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Helicity conservation in inclusive nonleptonic decayB\VX:
Test of the long-distance final-state interaction

Mahiko Suzuki
Department of Physics and Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720

~Received 31 May 2002; published 30 September 2002!

The polarization measurement in inclusiveB decay provides us with a simple test of how much the long-
distance final-state interaction takes place as the energy of the observed meson varies in the final state. We give
the expectation of perturbative QCD for the energy dependence of the helicity fractions in a semiquantitative
form. Experiment will tell us for which decay processes the perturbative QCD calculation should be applicable.
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I. INTRODUCTION

It is of crucial importance to know how much long
distance final-state interaction~LDFSI! occurs inB decay. If
LDFSI plays a significant role, we have no first-princip
method to compute the decay amplitudes. Arguments h
been presented in favor of short-distance~SD! dominance for
the two-body decay in which a fast quark-antiquark p
moves almost collinearly in a colorless lump. Based on t
color screening picture@1#, a perturbative QCD computatio
has been carried out for two-bodyB decay@2,3#. Even if the
SD dominance argument is valid in the infiniteB mass limit,
a quantitative question exists about the accuracy of the
turbative QCD calculation since theB meson mass is only
5.3 GeV in the real world. When the final mesons are hig
excited states, the velocities of the mesons are less fast
the quarks inside them have larger transverse momenta
expect that the SD dominance will be accordingly less ac
rate in such decays. In the large limit of the excited mes
mass, the LDFSI should play a major role in determining
final state. We would like to verify experimentally the S
dominance in the two-body decay and see how the SD do
nance disappears as the meson slows down in the inclu
decay.

One of the cleanest ways to test the breakdown of
dominance or presence of LDFSI directly with experimen
to measure the helicity of a fast flying meson in the fin
state@4#. Since SD interactions do not flip helicities of ligh
quarks (u,d,s), a fast light meson carries a memory of th
quark helicities if no LDFSI enters. Because of the spec
form of the weak interaction in the standard model, a f
light meson with spin must be polarized in the zero helic
state up toO(1/MB

2) in probability, when other hadrons fl
away approximately in the opposite direction. One can de
mine theh50 fraction of the meson by measuring the ang
lar distribution of its decay products. In fact, this selecti
rule is so robust that it will be valid even if the right-hand
W boson contributes to weak decays. It breaks down m
likely by LDFSI, if at all.

Imagine that such a polarization measurement is made
the inclusive decayB→rX in which X is a highly excited
meson state (q̄q) or a multiquark hadronic state. As the in
variant massmX increases, it becomes more likely th
LDFSI takes place betweenr and X. If so, we shall start
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seeing production of ther meson in theh561 states. By
measuring ther helicity as a function ofmX

2 or equivalently
as a function of ther energy in theB rest frame, we can
determine from experiment how much LDFSI enters the
cay asr slows down or how much the color screening brea
down.

For the two-body decay, the polarization measuremen
possible only when both final mesons have nonzero sp
for instance,B→1212. Meanwhile, most decay modes th
are easily identifiable and high in branching fraction areB
→0202 and 1202. Nonetheless, the polarization test w
have a direct impact on these dominant decay modes of thB
meson in the following way. In charmlessB decay, the two-
body decaysB→pp andrp are among the decay modes
primary interest from the viewpoint ofCP violation. If our
proposed test reveals that theh50 state dominates inB
→rr,rv, and so forth, we shall feel more confident in com
puting the tree and penguin amplitudes ofB→pp,rp in
perturbative QCD. If on the contrary theh50 dominance is
substantially violated inB→rr,rv, we should not trust the
perturbative method of calculation forB→pp,rp. In this
case the only recourse would be to determine theB→pp
amplitudes by experiment alone@5# without help of theoret-
ical computation. And little could be done forB→rp with
isospin invariance alone. The test proposed here is not
inventing a new method of calculation of decay amplitud
but for learning from experiment for which decay modes
may perform the perturbative QCD calculation.

II. KINEMATICS OF B\VX

We consider the inclusiveB decay into a vector mesonV
of JP512:

B~P!→V~q,h!1X~pX!→~k1!1b~k2!1X~pX!, ~1!

wherea andb are spinless decay products ofV (mbÞmb in
general!. Here we haveB→rX, K* X, andfX in mind. The
inclusive decay rate is written in the covariant form as

4~2p!6k10k20

dG

d3k1d3k2

5(
i j

E d3q

4~2p!3q0P0

gab
2

2mVGV
~2p!4d4~k11k22q!

