, (—317-29) (—353-58) -303
as (—67—30) (—67—-30) -8 GZfim3 . ol M mp
a,  (—400-271)  (—440-45) 380 F(b—Po)= =g~ IAVeVyq % 1+ T2 = 1 |
a; (—0.29-0.65) (—0.89-1.13) 0.80
ag (3.43-0.36) (3.22-0.46) 3.89 2¢2 3
FlviTly ~ ~
ag (-923-2.3)  (-929-2.8) —87.9 T(b—Va) = ——— AV, Vi, — APV Vi |2
a,  (0.8+6.6) (0.6+6.4) ~122 16m
2 4
m m
X 1+—‘2’—2—Z), (3.17
quark limit. However, numerically it is chirally enhanced. At mp My
u=my scale, we havésee Ref[21] for the running quark
mass ratios and evolutidn GZfZms _ . 1
I'(b—Vc)= WlAthbvuqJ
my(m,)=90 MeV, my(m,)=4.6 MeV,
s( b) d( b) 1 mg_m\2/+ mé_zmé)
— - 2 4 '
m,(my)=2.3 MeV, (3.16 M Mo
. . 2¢2 3
corresponding tamg (1 GeV) =140 MeV or mg (2 GeV) r(bﬁJ/wq):Mmtvcb\/: — APV, VE |2
=101 MeV. We will neglect the small flavor-§B) breaking 167 ! a
for the chiral condensate and use the averaged value 2 2
_ \B — Myy My
m(mp)=27 GeV’ As a consequence, u,/my X| 1+ ——2—"|.
m mj, my

=12A ocp/my, yields a large chiral enhancement. Apart from
the current quark masses appearing in the use of equations of )
motion, we will utilize the pole masses for the heavy quarks:The expression of’(b— 7()q) is similar to that of'(b
m,=4.8 GeV andm,=1.5 GeV. To compute the branching —Pq). We will also study theCP-violating partial-rate
ratios, we use the mean lifetime of the admixture of bottomasymmetry(PRA) defined by

particles:7=1.564x 10 1%s [22]. -

Since the coefficientsy g 1o involve the CKM matrix I'(b—Mgq)-T(b—Mq)
elements\, ./\; [see Eq.(2.7)], the results of the coeffi- A= ——— (3.18
cientsa; are exhibited in Table Il fob—P g andq’=d,s. It I'(b—Maq)+T'(b—Mq)
is evident thati 4 5 gare enhanced substantially compared to i , i L
the naive factorization values and have large imaginary parts"€ CP-averaged branching ratios and diréP-violating
and thata, in QCD factorization becomes very smalil. In Partial rate asymmetries for some two-body hadrdmide-
particular, the calculated coefficieas(Pq)=0.02—0.0d in  cays of interest are summarized in Table I1l. Compared to the
QCD factorization is dramatically different from the value Predictions of branching ratios based on naive factorization
0.18 obtained in naive factorization. The smallnessagf [4], there are three major modifications) Decay modes

imposes a serious problem. For example, the predicte@ U, K%, K*°d, and K™u are significantly enhanced ow-
branching ratio ofo—J/ys is too small compared to the ing to the large penguin coefficients; and ay. (i) The
experimental valueB(B— J/yX.) = (8.0+0.8)x 103 [23].  modesn’d, p°d, wd, J/ys, andd/yd with neutral emitted

We will come to this point in Sec. IV. Note that, is the = Mmesons are suppressed relative to the naive factorization
dominant electroweak penguin coefficient. Owing to theones due to the smallness aj. (iii) The ¢d mode has a

large cancellation betwees, andas, the decayp— ¢ d is ~ smaller rate due to the large cancellation betwegandas.
That is, while ¢d is QCD-penguin dominated in naive fac-

torization, it becomes electroweak-penguin dominated in

3A value as small ag,=1.4 GeV is sometimes chosen in the QCD factorization.
literature. However, we favor the higher value given above as one For the prompty’ production in semi-inclusive decays,
can then readily account for the obsenie-K  rates, which are  we find the four-quark operator contributionslie- 7’s can
difficult to explain in terms of the smallew, . only account for about 10% of the measured reg24:

