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The hadronic deca3—J/K* is analyzed within the framework of QCD factorization. The spin ampli-
tudesAq, Aj, andA, in the transversity basis and their relative phases are studied using various different
form-factor models for thé&-K* transition. The effective parameteag for helicity h=0,+,— states receive
different nonfactorizable contributions and hence they are helicity-dependent, contrary to naive factorization
Whereag are universal and polarization-independent. QCD factorization breaks down even at the twist-2 level
for transverse hard spectator interactions. Although a nontrivial strong phase fév th@plitude can be
achieved by adjusting the phase of an infrared-divergent contribution, the present QCD factorization calcula-
tion cannot say anything definite about the phage Unlike B— J/4K decays, the longitudinal parametéj
for B—J/#K* does not receive twist-3 corrections and is not large enough to account for the observed
branching ratio and the fraction of the longitudinal polarization. Possible enhancement mechanisgm'éor

discussed.
DOI: 10.1103/PhysRevD.65.094023 PACS nuni®erl3.25.Hw, 12.38.Bx
|. INTRODUCTION
ho= fJ/z/f 2 .2 2 +
0= om (Mg —m3;,— M) (Mg + Micx)
K*

It has been well known that the factorization approach
(naive or geneiahzedfans to explain the prodpcnon ratio xABK*(mZ - sPe ABK*(mZ )
R=B(B—J/yK*)/B(B—JI/yK) and the fraction of the 1 T s 2 Iy |
longitudinal polarization’| /T" in B—J/4K* decay. We Bl K

2,2

consider two representative form-factor models fBr

—K(K*) transitions: the Ball-BrauiBB) model based on he=my, fy,l (Ma+ mK*)A?K*(m§/¢)

the light-cone sum rule(LCSR) analysis [1] and the

Melikhov-Stech (MS) model [2] based on the constituent

quark picture. Both are consistent with the lattice calculation + 2mMgPe VBK*(mZ ) (1.1)
at largeq?, the constraint frorB— ¢K* at lowerq?, and Mg+ My Wy '

the constraint from heavy quark symmetry on tifedepen-
dence of the heavy-light transitiofsee Sec. IV for more o oL v Or \2 T2 2,12

. : . factorizationI" /T"~ (ayhg)“/[(ashg)“+ (a, h1)“]=hg/(hg
detail. We see from Table | that in general the predlc'tedH]2+)sll2 andRis expected to be greater than unity due to

longitudinal polarization is too small, whereas the productionthree polarization states fdf K * . These two problems will
ratio is too large. be circumvented if nonfactorized terms contribute differently

This is understandable because the param@iewhich 4 each helicity amplitude and to different decay modes so
govern;B—>J/¢//K(K*) decay;, i; assumed to pe universal i at ag(J/l//K*)>a;(J/de*):’&a;(J/wK*) and a,(J/ yK)
aﬁcordmg to the factorization —hypothesis, namely~ ghj/yK*). In other words, the present data imply that the
az(JI/YK*) =a5(J/yK), whereh=0,+, — refer to the helic-  effective parameteral) should be non-universal and
ity states 00,++, and ——, respectively. In the above- poarization-dependent. Recently two of us have analyzed
mentioned form-factor models, one hd%=5.98, h,  charmles8— VYV decays within the framework of QCD fac-
=6.23, andh_ =043 (in units of Ge\?) in the BB model  torization[7]. We show that, contrary to phenomenological
and hp=5.47,h, =5.92, andh_=0.73 in the MS model, generalized factorization, nonfactorizable corrections to each
whereh; are the helicity amplitudes given by partial-wave or helicity amplitude are not the same; the ef-

It is obvious thath,>hg>h_. Therefore, under naive
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TABLE |. The ratio of vector meson to pseudoscalar producband the longitudinal polarization
fractionT' /T in B—J/¢K®*) decays calculated in two representative form-factor models using the factor-
ization hypothesis.

Experiments

BB MS CDF[3] CLEO [4] BaBar|[5] Belle [6]
R 3.40 3.11 1.530.32 1.45-0.26 1.38-0.11 1.43-0.13
r /r 0.47 0.46 0.6%0.14 0.52-0.08 0.60-0.04 0.60-0.05

fective parameters; vary for different helicity amplitudes. wheree®*?*=+1 in our convention, the coefficientcorre-
The purpose of the present paper is to study the nonfactorizponds to thé&-wave amplitude, and,b to the mixture ofS-
able effects iBB—J//K* decay within the same framework and D-wave amplitudes. Three helicity amplitudes can be
of QCD factorization. constructed ds

The decay8— J/ K (K*) are of great interest as experi-
mentally only a few color-suppressed modes in hadrd@hic

1
decays have been measured so far. The recent measurementH ,= — —[(mg—mﬁw— mi*)a+ 2m3p2b],
by BaBar[5] has confirmed the earlier CDF observat[& 2M;yy My
that there is a nontrivial strong phase difference between (2.2

polarized amplitudes, indicating final-state interactions. |, —a+mgp,.c,
However, no such evidence is seen by CLED and more -

recently by Bellg6]. It is interesting to check if the current wherep, is the c.m. momentum of the vector meson in Ehe

approach forB hadronic decays predicts a departure from ' ;
fa?c?orization. Therefore, the n¥ea§urements of [\)/arious heliceSt frame. If the final-state two vector mesons are both light
ity amplitudes inB—J/yK* decays will provide a nice as in charmles8—V,V, decays withV,; being a recoiled