3~e i•k12k2!~e j* •k12k2!e i
m* Tmne j

n , ~2!
©2002 The American Physical Society18-1
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whereGV is the decay width ofV, gab is the decay coupling
constant ofV defined byLint5 igab(fa* ]m

Jfb* )Vm, and the
subscript of the polarization vectore refers to three helicity
states ofV. The covariant tensorTmn is the inclusive struc-
ture function defined by

Tmn~mX
2 !54q0P0(

X
~2p!4d4~q1pX2P!

3^B~P!uHintuV~q, j !X&^V~q,i !XuHintuB~P!&,

~3!

where the states are normalized as^pup8&5(2p)3d(p2p8)
without 2Ep . The general tensor form ofTmn is

Tmn52gmnA~mX
2 !1

1

MB
2

PmPnB~mX
2 !

1
i

MBmV
«mnklPkqlC~mX

2 !, ~4!

where mX
25(P2q)2 and the antisymmetric unit tensor

defined as«0123521. The scalar structure functionsA–C
are the absorptive parts of the analytic functions of the v
ablemX

2 that are regular except on the segments of the
axis in the complexmX

2 plane if V is treated as~approxi-
mately! stable. In particular,A–C are nonsingular (Þ`) in
the physical region of the decay.

The helicity amplitudesHh for B→VhX in the B rest
frame can be expressed in terms ofA–C as

H05A1
q2

mV
2

B,

H615A7
uqu
mV

C. ~5!

In contractingTmn with e, we must not make the approx
mationem(q).qm/mV as we often do in the exclusive two
body decayB→V1V2 where gmne1

m
•e2

n.(q1•q2)/m2, be-

cause gmnem* en521 while gmnqmqn/mV
2511 in the

inclusive decay kinematics.
Carrying out the summation over the helicities in Eq.~2!

with Eq. ~4!, we obtain the differential decay rate with re
spect to the direction ofk1 and the energy ofV. The result is

dG~B→VX→abX!

dq0d cosu U
B at rest

5
gab

2 uquukcmu3

32p3mV
2GV

FA~mX
2 !1

P2

MB
2

B~mX
2 !cos2uG ,

~6!

whereq0 is the energy ofV in the rest frame ofB, which is
related tomX by mX

25MB
21mV

222MBq0 so that dG/dq0

52MBdG/dmX
2 , kcm is the momentum ofa in the rest frame

of V, P is the momentum ofB measured in the rest frame o
05401
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V, andu is the angle ofkcm measured from the direction o
P, namely, (P•kcm)5uPuukcmucosu.

We make two remarks on Eq.~6!. Since the decay prod
ucts a and b are spinless, the structure function of theV
→ab decay, gab

2 (k12k2)m(k12k2)n, is symmetric under
m↔n so that the functionC(mX

2) does not enter the differ
ential decay rate. This means according to Eq.~5! that we
cannot separate theh521 decay from theh511 decay in
this process. In order to distinguish betweenh561, we
would have to choose a decay in whichJÞ0 for a or b and
measure the helicity ofa or b through its decay. For instance
the triple productq•(k13k18) in the sequence of decaysB
→a2(q)X→p(k1)r(k2)X→p(k1)p(k18)p(k28)X contains
such information.1 The other comment is on the slow limit o
V. In the limit of q→0 in Eq. ~5!, distinction among three
different helicity states ofV disappears for an obvious reaso
and all helicity functionsHh (h51,0,21) are given by
A(mX

2) sinceB(mX
2) andC(mX

2) stay finite there:

H11H21→2H0 , H12H21→0 as q→0. ~7!

In this limit only theA(mX
2) function survives in the differ-

ential decay rate of Eq.~6!, as we expect, sinceq→0 means
P→0.

Finally, let us express the differential decay rate in ter
of Hh , noting that uPu/MB5uqu/mV by the transformation
between theB rest frame and theV rest frame. The result is

dG~B→VX→abX!

dq0d cosu U
B at rest

5
gab

2 uquukcmu3

32p3mV
2GV

FH0 cos2u1
1

2
~H11H21!sin2uG .