114013-9



HAI-YANG CHENG AND AMARJIT SONI PHYSICAL REVIEW D 64 114013

TABLE lll. CP-averaged branching rati¢BR) and partial-rate  (2.7) for a, andG(s,) the penguin function with the internal
asymmetries for some two-body hadrohicdecays. For compari- quarkq [see Eq.2.12]. In general,a, has absorptive con-
son, the predicted branching ratios and rate asymmefineabso-  tributions from allu, d, s, andc quark loops. It is clear that
lute values fory=60°) based on naive factorizatipd] are givenin  PRA's arise from the interference between the tree amplitude

parentheses. \,a@; and the penguin amplitude.a; and the one between
\a; and\ a5 . The CPT theorem implies that the “diago-
Mode BR PRA%) nal” strong penguin phases coming from the diagonal pro-
b—m U 1.5 10 4(1.3x10°%) -2(7) cessq+q—q-+q will not contribute to the rate asymmetry
b—pu 4.2X1074(3.5x 1074 —-2(7) [27]. For e>_<amp|e, at ordgws the interference betweemlal
b— 70d 5.3x 10" 7(2.4x 10°°) 93(31) andA cag with the absorptive cut from thequark loop in the
b—p° 1.4x10°°%(5.9x10°°) 91(33) penguin diagram does not contribute to PRAbir:s(d)uu
b—wd 2.5% 10 8(5.8x 10" ®) —97(34) decays. It is easily seen that the compensating process for
b—¢d 6.9x10 8(2.3x10°7) -2(0) this interference is itself. Likewise, the PRA at ord€y due
b7 2.9% 102 0 to the interference between two different penguin amplitudes
b—pcC 5.1x 1072 0 with the uu absorptive cut in the penguin loop will be com-
b—7d 1.5%10°° —59 pensated for by the one between the tree amplitude and the
b—»'d 1.0x10°° 38 higher order penguin diagram that contains an absorptive
b— KOs 4.0x10°5(2.5x10°) —20(4) part from theuu quark loop inset in the gluon propagator.
b K*Og 2.6x10°5(2.9x 10" %) —24(14) Therefore, one has/ to disregard the p'engum phases coming
b—K-u 9.2x10°5(2.9x 10°5) 5(28) from _G(s.u) . and G'(s,) for the PRASs in thg dgca;b
b K*~u 4.8%10°5(5.1x 10°5) 17(44) —duu. Similarly, the phase of the-loop penguin diagram
b K 1.0x10°4(2.0x10°5) 0.8(1) should be dropped in rate-asymmetry calculations bof
=40 -5 -5 —dssandb—sssin order to be consistent with the require-
bﬂK? d 6.6x10 (2'6?210 ) 0-9(3) ment of theCPT theorem. By the same token, the strong
b—K ¢ L7 1073 0 “diagonal” phase in coefficients; due to final-state hard
b—K*"c 2.7x10 0 gluon exchangdsee Eq.(2.9)] will not contribute to rate
b—7ns 1.9x10°° —4 asymmetries in quark level processes.
b—7's 5.4x10°° 1 The implication of theCPT theorem for PRAS at the
b— 7O 1.8x10 5(1.6x10 ©) 19(0) hadron level in exclusive or semi-inclusive reactions is more
b—p% 5.1x10 °(4.3x107°) 19(0) complicated [28]. Consider the above example—duu
b—ws 3.3x1077(1.3x10°%) 61(0) again. The corresponding semi-inclusive decays of lthe
b—¢s 5.5X 10 5(6.3x 10 ®) 1(0) quark can be manifested a®— (7 ,p )u and b
b—J/ys 5.4x10°4 -05 —(7°,p°% w)d at the two-body level and#~ 7% K°K ")u
b—J/yd 28x10°5 10 and (m" 7, 7°7% K"K ™)d at the three-body level and etc.

The CPT theorem no longer constrains the absorptive cut
from theu-loop penguin diagram not to contribute separately
to each aforementioned semi-inclusibedecay, though the
cancellation betweenu andcc quarks will occur when all
semi-inclusive modes are summed over. In view of this ob-
servation, we shall keep all the strong phases in the calcula-
tion of direct CP violation in the individual semi-inclusive
where X, is the final state containing a strange quark. Onedecay.

important reason is that there is an anomaly effect in the The presence of the strong phase in the hard kefr&q.
matrix element( ’|syss|0) manifested by the decay con- (2.9]in QCD factorization has several noticeable effedls:
stantf!, [see Eq(3.10]. Sincef",~1fS, [cf. Eq.(3.9)], it  |N€ rate asymmetries in the decalys: 4d, (7°,p",w)s

is obvi%us that the decay rate gf_) n’sninduced by the § vanish in naive factorization becausg thg coefficientand
—P)(S+P) penguin interaction is suppressed by the QCD33,5,7,9,10there are rea}l. Irj QCD factorlz'atlon, the large phase
anomaly effect. If there were no QCD anomaly, one wouIdOf a, (see Table Il will yield large PRA's for these modes.