. . . 2
foundation for testing factorization and differentiating vari- meson andV, an ejected one, it is expected thitd,|

2 2 : H
ous theory approaches in which the calculated nonfactoriz->|H+| >|H-|* owing to the argument that the amplitude

able terms have real and imaginary parts. H. is suppressed by a factor af2m,/mg as one of the

It is known that in the QCD factorization approach, the 4u&'k helicities inV; has to be flipped, while thel . ampli-
coefficienta, is severely suppressed in the absence of hard!d€ iS_subject to further ch|rallty suppression of order
spectator interactions. It has been showrighthat |a,| in ~ M1/Ms [9]. However, forB—J/yK _decay,ﬁmj,¢/m3 IS
B—J/yK is of order 0.11 to the leading twist order, to be Of order unity and hence in practidé, and H, can be
compared with the experimental value of order 0.25. Théfomparable. _ _
twist-3 effect in hard spectator interactions will enhamge  NOte that the polarized decay amplitudes can be expressed
to the value of 0.19%24. We shall see later that, contrary to in several different but equivalent bases. For example, the

the J/yK case,al in B—J/yK* does not receive twist-3 helicity amplitudes can be related to the spin amplitudes in
142 - - . . .
contributions and it is dominated by twist-2 hard spectatort.he transversity basisfo,A,A,) defined in terms of the
interactions. linear polarlzanon of the vector mesons, or to the partial-
The layout of the present paper is as follows. In Sec. Il weave amplitudes$,P,D) via
first outline the necessary ingredients of the QCD factoriza-

tion approach for describing—J/K* and then we pro- 1 \ED
3 L

ceed to compute vertex and hard spectator interactions. The Ao=Ho=~ ﬁSJ“

ambiguity of the experimental determination of spin ampli-

tude phases is addressed in Sec. Ill. Numerical calculations

and results are presented in Sec. IV. Discussions and conclu- A 1 (H,+H_)= \FS“L 1 5 23
sions are shown in Sec. V. [ 2 3V 3 :

II. B—=J/4#K* IN QCD FACTORIZATION 1
A =—(H,-H_)=P,
A. Factorization formula + \/5( * )
The generaB— J/K* amplitude consists of three inde-
pendent Lorentz scalars: where we have followed the sign convention [@D]. The

decay rate reads
A[B(p)— (e y1y,Pay) K* (8kx,Pk)]

ce¥te*l(ag,,+b +ice @ 0By, _ _
e (8Gur T DPLPy urasParPice) 'For B—J/yK* decay the transverse amplitudes are given by
(2.2 H.=—-a*mgp.C.
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[(B—J/yK*)
2

p
i ([Hol2+[H|>+|H_[?)

Gr
= _VcbV:s

87Tmé V2

2

p
- (|Al2+|AL2+|A)12)

- 8mmg |2

Pc F
VcbV:s

N 87mg E

2
(ISI?+[PI?+[D?)

(2.9

The effective Hamiltonian relevant f&— J/ y/K* has the
form

G
Heﬁ=7g VepVEd (1) Ox( ) +Co(12)Oa( )]
10
—thV?si; Ci(M)Oi(M)] +H.c., (2.9
where
0,=(cb), ,(sc), .
0,=(sh), ,(cc), ,,
03(5):(§b)V_A2 (E/Q')V—A(WA)-
q
04(6):(51*35)\,7,%2 (a};qg)v—A(wA),
q
3 — P
07(9):§(Sb)V,AZ €q(d'a" )vrawv-a)
qI
3 — P
Os(lo)zz(sabg)v,AE' €q (Ugda)v+AN-A) s
‘ 2.6

with O3—0¢ being the QCD penguin operatoB;—0 the
electroweak penguin operators, anqlqz)w quM(l

*y5)q,. Under factorization, the decay amplitude Bf
—J/yK* reads

A(B—J/yK*)
VepVes(@+agtag+as+ ag)X(BK* )

G
2
(2.7)
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where

X (BK* 3/y)

=(Jlyl(cc),_,|0)(K*|(bs),_[B)

H * BK* 2
= —if yyMyy| (egx-€3y) (Me+Mx)AT™ (M5;,,)

2A5¢ (mJ/¢)

— 8**. 8* .
(e pB)( g p) Mot Mes

2VE< (m3,,)

mB+ M+

anB

— i €0 3/E kx PLPix (2.9

Note that forB—J/yK* decay, the factorizable amplitude
XEKEIN=(31y|(cc), [0)(K*|(sb), _|B) is the same as
Eq. (2.9 except that the last term proportionalitg,, .z has
a positive sign. Comparing Eq2.8) with Eq. (2.2) leads to
the helicity amplitudes

Ho=—a(J/yK*)hy, H.=a(J/yK*)h., (2.9

wherea(J/ yK*)= ap+ag+as+a;+ag. Note that the he-

licity amplitudesH - in B—>J/¢K* are precisely the ones
H- in B—J/yK* decays. Hence, in the factorization ap-
proach one hagH_|>|H | for the former and|H .|

>|H_| for the latter. This is consistent with the picture that

the s quark produced in the weak procebs-ccs in B
—J/yK* has helicity —1/2 in the zero quark mass limit.

Therefore, the helicity oK* in B—J/¢K* cannot be+1
and the corresponding helicity amplitublle, vanishes in the
chiral limit [11].