~8!

We are able to separate the longitudinal (h50) and trans-
verse (h561) polarization decay with the angular distribu
tion of Eq.~8!. Experiment will show us how theh50 domi-
nance goes away asmX increases in the inclusive decayB
→VX. If the transverse polarization appears beyond the c
rections to be discussed in the subsequent sections, it wi
clear evidence for LDFSI.

III. LONGITUDINAL POLARIZATION DOMINANCE

For the weak interaction of the standard model, the ze
helicity function H0 should dominate over all otherHl for
smallmX , if the strong interaction corrections are entirely
short distances except at hadron formation. We explain
rule for two-body decays@4#, discuss the mass and orbit
motion corrections to the rule, and extend it to the inclus
decayB→VX. Our argument is based on the standard
sumptions made in the perturbative calculation including

1Such a measurement was actually proposed to determine the
ton helicity in B→gK1→gKpp @6#. The strong phases due to th
overlapping resonances are needed to detect the triple produc
8-2
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light-cone formulation of mesons inq̄q. The helicity selec-
tion rule should break down for sufficiently large values
mX . The value at which the rule starts showing a signific
departure from theh50 dominance will provide us with a
quantitative measure of the accuracy of the perturba
QCD calculation. We first discuss charmless decay and t
move on to decays with charm.

A. Meson helicity and helicities ofq̄q

In nonleptonicB decay a pair ofq̄q is produced by weak
interaction nearly in parallel to form an energetic meson.
the case of a vector meson (3S1), we may approximate the
q̄q pair as literally in parallel by ignoring the tiny3D1 com-
ponent. For excited mesons such asJP521(3P2), the trans-
verse motion ofq and q̄ must be taken into account. Th
gives rise to an orbital angular momentuml betweenq andq̄
as well as to the meson mass. This angular momentum is
of the meson spin. By simple kinematics, however, the s
of l z50 dominates over all others when a meson moves f
That is, to lowest order we may leave out the orbital mot
of q̄q inside a meson even for an excited meson state w
lÞ0. Let us make this statement quantitative.

In the classical picture, the orbital angular momentu
vector is squashed into the plane perpendicular to the me
momentum when a meson moves fast. To see it in quan
theory, let us expand the plane waveeip•r of a quark in
spherical harmonics forp off the direction of the meson mo
mentumq5uquẑ. Defining the directions of the vectors as

r5r ~sinq cosw,sinq sinw,cosq!,

p5upu~sinq8cosw8,sinq8sinw8,cosq8!,

r̂•p̂[ cosg. ~9!

We obtain by use of the well-known formulas the expans
of the plane wave in the form

eip•r5(
l

~2l 11!i l j l~ upur !Pl~cosg!,

54p(
l

i l j l~ upur ! (
m52 l

l

Ylm* ~q8,w8!Ylm~q,w!. ~10!

Treating q8.upTu/upu as small, we expandYlm* (q8,w8)
aroundq850. Then Eq.~10! turns into

eip•r.(
l

A4p~2l 11!i l j l~ upur ! (
m52 l

l
~21!m1umu

2umuumu!

3A~ l 1umu!!
~ l 2umu!!

e2 imw8q8umuYlm~q,w!. ~11!

In the sum overl z ~denoted bym above!, the amplitudes of

l zÞ0 are suppressed byq8u l zu.( 1
2 mT /E) u l zu wheremT stands

for the transverse meson mass (.A2
3 3 meson mass!. Re-

peat the argument forq̄. Projecting theq̄q state with the
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quark distribution function of the meson, we find that t
meson helicity consists entirely of the quark helicityhq
1hq̄ in the fast limit. The contribution of thel zÞ0 states

generates a correction ofO@( 1
2 mT /E) u l zu# in the amplitude

for an excited meson and a multimeson state.