- (i) The color-suppressed tree-dominated decals
have B(b— 7's)=2.2x10 * from four-quark operator con- 0 0 , . ;
tributions which are about one third of the experimentalﬁ(w ,p",w)d have large PRAS due to the_large imaginary
value. part ofa, and the smallness ¢#,|. To see this, we consider

O . - . .
It is useful to explicitly take into account the constraints b_’op das an |Illéstrat|on_.Th%_part|al rate d.|fferenAd"(b
from theCPT theorem when computing PRAS for inclusive —p d)=T'(b—p~d)—I'(b—p"d) is proportional to(see
decays at the quark levi25] (for a review, see Ref26]).  1able I for the amplitude

Takeb—duu as an example and note that the penguin am- AT (b— p°d) < Im(Vy,V Vi Vig)
plitude, say\a,4, can be written as- (A a4+ \.ag), Where

B(B— 7' X¢)=(6.2+1.6+1.3" 99 bkg))x 104

for 2.0<p, <2.7 GeVk, (3.19

Ng=VapVig . aj=—CciG(s)+ -~ and aj=—c,G(s,) XIm[ay(—as+3a;+ 3ag+ 7210 -
+ - - - with the ellipses being the common terms given in Eq. (3.20

114013-10
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Sincea, is dominated by the imaginary part, it follows that phound state effect it is expected that, for exam[ﬂégo
—a X)~I'(b— 7~ u) after applying the parton-model ap-

AT (b—p°d)xsina Ima, R —a,+ 3a;+ 2aq+ 3a,). proximation

(3.2)

BecausaV,,Vi4 >V Viyl and|a,| is small, it is clear that &p

b—p° has a large PRA governed by the vertex-induced > IXHX[= D f_g_ u(py,s))u(py,s)|.
strong phase. In contrast, the rate asymmetry in penguin- X X)X s J (2m) 2Eu| arSHU(Py )
dominated modes is largely due to the strong penguin phase. 4.9
Consider the process— K* ~u. The partial rate difference is

AT (b—K* u)cIm(Vyp Vi Vi Vee) Im[a,a5 + ajay There are two more complications for semi-inclusBale-
cays. FirsttB—MX can be viewed as the two-body decay
~siny[Ima, Rea§— ¢, ImG(s;)Rea, b—Mq in the heavy quark limit. For the finite quark mass,
it becomes necessary to consider the inibaduark bound
—c¢;ImG(s,)Reag state effect. Second, consider the three-body deBay
—c, ImG(s.)Real], (3.22 —Mq,0g, with the quark contentl{q,) for the B meson.

One needs a hard gluon exchange between the spectator
where we have applied the relatiana,= — (A ,a;+\a%) quarkq, and the mesoM in order to ensure that the outgo-

as given before. Since the imaginary paregfis very small  ing g, is hard. For exclusive two-body decays, the nonfac-
(see Table I), it is evident thatCP asymmetries in the torizable hard spectator contribution is customarily denoted
penguin-dominated modes are governed by the strong pe@as[1]

guin phase.
In the present QCD factorization approach we have con-
sidered the penguin corrections & 5_1 induced by not G as Cg
only tree operators but also QCD and electroweak penguin E . N—cCifn : (4.2

operators. For example, the parameteys ;o do receive an
absorptive contribution via electroweak penguin-type dia-
grams generated by tree four-quark operat@is [see Eq.

. ; Numerically, f,, is much larger thari, for exclusive decays.
(2.7)]. Therefore, they receive more penguin phases. Anotheg o - [ 18 MY g ! XCLSv ys

. tant diff bet CDF and naive factorizati ®or the semi-inclusive case at hand, it has been argued that
important difference between Q and naive factoriza 'Onf” is subject to a phase-space suppression since it involves

; e i A2 i ; - thi
is that the gluon’s virtualityk® is no longer arbitrary; this three particles in the final states rather than the two-body one

tends to remove considerable uncertainties in the estimatefgr f, [3]. However, we shall see below that it is not the case
of the CP asymmetries. These may account for the genera'lor color-suppressed decay modes, though hard spectator in-

differences between the present resulis and Raf.Note o actions are formally power suppressed in the heavy quark
that our predictions for PRAs in the decay8° |imit.