B. QCD factorization

Under naive factorization, the coefficiergsare given by
@5 =Cpi T (LN)Coi—1, Ap-1=Coi—1+(1/Nc)Cy. Hence,
an(J/ yK*)=a,(J/yK) for h=0,+,—. In the present paper,
we will compute nonfactorizable correctionsaQ(J/sz*).
The effective parametea{1 entering into the helicity ampli-
tudesH, andH.. are not the same.

The QCD-improved factorization approach advocated re-
cently in[12] allows us to compute the nonfactorizable cor-
rections in the heavy quark limit since only hard interactions
between the BV,) system anadV, survive in them,—x
limit. Naive factorization is recovered in the heavy quark
limit and to the zeroth order of QCD corrections. In this
approach, the light-cone distribution amplituddsCDAS)
play an essential role. The LCDAs of the vector meson are
given by[13,12
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* *

8-X )
— ) (f)}

P, (&)+| e

(V(P,&)[q(x)¥,a'(0)[0)= fvmvf déeltP X[

Mg+ Mg

fy—fy -

_ 1 1 )
<V(P,8)|Q(X) 7#75q,(0)|0>:ZmV EMVQBS*VPaXBfo déelgp.xgia)(g)y

* .

_ 1 .
<V<P,s)lq<x>awq'<0)|0>=—if&(szpy—s:P,L)Jo dge'P XY (&) —if (P ,x,— Pyx#>(8p—x)2m%

1 )
x | g,

m +mq

1 mgtmg|
(V(P,&)|q(x)q’(0)|0)y=i (fv fy v mo (e
\Y4

1 )
m\z/fo dge'tPxh(d(¢), (2.10

wherex?=0, ¢ is the light-cone momentum fraction of the quarkn the vector meson, anf, andfT are vector and tensor
decay constants, respectively, but the latter is scale-dependent. (2.Hg, ®(£) and®, (£) are twist-2 DAs, whﬂehﬁS h
o', andg® are twist-3 ones. Since

2
g-X my

— PM= ,u.
P-x S P+ Px2Px*" 219

it is clear that to orde(’)(m\z,/mé) the approximated relatione(x)/(P-x) P#=e¢f* holds for a light vector meson, where
ef* (&) is the polarization vector of a longitudinallyransversely polarized vector meson. Also, to a good approximation
one hase('=P{/my for a light vector meson such &". Hence,P-&, =0 and Eq.(2.10 can be simplified foK* as

(K*(P,&)|q(x) y,5(0)|0)= fK*mK*f de e ex @K (o) +ex, g (o)1,
_ 1 1 ' *
<K*(PIS)|q(x)7M758(0)|0>:ZmK*fK*e,u,VuzBSIVPaXBJ;) dgelgp.ng (a)(g),
_ 1 . %
<K*<P.e>|q<x>aws<0>|0>=—ifL(s;va—e’:lPﬂ)fodge'ﬁ"'%f (é),
_ 1 1 .
(K*(P,)[a(x)s(0)[0) = — 5 ficx My fodge'fP'th‘Sm, (212

whereh’(¢)=dh(&)/d¢ and we have neglected light quark masses and applied the relation

- X
(P/LX )(P X)va P x (P P —PVPM)-F(SM”PV—SVHP’(L), (2.13

which vanishes for a light vector meson. From E3j12) we see that the twist-3 Dhﬁt’ of K* does not make a contribution.
In the heavy quark limit, th& meson wave function is given by

— if 1 = — —
(0[ba(x)9(0)|B(P))|x, =x, 0= — ITB[(I%L Mg) 75]3ny dp e PP [DF(p) +1h_D3F(p)]ya, (2.14

094023-4



B—J/¢ K* DECAYS IN QCD FACTORIZATION PHYSICAL REVIEW D 65 094023

with n_=(1,0,0,-1) and the normalization conditions c, agCe

1 B — 1 B —
fdp¢1(p)=1. Jdp¢z(p)=0- (2.19
0 0

Cc o
h_ -6 S ZF . (_ph_
Likewise, to the leading order inh,, the J/¢ wave func- 8= Cs N e N Co( —F—12),
tion has a similar expression
_ c as C
h_ 8 S F _h_
(Ip(p,e)[ca(x)c(0)|0)]x, =x, =0 a7_c7+N_C+EN_CC8( F'—12),
fJ/ 1 .
L85 (B my)s, f dée P [07(8)
al= gyt 20, 2 CR o (2.18
R DY), (2.16 0 Ne 4w N '

Since thel/ ¢ meson is heavy, the use of the light-cone wavewhereC= (Ng— 1)/(2N.) and the superscriftdenotes the
function for J/¢ is problematic. The effects of higher twist polarization of the vector mesonk:=0 for the helicity 0
wave functions have to be included and may not convergetate anch= + for the helicity + ones. In the naive dimen-
fast enough. Because the charmed quarkl/iy carries a  sjonal regularizatioiNDR) scheme forys, F"in Eq. (2.18
momentum fraction of order-m./my,, the distribution has the form
amplitudes ofl/ ¢ vanish in the end-point region. In the fol-

lowing study, we adop®), as the DA of the nonlocal vector

current ofJ/y rather thang®) as the DA of thee, compo-

nent since the latter does not vanish at the end point. Hence,

we will treat theJ/ s wave function on the same footing as

the B meson. Comparing Eq2.16 with Eq. (2.10, we see  here the hard scattering functiéf arises from vertex cor-

that at the leading order in i one has rections[see Figs. (a)—1(d)] andf} from the hard spectator
interactions with a hard gluon exchange between the emitted
oY= (&=, f],=fy,. (217  vector meson and the spectator quark of Bieneson, as
depicted in Figs. (e) and 1f).
The inclusion of vertex-type corrections and hard specta-
tor interaction in QCD factorization leads to