B. Helicity selection rule; charmless decay

The fundamental weak interaction is dressed or impro
into the effective decay operators by the renormalizat
group down to the scalemb . In the standard model, th
chiral structures of the decay operators relevant to the cha
less decay are (bLqL)(qLqL)1H.c. and (bLqL)(qRqR)
1H.c., whereq stands for the light quark. The short-distan
interaction below the scalemb does not generate any ne
chiral structure. It can addqLqL1qRqR through quark pair
emission by a hard gluon. The chirality of the specta
quark is indefinite so that it can be in either helicity1 1

2 or
2 1

2 when it forms a meson.
Let us start with the two-body charmless decayB→VM

(J>1 for M too!. When one ofV andM is formed withqL̄qL

or with qR̄qR , this meson is in theh50 state. The angula
momentum conservation along the decay momenta in thB
rest frame requires that the helicity of the other meson m
also be zero~Fig. 1a!. ThereforeH0 dominates in this case
Alternatively, with (bL̄qL)(qR̄qR), if qL̄qR(h511) is com-
bined to form one meson, the other meson must be mad
the spectatorqspec andqR̄(h52 1

2 ). Then the net helicity of
the second meson can be only 0 or21, which does not
match the helicityh511 of the first meson~Fig. 1b!. There-
fore the only two-meson state compatible with the helicit
and the overall angular momentum conservation
Vh50Mh50. This argument is valid only in the limit that th
masslessq and q̄ move strictly in parallel and there is n
relative motion between them inside the meson.

C. Mass corrections

The relative motion ofqq̄ generates a correction to th
helicity selection rule. Since the motion of light quark
makes up the entire mass of a nonflavored meson, this

rection should beO(upTu/E)5O( 1
2 m/E) in amplitude,

wherem is the meson mass andE' 1
2 MB for two-body de-

FIG. 1. The quark helicities in the two-bodyB(b̄q) decay.L (L̄)

andR (R̄) denote left and right chiral quarks~antiquarks!, respec-
tively. The spectator quarkqspec is denoted byS. The arrows rep-

resent the dominant spin directions.~a! The case ofb̄→qL̄qLqL̄. ~b!

The case ofb̄→qL̄qRqR̄.
8-3
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cays. When either mass ofV andM is large, the correction is
large and the accuracy of the rule is reduced accordingly.
us examine this correction.

In the case of theB(b̄q) meson decaying through th

interaction (bL̄qL)(qL̄qL), the quarks in the final state ar

qL̄qLqL̄qspec where qspec stands for the spectator. Theh

511 state of the meson (qL̄qL) can arise from a smal
opposite helicity component of a singleqL while h511 is

allowed for the other meson (qL̄qspec) because of the indefi
nite helicity of qspec. On the other hand, formation of th
h521 meson state requires small opposite helicity com

nents of twoq̄L’s, one inV and one inM ~Fig. 1a!. Conse-
quently,H1 arises as a first-order correction whileH21 can
arise only as a second-order correction. The same conclu

follows whenB decays through (bL̄qL)(qR̄qR) ~Fig. 1b!. If
we define the longitudinal and transverse fractions of helic
decay rates by

GL5
H0

H11H01H21
, GT512GL , ~12!

the mass corrections are expressed asGT5O(m2/MB
2) and

GL512O(m2/MB
2) in the case of the two-body deca

B(b̄q)→VM @4#.2 Here m is the mass of the meson whic
does not receive the spectator quark or its descendant.
reason is obvious from the preceding argument: It is the

son formed by the energeticq̄q originating from the effective
decay interaction that primarily determines the helicity sta
since the helicity of the other side that receives the spect
has a twofold uncertainty due to the indefinite spectator
licity. The helicity of the meson carrying the spectator
constrained by the overall angular momentum conservat
In the case of theB̄(bq̄) meson, the mass corrections toH1
andH21 are interchanged in the same argument.

We should recall that there is also thel zÞ0 correction of
O(m2/MB

2) in probability in the case that a meson hasl
Þ0. This correction contributes toH1 andH21 in the same
order, namelyq2. In terms ofGT}H11H2 the correction
takes the same form for excited mesons.

It is easy to see here that theh50 dominance holds eve
if the right-handed current enters the weak interaction. O
H1.H21 or H21.H1 in the mass correction depends o
V2A or V1A. In order to violate theh50 dominance, we
would need such an exotic weak interaction asb

→qLqR̄qL . If the h50 dominance breaks down, therefor
the most likely source is LDFSI.