—K~(K* )X and B~ —K(K*%)X are in agreement with
Ref.[2] for y=60°. (The definition of the rate asymmetry in

Ref.[2] has a sign opposite to ours. A. Initial bound state effect
The initial bound state effects on branching ratios @il
IV. SEMI-INCLUSIVE B DECAYS asymmetries have been studied recently in Rgfusing two

different approaches: the light-cone expansion approach and
A major advantage of studying the quasi-two-body decaythe heavy quark effective theory approach. We will follow
of the b quark is that it does not involve the unknown form Ref. _[21 to employ the second approach which amounts to
factors and hence the theoretical uncertainty is considerabijodifying the decay rates by
reduced. In order to retain this merit for semi-inclusise G212
decays, it is necessary to circumvent the second matrix ele- FIpMp * * |2
’ o . I'B—PX)=———{|AV, .,V ,— APV, V",
ment term appearing in Eq2.3). Fortunately, this can be (B=PX) 167 {IAVu uq th¥tq 7
achieved by choosing B meson whose spectator quark con- )
tent is not contained in the outgoing meddnFor example, mp
o o 9omd e +|thbvrq,|2nz}(1——z),
the counterpart ob—7°d at the meson level will bdg Mg
— %X as then thé,— #° transition does not contribute. In

contrast, the deca ~— 7°X or B®— #°X will involve the

2¢2 .3
unwantedB 77 form factors. As stressed in Sec. Il it is [(B—VX)= oo |Atvubvjq,_APthV:‘q,|27’l
necessary to impose a cut, sky,>2.1 GeV for the light
emitted meson, in order to reduce contamination from the 2 4
my My
unwanted background and enhance the presence of the two- x| 1+ _2_2_4)’ (4.9
body quark decayp— M. Therefore, in the absence of the mg Mg

114013-11
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2

GEf5,mp
[(B— 3/ X)= — e AV ooV = APV Vg 2
mJ/¢ mﬁ‘/w
x| 1+ —-2—",
Mg mg
where
[y, THe 58KL [, M, mn
n 6m 6 m) 7 2m? 2mb(4 .
and

(B[nG,,,a*"h|B) (B[h(iD,)?h|B)
pi= - , opl=— L (45

4mg 2rnB

with D/*=D#*—v*v-D, wherev is the four-velocity of thé

GF CYS CF

spec{BHPChqz) \/— 4 N N

pr(A‘spvubv:q

,—Ag VipV

PHYSICAL REVIEW D 64 114013

meson. The nonperturbative heavy quark effective theory
(HQET) parametenu is fixed from theB* —B mass split-
ting to be 0.36 Ge¥. Following Ref.[2] we useu’=0.5
GeV?, which is consistent with QCD sum rule and lattice
QCD calculationg29]. Compared to the two-body decays
b—Mq shown in Table Ill, we see that the branching ratio
of B—PX and B— VX owing to bound state effects is re-
duced by a factor of (510)% and 17%, respectively, while
the CP asymmetry remains intact fov X decays and for
most of PX modes.

B. Nonfactorizable hard spectator interactions

We now turn to the hard spectator interactions in the

three-body decajB(pB)HM(pM)+q1(p1)+az(p_2) with a
hard gluon exchange between the spectator qgadnd the
mesonM. A straightforward calculation yields

")

J e P(¢) f 1<p><|op<m,t<1 L
Pp- P2

spec(B_’VChqz) - EEN_ N,

X{(pg-P2—éps- pv)S*”an’,L(l_ ¥s5)d2— &(e*

X(1+y5)02—

Aspect B— 3/ 40,0,) = — EEN—C N, My Fary Fa(ALV

V(£ DF(p)
ép(ps: P2)(Pay- P2)

—(&-r)(e*

mvafB(A UbV:q

EMpQyPvé* (1+ ¥5)02},

: ps)allbw(l_ ¥5)02— Mg(e*

Mgy (1+ qu)
Ps- P2 '

DV(£)DE(p)
fP(pB P2)(Py- Pat+ EMY/2)