Fh ——12In— 18+ M+ " (2.19

C. Vertex corrections

c The calculation of vertex corrections in Fig. 1 is very
al=c, &1 + 3 ZEe FN, similar to that inB— J/#K decay and the detail can be found
Ne 47 N¢ in [8]. In terms of the two hard kernefs andg, given by

» 2z¢ né ( 3 1 2z¢
f'_fdgcb Ol1z1-5 "0 25)1 A R Ty wy s R Ty TRy L
( 27282 ) In(l—z)—iw
+|3(1—2)+2z&+ 1-21-9)) 1-2(1=9)
1 3 B Iné 4zrinzé B In(l—2)—iw
+fodgq>ﬂ(g)( S w2 R ey (2.20
and
” —4¢ zé 1 1 2(14z—2z¢)
o= | deoio (1—z><1—§)'”§+[1—z<1—§)12'”(1_z)+ (1-207 [I-«1-9 (1-p(1-207/ % "%
jd oY | ar In&— arz | ] (2.21)
= 1 o7t ), PO T a—p " T ) '
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c C c C
b = s b = s
(a) ()
c c c c
b > - > s b > - > s FIG. 1. Vertex and spectator correctionsBo
— I/ pK* .
(© (d)
c c c c
b = K} b = Ej
q - - 7 1 - 7 — q
(e) (f)

wherer =fJ,,m./(f;,my,) andz=m3,,/m3, the first scat- that we have applied the relati¢8]
tering functionf!" induced from vertex corrections has the

.
form f3pMe me

r

2
=2¢2 2.2
f 10 Myyy ) ¢ (224

My y

. Three remarks are in ordéi) As shown in[8], the trans-
ABK (m?,) verse DA®Y? contributes not only to the transverse ampli-
f O—f 0 Il 1 s . . .

r=fitai(1-2) REK* (2, ) tudesH . but also to the longitudinal amplitudé,, and vice
s I versa for the longitudinal DADW. This occurs becaust
is heavy: the coefficient in front ab in Eq. (2.11) consists

of not only the longitudinal polarization but also the trans-
fr=f, (229  verse one(ii) It is easily seen that in the zeddys mass limit,

1-2¢

31 : Iné—-3im|, (2.295

where

1
fi— fodf $71(E)

2t is known from heavy quark effective theoffdQET) that be-
Al(qz) low the m, scale, wheren, is the pole mass of the charmed quark,
2Mycx the vector and tensor currents receive the same anomalous dimen-
5 sions; that isf],w andf;,m; scale as the same power. Up to thg
mé—m§,¢+ My scale, fT rescales with a factof ag(mp)/ag(me)]¥C?), m, with
- A (G?). (2.23 T \74b ; T
2Myx (Mg+ Mycx) [as(mb)/as(mc)] , and the ratio of fy,/f;, becomes
[as(mo)/ag(mp) 1¥Y 2me(mp)/my,,= (1.1~ 1.2)x 2mg(my)/
myy, where b=(11IN.—2n¢)/3 and m¢(my) is the running
In writing Egs.(2.20 and(2.21), we have distinguished the charmed quark mass at the, scale. However, the scale factor
contributions from®{’¥ and ®}' for the reader’s conve- [ay(m)/ay(my)]¥® =1.1-1.2 is relatively small and can be ne-
nience, though later we will apply Eq2.17). Also notice  glected for our purposes.

~ Mg+ Mk x
As(9))= ——

094023-6



B—J/¢ K* DECAYS IN QCD FACTORIZATION PHYSICAL REVIEW D 65 094023

in agreement wit@lZ] for B—mrr, as it should be(iii) The  gng henceAgK*(mg,w)/ﬂgK*(m§,¢)= 1. Consequently,f°
expression ofAy/A;z in Eq. (2.22 can be further simplified =f,+g,(1—2).

by applying equations of motion. Neglecting the mass of

light quarks, applying the equaticspys(1— y5)b=0, and D. Hard spectator interactions

sandl\t/viching it between th&* and B states leads to the For hard spectator interactions, we write

resu

fi=fuey+fue), (2.27

2
m
— M AR =As(gD) — Ao(qD) (2.26  where the subscript:( -) denotes the twist dimension of the
2Mg My LCDA. To the leading-twist order, we obtain

4’7T2 a (/Lh) foJ/ frx 1 —_— — —
0 _ s YK _ B LY K*
1:II(2) NC aS(M) hO (1 Z)JO dgdpdﬂ‘bl(f))q) (6)(1) ( )

p—n+(p—2&+ ) z+4¢%z

_— - (2.28
plp—ntn)[(p—&E(p—n)+(np—nE—pé)z]
This can be further simplified by noting thEtv O(Agep/My)—0 in them,— o limit. Hence,
472 ag(pn) Tofyyfie (1 —P8(p) (1 @VUE (1 ()
£ = — ‘”fd_fd fd -, 2.2
1O7N, am)  ho o, L%TE 97T (229

where thez terms in the numerator cancel after the integration gveia Eq. (2.24). Likewise, for transverse polarization
states, we find