2Such a mass correction can be seen in theU(6)3U(6) model
calculation of the charmless decayB→1212 by Ali et al. @7#.
Chenget al. recently referred to this correction in their improve
factorization calculation ofB→J/cK* @8#. Many other model cal-
culations in the past based on the factorization, however, do
follow this pattern of mass corrections since vector and axial-ve
form factors were introduced without chiral constraints.
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D. Inclusive charmless decay

The argument in the preceding section can be imme
ately extended to the inclusive decayB→VX in the case that
X is described as excitedqq̄ states. When aqq̄ pair is created
almost collinearly by a hard gluon and turnsX into a qq̄qq̄

state, the added pairqL̄qL or qR̄qR has net helicity zero and
does not contribute to the helicity ofX ~Fig. 2a!. In this case
the previous argument of theh50 dominance is unaffected
It can happen alternatively that the hardq and q̄ are emitted
back to back. Imagine, for instance, thatqR entersV andqR

goes intoX so thatV;qL̄qR andX;qR̄qLqL̄qspec ~Fig. 2b!.
Then the net helicities areh511 for V andh50,21 for X,
so the additional hard pair ofq̄q cannot realize
Vh561Xh561. We can easily see that the helicities ofV and
X do not match forh561 even whenV receivesqspec. The
only helicity final state compatible with the overall angul
momentum conservation is stillVh50Xh50 in the collinear
limit. Therefore, the preceding argument for the two-bo
decay B→VM is carried over to the inclusive decayB
→VX.

However, the collinear quark limit becomes a poor a
proximation asmX increases in the inclusive decay. Th
transverse quark momentapT in X become large with respec
to pX so that the corrections grow withmX . The mass cor-
rection depends on whether the spectatorqspecentersV or X.
For the same reason as in the two-body decay, the final
licity state is determined primarily by the meson~V! or the
group of mesons~X! that does not receiveqspec of indefinite
helicity. Making an appropriate substitution in the mass c
rections for the two-body decay, we obtain, formX@mV,

~12GL!mass'
mV

2MB
2

~MB
22mX

2 !2
~qspecin X!, ~13!

~12GL!mass'
mX

2MB
2

~MB
21mX

2 !2
~qspecin V!.

The right-hand sides indicate the orders of magnitude. I
difficult even within perturbative QCD to compute their c
efficients with good accuracy since they depend on the qu
distributions inside mesons and other details. The coe
cients are highly dependent on individual decay mod
Nonetheless, the rise ofGT with mX

2 , particularly in the case
that X is produced without the spectator, is an importa

ot
r

FIG. 2. The helicities in the inclusiveB(b̄q) decay where an

additional hard pair ofq̄q is produced and leads to the final sta

q̄qq̄qq̄qspec.
8-4
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trend. It simply means that the ‘‘small opposite helicity com
ponent’’ of O(mX /EX) ceases to be small whenmX becomes
large.

The orbital motion insideX is not restricted tol 50.
Thereforel z of X can make up for violation of the overa
angular momentum conservation whenV is formed with
qL̄qR (h511) or qR̄qL (h521). In terms of the helicity
fraction, thel z correction toX generates the leading corre
tion that grows rapidly withmX :

~12GL! l z
'

mX
2mB

2

~MB
21mX

2 !2
. ~14!

WhenGT512GL becomes a substantial fraction of unit
LDFSI is clearly important.3 As mX approaches the kinemat
cal upper limit corresponding toq50, GL should reach 1/3
according to the limiting behavior of Eq.~7!:

GL→1/3 asmX→mmax. ~15!

Future experiments on the inclusive decay will determineGL

as a function ofmX interpolating between 12O(mV
2/MB

2)
and 1

3 , as sketched qualitatively in Fig. 3. We should keep
mind that the corrections presented here are the expect
based on perturbative QCD. It is only a theoretical predict
which should be tested by experiment. While the helicity t
of the charmless decay is of primary interest, no experim
tal data exist onGT,L for any charmless decay mode
present.

One problem exists in performing an inclusive measu
ment of the charmless decayB→VX. One has to make sur
that X does not contain charm or hidden charm. Since
charmless decays are therare decays, the region above th
charm threshold formX is overwhelmed by the background
which is much higher in branching. In practice, the char

3It is possible thatX consists of a widely separated pair of meso
interacting only through SDFSI. In this case, the final state i
three-jet state and the decay may be a SD process calculab
perturbative QCD formB→`. However, such a contribution is sup
pressed byO(as /p) and not expected to be a significant portion
the inclusive decay. One should be able to check by actually ex
ining the final states whether this is the case or not.