AVAVH) f d¢ f

: ps)allbv(l_ ¥5)0,—Mg(e™ - pz)al

- 11
o~ AEthbV?qr)fo dgfo de

1P P2~ (£—T)ps- palw]s*ﬂaﬂ’#(l_ ¥5)02

P21 (1+ ¥5) G~ (6— r)mBalpJ/z//é*(l+ ¥5) Az},

(4.6)
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Wherer=(mcf],¢)/(mj,¢f3,¢). In deriving the above equa- The decay distribution due to hard spectator interactions
tion, we have applied the on-shell conditiomgp,=0, IS given by

p,0,=0, the approximatiop~0 [see the discussion after
Eqg. (4.11)] and theB meson wave functiofl], 1 1 — 5

- - Fspectzw 3_2mg f |Agped“ dmi,dmy,  (4.9)
(09.(x)bs(0)[B(P))lx, —x, —o

if
—— 2B+ me)ysls, >

L e P [ B(g) B( ;) Wopeer 1 1 |Agpec2dm2 (4.10
X 0dpe PP DI (p)+h D3 (p) ], dEy  (2m)° lﬁsz spec 23 .

(4.7

B whereE,, is the energy of the outgoing mesdf and mizj
with n_=(1,0,0;-1). The expressions fok;) andA) can  =(p;+p;)® with p;=py . For a giverEy, the range ofn3,
be obtained from that oA"P andAbP (see Table), respec- IS fixed by kinematics. In order to enhance the possibility
tively, by replacing the coefficiertt, (a,;_,) by the Wilson ~ that B—MX originates from a quasi-two-body decay, we
coefficientc,;_; (Cy). In passing, we note that, in contrast impose the energy cutoly,>2.1 GeV for light mesons and
to Ref.[5], the two-body decap— Mg, and the three-body Em>3.3 GeV for thel/y.

decayB—Mq;q, do not interfere with each other to give

contributions toB— MX. C. Results and discussions
As stressed in Sec. ll, the validity of the fréequark -

approximation as implied by the parton model indicates that To proc_eed we apply the initial bound state effect. to hard

the hard spectator interaction in semi-inclusive decays jgpectator interactions and use feneson wave function

power suppressed in the heavy quark limit. Using the power — 2
i 3/2) 1,112 — B —,. —o 1/ pmg

counting fg~(Aqcp)™ My, fu~Ageo [1], and p ®1(p)=Ngp“(1—p)“exg — 2\ o

~Aqcp/My (see beloy, and taking into account the phase- “B

space correction, it is easily seen that the hard spectator in-

teraction[Eq. (4.6)] is of orderA qcp/my, in the heavy quark  with wg=0.25 GeV and\g being a normalization constant.

limit. However for the color-suppressed modes suctBas This B meson wave function correspondsxg=303 MeV

— %X in which the factorizable contribution is color sup- defined by % dp ®B(p)/p=mg/\g [1]. This can be under-

pressed, the hqrd spectator interaction will become extremeLgtOOd since th& meson wave function is peaked at snr_all
important as it is color allowed.

Equation(4.6) can be applied to two-body exclusive de- It 1S Of ordermg/Aqcp at p~Aqcp/mg - Hence the integral
cays. ConsideB— K as an example; this amounts to hav- OvVer ¢g(p)/p produces amg/A qcp term. As for the param-
ing P=K and a pion frong,q, . Hencep,= 7p.., wherey eterr defined after Eq(2.10), it is equal to 1/2 in the heavy

. . . T _ .
is the momentum fraction of the antiquark in the pion. Itduark limit assuming,,=f,,. The results of calculations

, (411

follows from Egs.(4.6) and (2.15 that are shown in Table IV. We see that the tree-dominated color-
suppressed modesrf,p®, w)Xs, ¢X, I/ yXs,d/ X and the
ld; _ [ide¢ 1d; penguin-dominated modeX.; are dominated by the hard
Aspec(BHKw)ocf :@?(p)f — oK [ = spectator corrections. In particular, the predictidi{B
0p 0§ 07 —J/hX)=9.6x10"2 is in agreement with the measure-