L T aB ol K o128
(1x1) | dpdedy@P(p) 2P () ———. (2.30

0 pn°(1-2)
Note that the hard gluon exchange in the spectator diagrams is not as hard as in the vertex diagrams. Since the virtual gluon’s
momentum squared therekd=(— ppg+ 7px+) >~ —pr;m§~ —Aymy, whereAy, is the hadronic scale-500 MeV, we will
set ag~ as(VALmy) in the spectator diagrams. The corresponding Wilson coefficients in the spectator diagrams are also
evaluated at the.,= A, ,m, scale. As for twist-3 contributions to hard spectator interactions, we find

e 47° ag(mp) 2foJ/¢fﬁ* My,
- N as(M) mBh:

flol(3):0 (2.3

and

(2.32

L Am agun) 2fefyy My M (1 —@8(p) (1 @Y(g) 11 [0y g @)
dp——= dé dzy +
P 0 0

oA L, 9 |
1O, ag(p) mzh.. ¢ n1-2)  4n(1-2)

Since asymptoticallyd¥*(7)=67(1— 7), the logarith- With py being a complex number whose phase may be
mic divergence of the_;integral in Eq.(2.29 implies that caused by soft re_scatteridjgz]. the that linear divergences
the spectator interaction is dominated by soft gluon ex2re canceled owing to the relatidd.24). Needless to say,
changes between the spectator quark and the charmed or d1ew to treat the unknown parameisy is a major theoretical
ticharmed quark ofl/. Hence, QCD factorization breaks uncertainty in the QCD factorization approach.
down even at the twist-2 level fdr,T(Z). Thus we will treat
the divergent integral as an unknown “model” parameter and
write E. Distribution amplitudes

If we apply the asymptotic form for the vector meson'’s

LCDAs [13]

= 1d—7]=|n<% (1+pn), (2.33
h

oy
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D/ (x)=DY(x)= g®(x)=6x(1—Xx), TABLE Il. Form factorsAB" | ABK" andVBK" at ¢2=0 and
(2.39) q’= m§,¢ in various form-factor models.

3
gi”)(x)=z[1+(2x—1)2], BSWI BSWII LF NS Yang BB MS YYK

" 0 check thaft-— 0. Since th o rel ot ABK*(0) 0.33 0.33 0.26 0.30 0.18 0.34 0.36 0.49
I IS easy 10 checC =0. SInce the scale relevant 1o
y 1(3) 2y 045 045 037 0.39 024 043 0.43 0.49

hard spectator interactions is of order,=VAmy~1.5 1 (Myy,

GeV, it is important to take into account the evolution of AS<"(0) ~ 033 033 0.24 030 0.17 028 0.32 030
LCDAs from u=% down to the lower scale. The leading- A?K*(mﬁw) 0.46 0.63 043 0.48 0.31 0.45 0.50 0.42
twist LCDA &), can be expanded in terms of GegenbauerVBK*(O) 0.37 037 035 030 021 046 0.44 0.39

: 3/2 .
polynomialsCy“ [13]: VEK'(m2,) 055 082 042 051 040 086 0.77 087

1+ a%”n<u><:§’nz<2x—1)),
n=1

D (X, u)=6x(1—X)

3
(2.39 Y (x, 1) =6x(1-x)| 1+ 3at £+ Sa3(562~1) |,
where the Gegenbauer momem&" are multiplicatively
renormalized. T;m=2 we have

where&=2x—1. For twist-3 DAs we follow[15] to usé

1+3ales Salse2_
ale+ al5e-1) |

(2.3
|

D)/(x, ) = 6x(1-x)

+66,[3X(1—X)+(1—Xx)In(1—x)+xInX]

(@ P 3 A2 vllige
017 (X, ;m)=6x(1—x)| 1+ajé+ Za2+ §§3 1—1—6w3+1—6w3 (5¢°-1)

+646_[(1—-X)In(1—x)—xInx],

© ST PEIN N 2 9 10, B Vo A 2, 35¢4
gl (X-M):Z(1+§ )+§a1§ + 73-2+5§3 (3¢—-1)+ 1_12512"'@53(3“’3_“’3) (3—30¢°+35¢7)
3 3
+§5+[2+In X+In(1-x)]+ 55,[2§+In(1—x)—lnx], (2.37
|
wher(\a/A the  Gegenbauer momgnts and cou;z)lings b —*a—d, , (3.1
n3,03",8, _ for K* at the scaleu’=1 Ge\? and u
=5 Ge\? can be found if15]. It turns out that the end- N
point behavior ofy{”) for K* is substantially modified and is b= T T (=)
very different from that of the asymptotic forteee Fig. 3 of
[14]). Take the BaBar measuremdii as an example :
Il. EXPERIMENTS ¢, =—0.17£0.17, d)HZZ.SO_F 0.22,
The angular analysis ofB*—J/yK** and B° =|H,|<[H_|, (3.2

—J/yK*? has been carried out by COB], CLEO[4], and

most recen_tly by thé factones BaBafs] and.BeIIe[G]. The .where the phases are measured in radians. The other allowed
three polarized amplitudes are measured in the transversi

basis with results summarized in Table IV below. Experi-%lu“on 1S

mental results are conventionally expressed in terms of spin
amplitudesA, , | normalized to unity|Aq|2+|A, |2+ |A|2 ¢, =-297£0.17,  ¢=—-2.50+0.22,
=1. S|r_1ce_ the_ me_aSl_Jre_ment of mten;erence terrr:s in the an- =[H,|>|H_|. 3.3
gular distribution is limited to Re§A}), Im(A, A}), and
Im(ALAﬁ‘), there exists a phase ambiguity,
3Note that there is a slight difference for the expressior‘g(l’bf)
==, in [15] and[14].
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As pointed out i 11], the solution(3.2) indicates tha#\ has
a sign opposite to that of, and hencegH . |<|H_ ’

PHYSICAL REVIEW D 65 094023

(MS) model based on the constituent quark pictizg and
the Isgur-Wise scaling laws based on the(3Uheavy quark

contradiction to what is expected from factorization. There-symmetry(YYK) so that the form factoA; is mostly flat,

fore, we will compare solutiorf3.3) with the factorization
approach. Obviously there is adg3effect thate is different
from 7 and this agrees with the CDF measurement. Hows
ever, such an effect is not observed by Belle and CL(E€2
Table IV). In Table IV, we will only list those amplitude
phases from solutiof.3).

