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Large final-state interaction in the 0202 decays ofJ/c
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In view of important implications inB decay, the 0202 decay modes ofJ/c are analyzed with broken flavor
SU~3! symmetry in search of long-distance final-state interactions. If we impose one mild theoretical constraint
on the electromagnetic form factors, we find that a large phase difference of final-state interactions is strongly
favored between the one-photon and the gluon decay amplitudes. The measurement ofe1e2

˜g˜p1p2 and
e1e2

˜g˜K1K2 off the J/c peak can settle the issue without recourse to theory.@S0556-2821~99!50615-2#

PACS number~s!: 13.25.Gv, 11.30.Hv, 13.40.Hq, 14.40.Gx
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I. INTRODUCTION

The final state interaction~FSI! in the nonleptonicB de-
cay has been an important unsolved issue in connection
the search for direct CP violations. Unlike the short-distan
FSI, the long-distance FSI has not been understood
enough, even qualitatively. The experimental data of theD
decay clearly show that the FSI phases are large in thD
˜K̄p decay modes@1#. Opinions are divided as to how
strong the FSI is inB decay. Some theorists have sugges
that the long-distance FSI should be small at the mass s
of theB meson, but others have obtained large FSI phase
numerical computations based on various dynamical
sumptions and approximations. According to the latest d
the FSI phases are tightly bounded forB˜D̄p and a little
less so forB˜D̄r, D̄* p, andD̄* r @2#. However, the tight
bounds are closely tied to the smallness of the so-ca
color-suppressed modes. Is the smallness of the FSI ph
special only to those sets of modes for which the color s
pression occurs? If it is more general, where does the tra
tion occur from large FSI phases to small FSI phases
terms of the mass scale of a decaying particle?

Although the process is not a weak decay, theJ/c decay
falls between theD decay and theB decay in terms of energy
scale. Since the time scale of the strong and electromagn
decay processes ofJ/c is much shorter than that of the long
distance FSI, the decay interactions ofJ/c act just like the
weak interactions of theD and theB decay as far as the
long-distance FSI is concerned. For this reason, analysi
the J/c decay amplitudes provides one extrapolation fro
the D mass toward theB mass. Among the two-body deca
modes ofJ/c, the 1202 modes are the most extensive
measured. A detailed analysis of those decay amplitu
with broken flavor SU~3! symmetry found a large relativ
phase of FSI~.75°! between the one-photon and the glu
decay amplitudes@3#. Since there are many independe
SU~3! amplitudes for the 1202 decay, the analysis involve
one assumption of simplification on assignment of the F
phases.

In this Rapid Communication, we shall study the 0202

decay modes ofJ/c which are much simpler in the SU~3!
structure. The result of our analysis shows the same tren
that of the 1202 modes. Once the asymptotic behavior
the electromagnetic form factors is incorporated in analy
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the current data favor a very large FSI phase difference
tween the one-photon and the gluon decay amplitudes.

II. FINAL STATE INTERACTION

In order to formulate the FSI, it is customary to separ
interactions into three parts, the decay interaction, the res
tering interaction, and the hadron formation interactio
Separation between the second and the third part can be
only heuristically at best, not at the level of Lagrangian. O
way to circumvent this ambiguity and see general proper
of the FSI is to break up decay amplitudes in the eigench
nels of the strong interactionS matrix:

^buSua&5dabe2ida. ~1!

An observed two-body final state can be expanded in
eigenchannels with an orthogonal matrix as

uabin&5(
a

Oab,aua in&, ~2!

where the superscript ‘‘in’’ stands for the incoming state.
terms of the ‘‘in’’ and ‘‘out’’ states, theS matrix of Eq.~1!
can be expressed as^buSua&5^boutua in&. When the effective
decay interactionsO ( i ), in which we include all coefficients
are time-reversal invariant, the decay amplitude forJ/c
˜ab is given in the form

M ~J/c˜ab!5(
i

(
a

Oab,aMa
( i )eida, ~3!

whereMa
( i )eida is the decay amplitude into the eigenchann

a throughO ( i ),

Ma
( i )eida5^aoutuO ( i )uJ/c&, ~4!

and Ma
( i ) is real.1 Two interactions are relevant to theJ/c

decay. For the one-photon annihilation,O (1)}Jem
m cm , where

cm is the vector field ofJ/c. For the gluon annihilation,

1If gluon loop corrections are made and analytically continued
the timelike region,O ( i ) contains a short-distance FSI phase, whi
is transferred intod i in Eq. ~6!.
©1999 The American Physical Society01-1
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O (2)5Fm~G!cm, ~5!

whereFm(G) is a vector function of the gluon field tenso
Glk and its derivatives which is calculated in perturbati
QCD. When the terms from the same decay interaction
grouped together, Eq.~3! takes the form

M ~J/c˜ab!5 (
i 51,2

Mab
( i )eid i, ~6!

where

Mab
( i )ed i5(

a
Oab,aMa

( i )eida. ~7!