ment of a direct inclusived/y production: (8.6:0.8)
, (4.8 %103 by CLEO [23] and (7.8%0.10=0.34)x10 3 by
BaBar[31]. This is because the relevant spectator interaction
which was fir_st obtaineq in Ref30]. It is e\_/ident that_ the fa)(/:g I?:)raltlr?(\;\é(aed,mvxc/)réirsea;reth(e:of\évro s?lfsgressig:jfn;l: S;Vigfse_
terms proportional tang in Eq. (4.6) give twist-3 contribu- o ,6nce nonfactorizable hard spectator interactions amount
tions. Since the twist-3 distribution amplltudeg( 77)%1, it to g|v|ng a, a |arge enhancement.
does not vanish at the endpoints. Consequently, there is a |t is instructive to compare the enhancement of Jiigs
logarithmic divergence of the integral which implies that production in exclusive and semi-inclusive decays. The hard
the spectator interaction iB— K decay is dominated by spectator diagrams denoted fiy have been included in the
soft gluon exchange between the spectator quark and quarksading-twist order calculations, and it is found that
that form the emitted kaon, indicating that QCD factorizationa,(J/K)~(0.06—0.05) [7,8]. Therefore, the real part of
breaks down at twist-3 order. The above-mentioned infrared,(J/¢K) is enhanced byf,, , which is numerically much
divergent problem does not occur in the semi-inclusive delarger thanf,, but it is still too small compared to the ex-
cay, however. perimental value 0.260.02[32]. It has been shown recently

X

IR 2/”1’)( TN
7+ k5
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TABLE IV. CP-averaged branching ratios and partial-rate By contrast, the nonfactorizable spectator interaction is in

asymmetries for some semi-inclusive hadroBidecays withEy,
>2.1 GeV for light mesons andt;,>3.3 GeV for theJ/q.
Branching ratitls due to hard spectator interactions in the three-bodé/B_ 'go)ﬂ(w(),p
decayB— Mq;Qq, are shown in parentheses. He¢elenotes a final
state containing ngned strange or charm particle, anq, the state

containing the quark flavog.

general negligible for penguin dominatégixcept foroXgy)
or color-allowed tree dominated decay modes. The channels

0 w,$)X are not listed in Table IV, as they
involve the unwanted form factors. For examplB,”

— %X contains a terma,F®™ and B°— 7°X has a contri-
bution like a,FB™. Hence the prediction off~,B%)— 7°X

Mode BR PRA%)  is not as clean a8— 7°X5. Nevertheless, the former is
— _ _ Iso dominated by spectator interactions, and is expected to

0, 7 X(BY o 1.3x10 4(5.1x10°® -2 a ; » anc .
B = X(Bs—m X9 74( 77) have the same order of magnitude for branching ratios as the
B°—>p‘X(BS—>p‘XQ 3.4X10 %(2.2x10™ %) -2 latter.
BY— X5 1.3<10°° (8.7x10°") 31 Owing to the presence dB— 7n(#%') form factors, the
BY— pXs 4.8x10°% (3.7x107°) 22 decaysB—(#n,n')X are also not listed in Table IV. How-
B Xg 55x10 6 (3.4x10°%)  —37 e\{er, we fiqd th.at the hgrd sp_ectator corrections to the prompt
B —¢X 25x10°7 (1.9x10°7) —05 n' production in semi-inclusive deca_lys are very §mall, and
— = 2 6 hence the four-quark operator contributionsbte> »'s can
BO— 7 X (Bs— 7 X9 1.8X10 < (8.4x10 °) 0
— e T %102 - 0 only account for about 10% of the measured re$k.
B"—p OXc(BsHP Xcs) 4.2x1 . (1'1X179) (3.19]. Evidently this implies that one needs a new mecha-
B™—K >és 3.8x10 6(2-9>< 10 8) —-20 nism (but not necessarily new physjcspecific to they’. It
B™—K*™Xs 2.2x10°(1.1x10°°) —24 has been advocated that the anomalous coupling of two glu-
B° K ™ X(Bs—K™Xg) 8.7X10 °(3.6x107°) 5 ons and %’ in the transitionsb—sg* followed by g*
B K* “X(Bs—K* X9 3.9x107° (1.4x1079) 16 —7'g andb—sg*g* followed byg*g* — »’ may explain
B~ KX 9.7x10 5(7.5x 109 0.8 the excess of thep’ production[33,18. An is.sue in tflis
B~ _K*0x 5.4x10°5(2.9x 10°7) 0.9 stutiy is about the' form-factor suppression in .thé—g
o ey = 1.4x10-3(4.3% 107 0 —g* vertex, and this has been studied recently in the pertur-
B —K Xc(Bs_;’K Xed) : 3( : 6) bative QCD hard scattering approa@4]. At the exclusive

0 - - B B o + + =1
EO—’K* X(Bs—K* "X 2:3X 106 (4.8x10 g 0 level, it is well known that the decayB®— »'K* and B®

Oy — | B 1 . .