The measured branching ratios are

B(BT—J/yK*™)
(13.7+0.9+1.1)x 10 * BaBar[5]
={(12.9-0.8-1.2x10°* Belle[6] (3.4
(14.1+2.3+2.4x10°* CLEO[4]
and
B(B°—J/yK*0)
(12.4£0.5+0.99 10 * BaBar[5]
={ (12.5+0.6=0.8)x10°* Belle[6] (3.5
(13.2£1.7+1.7)x10 % CLEO[4].

IV. NUMERICAL RESULTS

To proceed, we use the next-to-leading Wilson coeffi-

cients in the NDR schemld 6],
Cl:l.082, C2:_0.185, C3:0.014,

c,=—0.035, c5=0.009, cg=—0.041,

(4.1)
c;/la=—0.002, cg/a=0.054, Cola=—1.292,

Cio/a@=0.263, c4=—0.143,

at u= mb(mb) 4.40 GeV for A() vs=225 MeV taken
from Table XXII of [16], with « being an electromagnetic

A, is a monopole-type form factor, aiMdis a dipole-type
one[23]. The values of the form factors®", A" and

VBK" atq2=0 andg? =mj,,, in various form-factor models
are shown in Table II.

Among the eight form-factor models, only a few of them
are consistent with the lattice calculations at lagfe the
constraint fromB— ¢K* at low g2, and the constraint from
heavy quark symmetry for the form-factgf dependence.
The BSWI model assumes a monopole behavia., n
=1) for all the form factors. However, this is not consistent
with heavy quark symmetry for the heavy-to-heavy transi-
tion. The BSWII model takes the BSW model results for the
form factors at zero momentum transfer but makes a differ-
ent ansatz for theig? dependence, namely a dipole behavior
(i.e., n=2) is assumed for the form factofs;,Aq,A,,V,
motivated by heavy quark symmetry, and a monopole depen-
dence forFy,A;. However, the equality of the form factors

ABK" and ABX" at q2=0 is ruled out by recent measure-
ments of B— ¢K* decays [7]. Lattice calculations of

VBK* ABK" “and ABK" at largeq? [24] in conjunction with
reasonable extrapolation toq2=m§,¢, indicate that
VEX*(m3,,) is of order 0.70-0.80.

The parametera”(J/¢K*) defined by

ah(J/yK*)=ab+a)+al+al+al (4.4)

are calculated using E€R.18 and their results are shown in
Table 1ll. Since the penguin paramet<a§5,7’9 are small, in

practice we hava"~al). Note thatad anda, are indepen-
dent of the parametesy introduced in Eq.(2.33); that is,
they are infrared-safe. Sinde_ is quite small due to the

. * * L.
compensation between th§*" andVF*" terms and ;5 is
inversely proportional tch_, a~ becomes more sensitive

fine-structure coupling constant. For the decay constants, wibana® to the form-factor model chosen.

use

fyx=221MeV, f;,=405MeV, fg=190MeV, (4.2

and we will assumé\T,z fy for the tensor decay constant. For
LCDAs we use those in Sec. IlE and tiBemeson wave
function,

1 <

2

pihig

— 2
m
wp

, 43

@?@:NB?(l—F)Zexp[

with wg=0.25 GeV and\y being a normalization constant.
In the following study, we will consider eight distinct
form-factor models: the Bauer-Stech-Wird@SWI) model
[17,18, the modified BSW modelreferred to as the BSWII
mode) [19], the relativistic light-front(LF) quark model
[20], the Neubert-StectNS) model[21], the QCD sum-rule
calculation by Yand22], the Ball-Braun(BB) model based
on the light-cone sum-rule analydi$], the Melikhov-Stech

From the experimental measurement of spin amplitudes, it

is possible to extract the paramete$ in various form-
factor models. We use the averaged decay rB(8B
—J/yK*)=(5.34+0.23)x 10 16 GeV obtained from Egs.
(3.4) and(3.5) and the central values of the spin amplitudes
measured by BaBd5] as an illustration,

|Ao|?=0.597+0.028+0.024,

|A, |?=0.160+0.032+0.014, (4.5

|A||?=0.243£0.034+0.017.