FIG. 3. The qualitative behavior ofGL againstmX
2 . While GL

51/3 atmX5mmax is a kinematical constraint, the behavior ofGL

near the small end ofmX is only the expectation of perturbativ
QCD.
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less inclusive decay will be analyzed only in the region se
rated from the charm background by kinematics, that is,

mX,mD. ~16!

AbovemD , the dominant process isB→VXc̄ whereXc̄ con-
tains an anticharmed meson. Fortunately, Eq.~16! is the mass
range where many interesting results will be extracted fr
the charmless decay. For the decays intoXc̄ , the helicity
selection rule holds in a manner almost identical to that
charmless decay. We shall see that the Fig. 3 applies tB
→VXc̄ as well. Therefore, separate tests of the rule will
possible withB→VXc̄ in the range abovemX5mD .

As for V, reconstruction ofr from pp may encounter an
excessive combinatorial background. If this happens,f will
be a clean alternative forV in the environment of the BaBa
and Belle experiments.4 As a last resort, we can work o
fully reconstructedB events with reduced statistics.

IV. DECAY INTO CHARMED X OR CHARMED V

We extend the argument for the charmless decay to
charmed meson production decayB→VXc̄ andB→Vc̄X. We
ignore here the small contribution from the penguin-ty
processes for this class of decay. WhenV is formed without
involving the spectator,V carriesh50 of qL̄qL up to the
small mass correction given by the first line of Eq.~13!. The
h50 dominance remains true even when an extraq̄q pair is
produced: Imagine, for instance, thatqR̄ andqR are produced
secondarily by a hard gluon and enter bothV and X. Then
V5qL̄qR andX5cL̄qLqR̄qspec can satisfy the overall angu
lar momentum conservation only with the help ofl z511 or
the opposite component ofqL or qR̄. In the case ofV
5qR̄qL andX5cL̄qRqL̄qspec, both l z521 and the opposite
helicity of cL̄ are needed.5 In the two-body decay whereXc̄ is
D̄* ( l 50) andqspec entersD* , therefore, the correction to
the h50 rule is dominated by the mass correction toV,

12GL'
mV

2MB
2

~MB
22mX

2 !2
. ~17!

This correction will apply toB0/B̄0→r6D* 7 since the
quark distribution function disfavors formation ofr6 with
the spectator. Because of the large branching, experim
have already measured the helicity fractions with good ac
racy for the two-body decayB0/B̄0→r6D* 7 many years
ago. The experimental result was in agreement with thh
50 dominance@9#:

GL50.9360.0560.05. ~18!

The deviation from unity ofGL is consistent with the mas
correction ('0.03) that we expect from Eq.~17!. Even when
Xc̄/c is a higher state oflÞ0, the correction to theh50 rulea
by

-

4The author owes thanks to R. N. Cahn for this remark.
5The opposite helicity content ofcL is larger, (mc

21pT
2)1/2/Ec in-

stead ofupTu/Ec .
8-5



r-
:
th
ca

e

rg

ed

re
:
c

to

e

-

o

uc
s
,

m

in

e

b-

r

nt,
ur-

ing

ays
-

e-

m-

ve

s

e

,

be-
o

MAHIKO SUZUKI PHYSICAL REVIEW D 66, 054018 ~2002!
is determined byr6 and grows rather slowly withmX ac-
cording to Eq.~17! sinceqspec entersXc̄/c in the dominant
process ofB0/B̄0→r6Xc̄/c .

The correction is a little different for the so-called colo
disfavored decays. TakeB0(b̄d)→r0D̄* 0 as an example
The r0 meson must be formed with the spectator when
decay occurs through the dominant operator for this de
The final helicity is constrained byD* 2 and the correction is
12GL'mX

2MB
2/(MB

21mX
2)2. Therefore we expect that th

correction is larger inB0→r0D̄* 0 than inB0→r1D* 2:

GT~B0→r0D̄0!.GT~B0→r1D* 2!. ~19!

The recent measurement@15# of the factorization-disfavored
two-body decaysB0→D̄ (* 0)X0 (X05p0,v,h) seems to
show that the branching fractions for these decays are la
than their lowest-order perturbative QCD calculations@2#.
The helicity analysis ofB0→r0Xc̄

0 and K* 0Xc̄
0 will help us

toward better understanding of how much LDFSI is involv
here.