Bs— 7 Xss 1.5% 10_6(5‘OX 10_7) 19 —75'K® have abnormally large branching rati¢82]. In
BY— p%Xss 4.4x107°(2.2xX10°7) 18 spite of many theoretical uncertainties, it is safe to say that
B w Xg5 7.4x10 %(7.1x10°9) 2 the four-quark operator contribution accounts for at most half
B — ¢ X 5.8x 10 %(2.8x 10 %) 1 of the experimental value and the new mechanism respon-
B—J/ 4 X 9.6x1073(9.2x1073) 0 sible for the prolificy’ production in semi-inclusive decay
B—J/y X 5.1 10 4(4.9X 10" %) 05 could also play an essential role By 'K decay.

From Table IV it is clear that_the semi-inclusive decay
modesBY— (7°,p° w) X5, p°Xss, BO— (K~ X,K* ~X), and
B~ —(K%X,,K*%X,) are the most promising ones in search-

that to the twist-3 level, the coefficieab(J/¢K) is largely
enhanced by the nonfactorizable spectator interactions arig?d for direct CP violation; they have branching ratios of
ing from the twist-3 kaon LCDAGK, which are formally ~order 10°-10"* and CP rate asymmetries of order
power suppressed but chirally, logarithmically and kinemati-10—40%. Note that, as shown in Eq8.21) and (3.22, a
cally enhanced7]. The major theoretical uncertainty is that measurement of partial rate difference ofES
the infrared divergent contributions there should be treated ir- (72, p°, w)Xg and B~ — (K°X,K*°X,) will provide use-
a phenomenological way. In this Work we found that it is thefy| information on the unitarity angler, while @Hpoxsg
same spectator mechanism responsible for the enhancem%ﬂ{d BO— (K~ X,K*~X) on the angley. To have a rough

observed in seml-mclusw'e dec@yJ/yXs, and yet we d.o estimate of the detectability @ P asymmetry, it is useful to
not encounter the same infrared problem as occurred in the leul h — lish
exclusive case; also, terms proportionalntg in Eq. (4.6)  calculate the number dB—B pairs needed to establish a

are not power suppressed, rendering the present predicti(ﬁirgnal for PRA to the level of three statistical standard de-

more reliable and trustworthy. It is conceivable that infrared"/ations given by

divergences residing in exclusive decays will be washed out

when all possible exclusive modes are summed over. Ng"
It is also interesting to notice that after including the spec-

tator corrections, the branching ratios and PRAs for the _ _ . _ _

color-suppressed mod§2—>(w°,p°,w)X§, B~ —¢X are whereA is the PRABr, |_s_the _branchlng ratio, anelg is the

numerically close to that predicted i] based on naive product of all of the_eff|C|enC|es responsible for this signal.

factorization(see Table I). Note that the largeCP asym-  With about 1x 10" BB pairs, the asymmetry iK* ~ channel

metries inb— (7%, p°, w)d decayssee Table Ill are washed starts to become accessible; and with about1?’ BB

out to a large extent at hadron level by spectator interactiongvents, the PRA's in the other modes mentioned above will

B 9
AzBr Eeff,

(4.12
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become feasible. Here we assumed, for definitenggs; 1 diagrams. We have discussed the issue of2RE constraint

and a statistical significance ofr3as in Eq.(4.12. Currently ~ on partial rate asymmetries. The strong phase coming from
BaBar has collected 23 millioBB events. BELLE 11 mil- final-state rescattering due to hard gluon exchange between
lion pairs, and CLEO 9.6 million pairs. It is conceivable that the final stated andX [see Eq(2.9] can induce large rate
CP asymmetries in semi-inclusiv@ decays will begin to be ~2Symmetries for tree-dominated ' color-suppressed modes
accessible at these facilities. Likewise, PRAs in semi-{7 P ,@)Xs. The predicted coefficiers, in QCD factor-

inclusive By decays may be measurable in the near future agation is very small compared to naive factorization. Con-
the Fermilab’s Tevatron. sequently, the color-suppressed modes, (% w)Xs, ¢X