Then a° can be determined frond' (B—J/yK*)=TI'(B

—JIYK*)x|Ay|? and likewise fora®. The results are
shown in Table Ill. It is evident that the “experimental” val-
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TABLE IIl. The calculated paramete'(J/yK*) (h=0,+,—) for B—J/yK* decay in QCD factor-

ization using various form-factor models for tBeK* transition. The experimental results faf(J/yK*)
are obtained using the averaged branching rati®-efJ//K* measured by BaBar, Belle, and CLEO in

conjunction with the central values of the BaBar measurement for the spin ampli@:@iﬁﬁz. Only the
central values oﬁgxm are shown here.

ao |’éO| expt :’;l+ |‘E§-+ |e><pt a_ |a_ | expt

BSWI 0.11-i0.06 0.19 0.16i0.05 0.18 —0.01+i0.05 0.06

BSWII 0.15-i0.06 0.25 0.14i0.05 0.15 —0.07+i0.05 0.14

LF 0.14-i0.06 0.25 0.19-10.05 0.23 —0.02+i0.05 0.07

NS 0.14-i10.06 0.25 0.1810.05 0.20 —0.03+i0.05 0.08

Yang 0.23-i0.06 0.43 0.2510.05 0.30 —0.16+i0.05 0.20

BB 0.12-i0.06 0.20 0.1410.05 0.16 —0.15+i0.05 0.23

MS 0.13-i0.06 0.22 0.14i0.05 0.16 —0.07+i0.05 0.14

YYK 0.09—-i0.06 0.16 0.13i0.05 0.15 —0.06+i0.05 0.12
ues of ah are p0|arization-dependenféo|>|a+|>|a_|, tive orbital angular momenturh=0,1,2 between]/lﬂ and
whereas the present QCD factorization calculation yieldd<* uniquely determine the spin angular momentum. Our re-
[at>[a%>a"|. sults are difficult to reconcile with the observation

Normalized spin amplitudes and their phases Bn |S|*:|D|*|P|?~3.5:1:1from recent Babar and Belle mea-
—J/yK* decays calculated in various form-factor modelsSurements.
using QCD factorization are exhibited in Table IV, where the ~There are several major theoretical uncertainties in the
unknown parametesy, in Eq. (2.33 is taken to be real and calculation:B-K* form factors, the twist-3 LCDAs ok* at
unity. For comparison, we also carry out the analysis in théhe scaleuy,, and the infrared divergences occurring in
partial wave basis as the phasesSpfP, andD partial wave  twist-2 and twist-3 contributions. It has been advocated that
amplitudes are the ones directly related to the long-rang&udakov form-factor suppression may alleviate the soft di-
final-state interactions. We see from Table V that the prevergencd25]. Hence, we have studied Sudakov effects ex-
dicted |A0|2, |D|2, and branching ratios are too small, plicitly and the detailed results will be presented in a future
whereag A, |>=|P|? is too large. It is also clear that a non- Publication. When partons in the meson carry the transverse
trivial phase¢, deviated from— is seen in some form- Momentum through the exchange of gluons, the Sudakov
factor models, but it is still too small compared to the BaBarSUPPression effect will be naturally generated due to large
measurement. Nevertheless, a large phses implied by ~ double logarithms exp- (aCe/4m)IN(QK?)], which will
BaBar can be achieved by adjusting the phase of the confiuppress the long-distance contributions in the sinalfe-
plex parametep,, but admittedly it is rather arbitrary. In gion and give a sizable averag(tkf)~AmB, where A
other words, the present QCD factorization calculation can=mg—mj,. This can resolve the singularity problem occur-
not say something definite for the phage. The partial ring at the end point. Basically, there is no Sudakov suppres-
wave decompositionS, P, andD corresponding to the rela- sion in the vertex correction since the end-point singularity

TABLE IV. Normalized spin amplitudes and their phages radian$ in B—J/#K* decays calculated in various form-factor models
using QCD factorization. The branching ratios given in the table ar@for:J/yK**. For comparison, experimental results from CDF,
CLEO, BaBar, and Belle are also exhibited.

|Aol? A, |2 A2 b1 b B(107)
BSWI 0.43 0.33 0.24 -3.05 —2.89 0.76
BSWII 0.38 0.36 0.26 3.13 -3.12 0.73
LF 0.41 0.34 0.25 -3.09 -2.95 0.69
NS 0.40 0.34 0.25 -3.10 -2.99 0.70
Yang 0.38 0.36 0.25 -3.12 -3.11 0.64
BB 0.41 0.34 0.25 -3.04 -3.05 0.77
MS 0.40 0.35 0.25 -3.08 -3.05 0.75
YYK 0.44 0.32 0.23 -2.99 -2.95 0.84
CLEO[4] 0.52+0.08 0.16-0.09 0.32-0.12 —3.03+0.46 -3.00+0.37 1.410.31
CDF[3] 0.59+0.06 0.13" 313 0.28+0.12 —2.58+0.54 —2.20+0.47
BaBar[5] 0.60+0.04 0.16-0.03 0.24-0.04 —-2.97+0.17 —2.50+0.22 1.37-0.14
Belle [6] 0.60+0.05 0.19-0.06 0.21-0.08 -3.15+0.21 —2.86+0.25 1.29-0.14
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TABLE V. Normalized partial wave amplitudes and their pha@asradiang in B—J/¢K* decays calculated in various form-factor
models using QCD factorization and fitted from the data, whise=arg(PS*),pp=arg(DS*), and there exists a phase ambiguitg

——¢p andpp— =7 ¢hp.