We emphasize here that the net FSI phased i for Mab
( i ) de-

pends onO ( i ) throughMa
( i ) even for the same stateab when

more than one eigenchannel is open. Specifically in theJ/c
decay,d i is different between the one-photon and the thr
gluon decay amplitude even for the same isospin state. In
case of theB decay,d i depends on the decay operators
weak interactions. Such phases contain both short-dista
and long-distance interaction contributions. Though the lo
distance FSI cancels out in the inclusive decay, it is qu
possible that individual exclusive modes contain substan
long-distance FSI, leading to a large phase differenceD
5d12d2. Our aim is to learn aboutD from the decayJ/c
˜0202.

III. PARAMETRIZATION OF AMPLITUDES

One feature of theJ/C˜0202 is particularly advanta-
geous to our study: There is no SU~3! symmetric decay am
plitude for the gluon decay. Charge conjugation does
allow a 0202 state to be in an SU~3! singlet state ofJPC

5122. Therefore the 0202 final states through the gluo
decay must be in an octet along the SU~3! breaking direction
of l8. Since the leading term of the three-gluon decay
SU~3! breaking, the one-photon process competes with
otherwise dominant gluon process, making it easier to de
mine a relative FSI phase through interference.

The J/c amplitudes are parametrized in terms of the
duced SU~3! amplitudes,A8 , Ag , andAg8, as follows:

M ~J/c˜0202!5A1/3A8 tr~P8P88l8!1Ag tr~P8P88lem!

1A6Ag8 tr~P8l8P88lem!2~P8↔P88!,

~8!

where P8 and P88 are the 333 flavor matrices of the 02

meson octet andlem5(l31A1/3l8)/2. A8 is for the gluon
decay whileAg andAg8 are for the one-photon annihilatio
and the SU~3! breaking correction to it, respectively.2 No 10
or 10 representation of 0202 arises from multiple insertions

2The second orderl8 breaking to the one-photon annihilatio
tr(P8P88l8)tr(l8lem)2(P8↔P88) has the same group structure
A8.
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of l8 alone. Charge conjugation invariance amounts to a
symmetrization inP8↔P88 , which forbids the27 represen-
tation of 0202. We have normalized each reduced amplitu
such that the total 0202 decay rate before phase space c
rections is proportional touA8u21uAgu21uAg8u2. The decay
amplitudes for the observed modes are listed in Table
this parametrization. Also listed are the absolute values
the measured amplitudes@4# after small phase-space corre
tions are made. If the flavor SU~3! is a decent symmetry,Ag8
must be a fraction ofAg . Knowing the magnitude of typica
flavor SU~3! breakings, let us allow

uAg8u<0.33uAgu. ~9!

IV. FITS

The one-photon annihilation amplitudesAg and Ag8 de-
scribe the electromagnetic form factors too. We have so
theoretical understanding of their asymptotic behaviors. A
cording to the perturbative QCD analysis@5,6#, the leading
asymptotic behavior of the form factor for mesonM
(5p1,K1) is given by

FM~q2!˜
16pas~q2! f M

2

2q2 S 11(
i 51

`
ci

@ ln~2q2!#g i
D , ~10!

where f M is the decay constant ofM, as(q
2) is the QCD

coupling, andg i are positive constants. By analytic contin
ation,FM(q2) approaches a real value in the timelike dire
tion too asq2

˜`. The one-photon amplitudesAg andAg8

are directly related to the form factorFM(q2) at q25mJ/c
2 as

Ag2A2/3Ag85
2e2

3mJ/c
2

C~0!Fp~mJ/c
2 !, ~11!

Ag1A2/3Ag85
2e2

3mJ/c
2

C~0!FK~mJ/c
2 !,

whereC(0) is the wave function at the origin ofJ/c. We
expect thatq25mJC

2 is in the asymptopia of perturbativ
QCD for the form factors so that the leading term domina
in Eq. ~10!. Then, according to Eq.~11!, Ag andAg8 are both
real:

arg Ag85arg Ag50. ~12!

Since f K.1.223 f p , we expect FK(q2).Fp(q2). With
f K / f p51.22, Eq.~11! gives

TABLE I. The SU~3! parametrization of the 0202 decay am-
plitudes of J/c and their magnitudes from the observed dec
branching fractions. The central value of thep1p2 amplitude is
normalized to unity.

Decay modes p1p2 K1K2 K0K̄0

Parametrization Ag2A2/3A8g A81Ag1A2/3A8g A82A2/3A8g

uMeasuredu 1.00060.078 1.36760.089 0.92560.060
1-2
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Ag1A2/3Ag8

Ag2A2/3Ag8

5
f K

2

f p
2

.1.5. ~13!

From Eq.~13! with Eq. ~12!, we obtainAg8.0.243Ag . If
we keep the nonleading logarithmic terms, there is a sm
relative phase betweenAg andAg8 according to Eq.~10!,

arg~Ag8Ag* !5OS g1p

@ ln~q2/LQCD
2 !#11g1

D . ~14!

However, we shall ignore this small relative phase since
a correction to the symmetry-breaking correction termAg8.
In contrast, we shall include a possible correction to the r
part of Ag since it interferes with the leading term. That
we shall not relateAg8 andAg by Eq. ~13! in our fit.