It is interesting to note that the decay§2 andJ/ ¢y X, ,J/ X are very suppressed. Fortunately, trE non-

. (7°,0% )X and B~ —¢X are electroweak-penguin factorizable hard spectator interactions la—>|\_/|q1q2,
dominated. Except for the last channel, they have sizabl ough phase.—space suppressed, are extremelyllmportant for
branching ratios and two of them have observabRasym- the aforementioned ques. In faqt, they are dominated by the
metries. A measurement of these reactions will provide apard spectator corrections. This is because the relevant hard
good probe of electroweak penguins. spectator correction is color allowed, whereas the two-body
Finally, it is useful to discuss briefly the theoretical uncer_semmnclgswe decays for these modg% a.re.color suppressed.
tainties one may have in the present approach for semlc-).ur pred|qt|onB(B—>J/¢XS)=9.6>< 10 s n agregment
inclusive decays: th quark mass, the annihilation diagram, with experiment. Contrary to the exclusive hadronic decay,

and the distribution amplitude of the meson. We have asfghe spectator quark corrections here are not subject to the

sumed a pole mass for theguark to compute the decay rates infrared divergent problem, rendering the present prediction

. ; lean and reliable.
of b—Mqg and B—MX which are proportional tcmg. In more ¢ . .
principle, this uncertainty iim,, can be reduced by normal- Owing to the destructive QCD anomaly effect in the ma-

i O . . . . trix element of pseudoscalar densities #grvacuum transi-
izing the semi-inclusive hadronic rate to the semileptonic P i

one. Since the latter is of fifth power m,, the uncertainty tion, the four-quark operator contribution - 7's is too

is only slightly alleviated. The annihilation topology is small to explain the Qbserved fast production. It is e"'def‘t
power suppressed in the heavy quark limit and is conventiont—hat a new ”?eCha”'?fT‘ such as.the anomalous coupling of
ally assumed to be small. However, it is conceivable tha{wo gluons with they" is needed in order to resolve the
power corrections due to the annihilation diagrams could pduzzle. . ) —

important for penguin-dominated semi-inclusive decays such The semi-inclusive decay modeB;— (7° p° w)Xs,
asB~—KO(K*%)X and B°—K ™ (K* )X. As for the LC-  p™Xss, B°—=(K™X,K*7X), and B™—(K®X,,K*%X,) are
DAs of the meson, we have assumed an asymptotic fornihe€ most promising ones in searching for dir€d® viola-
[Eq. (2.16] for the leading-twist LCDA, which is suitable tion; they have branching ratios of order 16-10"* and
for light mesons but probably not so for the heavy mesorCP rate asymmetries of order 10-40%. With about 7
J/4. Due to SU3) symmetry breaking, the realistic kaon x 10’ BB pairs, CP asymmetries in these modes may be

wave function should exhibit a slight asymmetry in-2x. measurable in the near future at the BaBar, BELLE, CLEO,

Also the distribution amplitude of thB meson is not well  and Tevatron experiments. The decaB%— (7°,p°, w) X,
understood; phenomenologically, the parametgi{see Eq.  and B~— ¢X are electroweak-penguin dominated. Except

(4.11] or Ag is not well fixed. for the last mode, they in general have sizable branching
ratios and two of them have observalfld® asymmetries.
V. CONCLUSIONS The above-mentioned reactions will provide good testing

ground for the standard model and a good probe for elec-

We have systematically investigated semi-includdvde- .
troweak penguins.

cays B—~MX within a framework inspired by QCD-
improved factorization. The nonfactorizable effects, such as
vertex-type and penguin-type corrections to the two-bbdy

decay,b—Mgq, and hard spectator corrections to the three- \ye thank Ahmed Ali, David Atwood, and Xiao-Gang He
body decayB—Mq.q, are calculable in the heavy quark for discussions. One of uéH.Y.C.) also wishes to thank
limit. QCD factorization seems applicable when the emittedPhysics Department, Brookhaven National Laboratory for its
meson is a light meson or a charmonium. hospitality. This work was supported in part by the U.S.

There are two strong phases in the QCD factorization appOE Contract No. DE-AC02-98CH108@8N\L) and by the
proach: one from final-state rescattering due to hard gluomational Science Council of R.O.C. under Grant No.
exchange betwee andX, and the other due to the penguin NSC89-2112-M-001-082.
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