|SI? |PI? IDJ? ¢p $o

BSWI 0.60 0.33 0.07 —0.04 2.75
BSWII 0.60 0.36 0.04 0.02 3.10
LF 0.60 0.34 0.06 -0.05 2.80
NS 0.60 0.34 0.06 -0.05 2.86
Yang 0.59 0.36 0.05 0.002 3.07
BB 0.60 0.34 0.06 0.05 2.99
MS 0.60 0.35 0.05 0.01 2.97
YYK 0.60 0.32 0.08 0.05 2.85
CLEO[4] 0.77+0.19 0.16-0.09 0.070.03 0.04-0.59 2.9-0.59
CDF[3] 0.61+0.34 0.13°3%3 0.26x0.20 0.10-0.34 2.17-0.34
BaBar[5] 0.65+0.13 0.16-0.03 0.19:0.10 —0.13+0.21 2.44:0.21
Belle [6] 0.66+0.14 0.19-0.06 0.15-0.03 —0.14+0.29 2.80:0.29

in the hard kernel is canceled in the convolution. Howeverneously) This is mainly ascribed to the smallnessagf It is
for the hard spectator interaction, we can have large Sudakgustryctive to comparag(J/¢K*) in B—J/¢K* decay with
suppression effects at the end point since there are Siza%(J/lpK) in B—J/yK. It is found in [8] that a,(J/yK)

(k?) contributions in the propagators. Especially, the end-_ 19014 to; lpyl=1 and that twist-2 as well as twist-3

. . I .. . h k d . h 0.12
point singularities withoutk, do not compensate In the p,q gpectator interactions are equally important. As for

twist-3 contributions. We find thaﬁg is suppressed whereas a%(Jh/;K*), it is dominated by twist-2 hard spectator inter-
a, is enhanced by the Sudakov effect, and we conclude thaictions. We have studied Sudakov form-factor suppression
Sudakov suppression cannot help to solve the discrepan@h end-point singularities and found that it does not help to
between theory and experiment. solve the discrepancy between theory and experiment.
Since the predicted$ in QCD factorization is too small

compared to experiment, one may explore other effects that
have not been studied. One possibility is that soft final-state
The hadronic decap—J/yK* is analyzed within the interactions(FSIs may enhance$ substantially{27]. A re-

framework of QCD factorization. The spin amplitudas, cent observation oB%— D2*) 70 decay by Bellg[28] and
A, andA, in the transversity basis and their relative phases| EQ [29] indicatesa,(D*))~0.40—-0.55 much larger
are studied using various different form-factor models for thethan the naive value of order 0.25. It is thus conceivable that
B-K* transition. The effective parametea§ for helicity h  some sort of inelastic FSIs could make substantial nonpertur-
=0,+,— states receive different nonfactorizable contribu-pative contributions t@. The other possibility arises from
tions and hence they are helicity-dependent, contrary to Nahe gluon component in thé* wave function. Consider the
ive factorization, Whereag are universal and polarization- diagram in which one of outgoing charmed quarks emits a
independent. QCD factorization breaks down even at th@ard gluon before they form th& ¢ meson and the gluon
twist-2 level for transverse hard spectator interactions. Alfragments into a parton of th&* meson. Neglecting the
though a nontrivial strong phase for the amplitude can be charmed quark mass, because the charmed quark’s helicity is
achieved by adjusting the phase of an infrared divergent corconserved in the strong interaction, this gluon has zero he-
tribution, the present QCD factorization calculation cannoticity, i.e., it is longitudinally polarized. Following the same
say anything definite about the phagge. In QCD factoriza-  argument right after Eq(2.2), the hybridK* will make a
tion we found thag) anda, are infrared safe. contribution toH, andH . . Although this amplitude is sup-
Unfortunately, our conclusion is somewhat negative. Thepressed by order ol ocp/my, owing to the presence of an
longitudinal parameteag calculated by QCD factorization, additional propagator compared to the leading diagram, it is
which is of order 0.15 in magnitude, is not large enough toenhanced by the large Wilson coefficientand hence can-
account for the observed decay rates and the fraction of lomot be ignored. A similar mechanism can also give a contri-
gitudinal polarization. In QCD factorization, the rat®of  bution to theB—J/#K mode but it is difficult to make a
vector meson to pseudoscalar production is close to unitguantitative estimate since the chirally enhanced twist-3 con-
with large uncertainties arising from the chirally enhancedtribution is still quite uncertain. Good candidates to search
and infrared-sensitive contributions Bo—J/¢K [8]. (Inthe  for evidence of this effect ar8— p°p°, p°w,ww. Without
naive factorization approacR ranges from 1.3 to 4.26],  taking into account the hard gluon emission, the branching
but it is difficult to account forR, I', /T", and|P|? simulta-  ratios of these decays which are color-suppressed and domi-

V. DISCUSSIONS AND CONCLUSIONS
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nated byb—d penguin contributions are of order 10  =./A,m, for hard spectator interactiondii) Unlike NP, we
[30,31,7. Nevertheless, they can receive large contributionsdid not consider the higher twist expansion for thig wave
proportional toc, at the amplitude level, from the hard gluon function. The twist expansion of LCDAs is applicable for
emission mechanism so that the branching ratios becomgyht mesons but it is problematic for heavy mesons such as
107°-10°°. J/ . Note that although twist-3/¢ contributions to hard
Note addedWe learned of the paper by X.S. Nguyen andspectator interactions were considered by NP, they did not

X.Y. Pham(NP) (Ref.[32]) in which a similar analysis in  cqnsistently compute the twist-3 effectsI) in vertex cor-

QCD factorization was carried out. However, their results

differ from ours in some aspectS) There are some discrep-
ancies between Eq$2.20—(2.22) in the present paper and
Egs.(36) and(37) of NP. Also the expression &, given by
Eq. (39 of NP originally derived in 7] is valid only for two

light vector mesons in the final state. It will undergo some

modifications for heavyd/ . It should be stressed that Eg.

rections.
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