Let us move to the other inclusive measurement whe
charmed meson is identified instead of a light mesonB

→D̄* X. There is an experimental advantage in reconstru
ing D̄* through its soft decay intoD̄p. The D̄* meson can
be formed with or without the spectator. With the specta
(D̄* 5cL̄qspec), the accuracy of theh50 dominance is con-
trolled by the helicity ofX, which is determined byqL̄qL ,
qL̄qLqL̄qL , qL̄qLqR̄qR , . . . . The correction is given by th
second line of Eq.~13! and grows rapidly withmX . On the
other hand, whenX receives the spectator,X5qL̄qspec,
qL̄qspecq̄q, . . . can be in eitherh511 or 0 with a 50/50
chance. Then it isD̄* 5cL̄qL that determines the final helic
ity. The dominant helicity is againh50 and the correction is
given by the first line of Eq.~13!, but the magnitude is large
because of the larger opposite helicity content incL̄.

Finally we comment on the decaysB→VXc̄c andVc̄cX. A
pair of c̄c is produced by weak interaction and forms one
charmonia or turns intoD̄ (* )D (* ). V is most likely formed
with the spectator since little phase space is left for prod
tion of a fast pair ofq̄q. In this case, the helicity content i
determined bycL̄cL . SincecL and cL̄ are heavy and slow

the opposite helicity content ofO( 1
2 mc̄c /Ec̄c) does not give

an accurate estimate. Nonetheless, let us stretch for the
ment the mass correction formula forGT such that the coef-
ficient in front be adjusted to give the kinematical constra
GT5 2

3 at the maximum value ofmX . Then the prediction on
GT would be

GT.
8

3
3

mc̄c
2

MB
2

~MB
21mc̄c

2
!2

, ~20!

wheremc̄c is the invariant mass of all hadrons butV. Xc̄c is
most likely one of charmonia. Detailed measurements w
made for the helicity content ofB→J/cK* . For this decay
mode, Eq.~20! gives a ‘‘correction’’ ofGL.0.49. The latest
05401
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result of the helicity analysis by BaBar@10# can be expressed
as

GL50.59760.02860.024, ~21!

which is not far from 0.49. However, the agreement is pro
ably fortuitous since the Lorentz factorg of J/c is only 1.12
in this decay.

In the decayB→J/cK* , the K* meson moves withg
.2. If we make the approximation ofK* being fast,
K* (sL̄qspec) can be only in helicity11 or 0, not in21.
ThereforeH21.0 is predicted forB→J/cK* if one as-
sumes perturbative QCD forK* . The transversity angula
analysis @10# allows two solutions, H1@H21 and H1
!H21, but cannot resolve the twofold ambiguity. At prese
experiment still does not exclude the possibility that pert
bative QCD is applicable to the light meson side (K* ) of the
decay.6

The Belle Collaboration recently measured the branch
fraction for the factorization-suppressed decayB→x0K @15#
at a level comparable with the factorization-favored dec
B→hcK, J/cK, andx1K. It shows that the simple factor
ization clearly fails in the decayB→ charmonium.

The decayB→D̄* D* is being analyzed at theB factories.
The branching fraction was reported forD* 1D* 2 @16#. Af-
ter accumulation of more events, helicity analysis will b
come feasible. Comparison of this decay withB→J/cK*
may provide additional useful information about the dyna
ics in b→cc̄q.

V. HIGHER SPIN „JÐ2…

A helicity test can be performed for higher-spin inclusi
processesB→MX→abX with J>2 for M. For J50 for a
andb, the differential decay rate in theB rest frame takes the
form

dG

dq0d cosu
}uqu (

l52J

J

Hl~mX
2 !udl,0

J ~u!u2, ~22!