If it happens that vector resonances of light quarks e
just around theJ/c mass, the form factors would not b
asymptotic at this energy. If such high mass resonan
should have a substantial branching into the 0202 channels,
the nonleading logarithmic terms would add up to a no
negligible magnitude in Eq.~10!. In this case the phases o
Ag and Ag8 would not be small. One may wonder abo
whether a mass splitting of the resonances might genera
large phase difference betweenAg8 and Ag . However, the
widths of such resonances, if any, would be so broad at s
a high mass that the mass splitting effect would be larg
washed out.3 Therefore we expect that the phase equality
Eq. ~12! should hold in a good approximation. In our n
merical analysis we shall set the phases ofAg andAg8 to a
common value and impose the condition ofFK(q2)
>Fp(q2) at mJ/c :

Ag8 /Ag>0. ~15!

In contrast to the one-photon decay amplitudes, no sim
perturbative QCD argument can be made for the gluon-de
amplitudeA8 @6#. Therefore the phase ofA8 can be substan
tially larger than a typical value of the short-distance orig
It is the relative phase between (Ag ,Ag8) andA8 that is of
primary interest here.

A. Fit without FSI phases

If we attempt to fit the data with the leading termsA8 and
Ag alone without FSI phases, the result is unacceptable.
fit of the minimum x2 is obtained forA850.812 andAg
50.807 leading tox2517.6 for only three data.

We then includeAg8 to fit the data. If we ignored the
constraint of Eq.~15!, the amplitudes could be fitted with

A850.739, Ag50.814, Ag8520.228. ~16!

This set of numbers would giveFK(q2)/Fp(q2)50.63 con-
trary toFK(q2)/Fp(q2)>1. When we include the constrain
Ag8 /Ag>0, the fit of the bestx2 is back toAg850 of x2

3A glueball would have no effect on the phase difference betw
Ag8 andAg .
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517.6—the same poor fit withA8 andAg alone. It is fairly
obvious why we cannot fit the data. Looking up the para
etrization in Table I, we see that without phases theK1K2

amplitude must be larger in magnitude than sum of
p1p2 and theK0K̄0 amplitude forAg8 /Ag.0. The mea-
sured values badly violate this inequality.

B. Fit with A8 and Ag including FSI phases

The natural recourse is to introduce FSI phases for
amplitudes. We first try withA8 andAg alone. Defining the
relative FSI phase betweenA8 andAg by

Ag5eiDA8 , ~17!

we can fit the amplitudes with

D589.6°69.9°, ~18!

whereD is defined between 0° and 180°. The attached
certainty comes from the experimental errors of the bran
ing fractions, which are treated as uncorrelated here. S
we determineD through cosD which is sensitive to smal
experimental errors nearD590°, the uncertainty in Eq.~18!
turns out to be a little larger than one might expect fro
those of the branching fractions. One may wonder how m
D can be reduced by adding the breaking termAg8 with the
constraint of Eq.~15!. The result is plotted in Fig. 1. The
dependence ofD on the ratior 5Ag8 /Ag is very mild: D
decreases slowly and monotonically from 90° atr 50 to 58°
at the edge of the allowed range,r 50.3. Even if the FSI
phases ofAg andAg8 are left independent, it is fairly obvi-
ous that we cannot fit the data with small values for all ph
differences under the constraintFK(mJ/c

2 )>Fp(mJ/c
2 ). We

have thus come to the conclusion that the FSI phase dif
ence between the one-photon and the gluon decay am
tudes is very large, as large as 90°. For this magnitude
must come mostly from the long-distance FSI.
n

FIG. 1. The relative phaseD in degrees betweenA8 andAg as a
function of real parameterr 5Ag8 /Ag in its allowed range.D is
drawn between 0° and 90° sinceD˜180°2D under the redefinition
of Ag˜2Ag .
1-3
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V. PERSPECTIVES

Our conclusion of large FSI phases has a profound im
cation in B decay. The important input leading to this co
clusion is that the electromagnetic form factor ofK1 does
not fall faster than that ofp1. While it is very reasonable in
perturbative QCD, we can in principle test this postulate
experiment. Just measure the ratio of the one-photon an
lation cross sections fore1e2

˜p1p2 and K1K2 off the
J/c peak. We do not have good data on the ra
sK1K2 /sp1p2 off the peak. Experiment requires time and
goodp1/K1 separation. A measurement will certainly ha
a great impact on the issue of the long-distance FSI in he
particle decays. The magnitude of measured cross sec
will also tell how close the form factors are to the
asymptotic limits and therefore how small the phases ofAg
and Ag8 are. Even a value of the unseparated ra
05150
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sK0K̄ 0 /(sK1K21sp1p2) off the peak will throw in one
more input in the analysis.

Note added in proof.The large relative phase betweenA8
andAg was previously pointed out by Lo´pez Castroet al. @7#
without consideringAg8. However, the validity of the large
phase depends onAg8 . See Eq.~16!.
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