wherel is the helicity ofM. The momentumq and the angle
u are defined in the same way as in Eq.~6!. In the case of
JÞ0 for a and/or b, an additionall dependence enter
through the decayM→a1b. The dominant helicity struc-
ture function isH0 and thenH61 for both B and B̄ decays,
since thel z correction toM contributes toH1 andH21 in the
same order. If perturbative QCD is valid, the functionHl

with ulu>2 cannot arise without thel z correction.Hh with

6Following earlier experimental papers@11#, the BaBar analysis
@10# quotes only one solution,f i2f'.p, which would lead to
H1!H21 in the ordinary sign convention chosen in Ref.@12#. It
might look as if the BaBar result were in direct conflict with th
prediction of perturbative QCD forK* . In fact, the other solution
f i2f'.0 leading toH1@H21 is also allowed by this experiment
although not explicitly quoted as such@13#. Therefore no conclu-
sion can be drawn from this experiment as to which is larger
tweenH1 and H21 in B→J/cK* . The same comment applies t
the latest Belle analysis@14#.
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uhu>2 beyond thel z correction will be clear evidence fo
LDFSI. As mX tends to its maximum value,GL should ap-
proach 1/(2J11). In the decayB→ f 2X→ppX, for in-
stance, the angular dependenceud620

2 u25 3
8 (12cos2 u)2 ap-

pears asf 2 slows down. The appearance of (12cos2 u)2

indicates that the orbital angular momentum ofq̄q inside f 2
becomes important in theB rest frame. One might think o
attributing the appearance ofuhu>2 to possible breakdown
of the q̄q description off 2. But it is unlikely in the face of
the static quark model: theq̄q description of low-lying me-
sons works well both in the infinite momentum limit and
the static limit, albeit the physical nature of quarks is diffe
ent between the two limits. Asq→0, all l z states off 2 are
equally produced andGL should approach 1/5.

VI. COMPARISON WITH OTHER TESTS

Various tests have so far been proposed concerning
validity of the factorization. The most straightforward is
compute as many decay amplitudes as possible with the
ical resources at hand. In some simple cases we are fortu
to have only a single dominant decay process in the fac
ization limit. An example isB0→D2p1. Otherwise the de-
cay amplitude for a given process is the sum of the com
ing contributions of more than one decay process. O
short-distance QCD corrections are included, the quark
erators producing mesons are nonlocal. Then we nee
know not only the decay constants, namely, the wave fu
tions at the origin, but also the entire light-cone quark dis
bution functions in order to obtain a single decay amplitu
Furthermore, the relevant energy scale of the QCD coup
as(E) can take different values depending on how and wh
it appears. Therefore the final number for the total de
amplitude is sensitive to small theoretical uncertainties
each contribution particularly when different terms en
with different signs. These added uncertainties make
comparison of theory with experiment less decisive. For t
reason we give up here attempting a numerical estimat
the coefficients of the corrections to theh50 dominance rule
even for the simplest two-body decayB→1212.

A while ago Ligetiet al. @17# proposed a test of factoriza
.
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tion in the decayB→D̄ (* )X. They proposed to compare th
mX distribution of this inclusive decay with themln distribu-
tion of the semileptonic decayB→D̄ (* ) l̄ n. It appears to be a
clean test. In order for this test to work, however,X must be
produced from a single weak current just asl̄ n is. Therefore,
it applies toB0→D (* )2X1 ~and the conjugate! through the
dominant decay operator, but not toB1→D (* )0X1 ~and the
conjugate! sinceX1 can pick either the current quarku or
the spectatoru in the B1 decay. Only the neutralB decay is
possibly related to the semileptonic decay. The most imp
tant difference from our test is that the comparison with
semileptonic decay tests only the validity of the factorizati
before the perturbative QCD improvement. The SDF
surely plays a significant role in the final state and bre
down the similarity between the nonleptonic and semile
tonic decays. An alternative to this test was proposed
two-body decays and the importance of spin was mentio
@18#, but it is not free of uncertainties and complications
the theoretical computation. In contrast, the inclusive helic
measurement tests not just the lowest-order factorization
its perturbative QCD corrections to all orders independen
theoretical details. It will provide us with important informa
tion as to how much long-distance QCD interactions ente
given process and allow us to use it for related processe
negative side of the helicity test is, of course, the comm
drawback of LDFSI that, after LDFSI is found, we cann
compute phases or magnitudes of decay amplitudes f
first principles. However, just measuringCP violations be-
yond theB0-B̄0 mixing effect will be important even if we
cannot easily relate them to fundamental parameters
theory. Only when LDFSI is significant do we have a chan
to detect directCP violation from particle-antiparticle asym
metry. The helicity test will hopefully tell us which deca
modes we should go after in search of directCP violations.
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