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Long-distance final-state interactions andJ/c decay

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

~Received 12 January 1998; published 7 April 1998!

To understand the short- versus long-distance final-state interactions, we have performed a detailed ampli-
tude analysis for the two-body decayJ/c→1202. The current data favor a large relative phase nearly 90°
between the three-gluon and the one-photon decay amplitudes. The source of the phase is apparently the
long-distance final-state interaction. Nothing anomalous is found in the magnitudes of the three-gluon and
one-photon decay amplitudes. We discuss the implications of this large phase in the weak decay of heavy
particles.@S0556-2821~98!05009-7#

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

Though the final-state interaction phases are importan
the observability ofCP violating decays, it is very difficult
to compute them or to extract them from data. Only t
short-distance contribution has been computed in the qu
gluon picture @1,2#. Any attempt to estimate the long
distance contribution in the hadron picture has so far b
limited to elastic or quasielastic rescattering, which is p
sumably only a small portion of the long-distance effe
particularly in the heavy particle decays such asB decay.
Some argue that the long-distance contribution is neglig
at least in some decay modes@3#, while others identify a
specific long-distance contribution and show that it is ac
ally much larger than the short-distance effect@4#. Some en-
tertain the idea that many long-distance contributions mi
average out to a small effect after being summed up.

In this paper we try to test whether or not the sho
distance final-state interaction dominates over the lo
distance one in theJ/c decay. Though theJ/c decay pro-
ceeds with strong and electromagnetic interactions,
narrow width allows us to treat the decay just as we do w
decays, namely, a short-distance decay followed by lo
distance rescattering. In the quark-gluon pictureJ/c decays
either directly into three gluons or into a quark and an a
quark through one photon. Both processes acquire a sh
distance QCD rescattering phase ofO(as /p). If this is the
dominant source of the final-state interaction phase, the r
tive phase ought to be very small for the amplitudes of
decay modes. On the other hand, if long-distance proce
are important to generating the phase, the decay amplitu
can have large relative phases to each other. Since ther
sufficient data on the decayJ/c→1202, we are able to
perform an amplitude analysis and extract the relative ph
between the three-gluon decay and the one-photon d
amplitudes.

In Sec. II we attempt a detailed numerical analysis of
decay amplitudes in the framework of the broken flav
SU~3! symmetry. We include all first-order symmetry brea
ings and some of second order effects. The result of
analysis shows that the three-gluon and one-photon am
tudes have a large relative phase of rescattering, nearly
off phase to each other. It indicates that the major sourc
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the final-state interaction phases is in the long-distance h
ronic rescattering.

The decayJ/c→1202 has been a subject of discussio
in connection with the abnormally small yield of the dec
c8→1202. A few exotic models were proposed to resol
this puzzle@5–7#. They suggested that the dominant proce
of J/c→1202 is not a perturbative three-gluon deca
However, the result of our analysis shows that the magnit
of the I 50 decay amplitudes is consistent with the thre
gluon decay. We can also show a serious shortcoming
those models. We shall discuss this point in Sec. III. Fina
in Sec. IV, we discuss the implications of the present ana
sis in theB decay.

II. AMPLITUDE ANALYSIS IN BROKEN FLAVOR SU „3…
SYMMETRY

Before entering our amplitude analysis, we read off o
relevant piece of information from the current data. T
lepton-pair decay branching fractionBl for J/c→g
→ l 1l 2(5e1e21m1m2) has been measured with a hig
accuracy. In contrast, the inclusive one-photon annihilat
into hadrons forJ/c→g→qq̄(5uū1dd̄1s s̄) was obtained
only indirectly from the nonresonant background cross s
tion s(e1e2→qq̄) interpolated to theJ/c mass. This two
decade old value@9# quoted by the Particle Data Grou
~PDG! @8# has a large uncertainty. Actually we can obtain
more accurate value forBg[B(J/c→g→qq̄) from the lep-
tonic branching fractionBl by making the perturbative cor
rection of (11ās /p). With the help of this theory, we can
compute the inclusive three-gluon decay branching fract
Bggg with Bggg512Bl2Bg . We thus obtain for the inclu-
sive three-gluon and one-photon annihilations into hadro

Bggg

Bg
55.860.3~4.260.6!, ~1!

where the number in the brackets is theexperimentalvalue
quoted by the PDG. Except for the number in Eq.~1!, we
take the numbers tabulated by the PDG as thecurrent data
throughout this paper.

If branching fractions of theJ/c→1202 modes scale
with those of the inclusive hadron decay processes, we
5717 © 1998 The American Physical Society
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TABLE I. The SU~3! parametrization of the 1202 decay amplitudes. Listed are the coefficients of the amplitudes written on the t
each column. For instance, the coefficient ofag for K* 0K̄0 is 223(1/3). Theh-h8 mixing and ther-v mixing are introduced as explaine
in the text.

Decay modes a e 1
3 ag

1
3 eg1

1
3 eg2 a8 e8 1

3 ag8

r1p2(5r2p1) 1 0 1 0 0 0 0 0
r0p0 1 0 1 0 0 0 0 0
K* 1K2(5K* 2K1) 1 1 1 2 0 0 0 0

K* 0K̄0(5K̄* 0K0) 1 1 22 21 0 0 0 0

vp0 0 0 3 0 0 0 0 0
r0h8 0 0 ) 0 2) 0 0 0
vh8 A1/3 0 A1/3 0 2A1/3 0 0 0
fh8 A2/3 A8/3 2A8/3 2A8/3 2A2/3 0 0 0
r0h1 0 0 0 0 0 0 0 A3/2
vh1 0 0 0 0 0 A2/3 0 A1/6
fh1 0 0 0 0 0 2A1/3 2A1/3 A1/3
fp0 0 0 0 0 0 0 0 0
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pect that the amplitude analysis should give us the r
of the three-gluon to one-photon decay amplitudes i
the exclusive channels 1202 somewhere between 2 and
('A5.8). Later we shall compare the results of our amp
tude analysis with this number.

A. Fit to J/c˜V9P8

We first study the two-body decay modes ofJ/c
→1202 in which the pseudoscalar meson belongs to
SU~3! octet. The singleth8 will be included later with the
h-h8 mixing. For the vector mesons, we study the sing
and the octet together as a nonet. We parametrize the d
amplitudes as follows.

~1! The 12 mesons form the ideally mixed nonet@10#,
namelyf52 s̄s. Therefore the SU~3! symmetric coupling
is given by

L int5a tr~V9P8!, ~2!

whereV9 andP8 are represented in the 333 matrices.
~2! The strong SU~3! breaking ofl8 is included in the

three-gluon decay

L int5e tr~$V9 ,P8%1T3
3!, ~3!

where we useT3
3 instead ofl8 to simplify the numerical

coefficients of parametrization. The symmetrization ofV9
andP8 is required by charge conjugation invariance.

~3! The one-photon annihilation amplitudes transform li
lE5(l31l8 /))/2. Therefore, they are parametrized as

L int5ag tr~$V9 ,P8%1lE!. ~4!

~4! The phases of the amplitudesa, e, andag are group
theoretically independent. Therefore, we introduce two re
tive phasesdg andde defined as

arg~aga* !5dg , arg~ea* !5de . ~5!

~5! The r-v @11# mixing can be potentially important to
the processes ofDI 51. For instance, the processJ/c→vh
io
o

-

n

t
ay

-

→rh interferes with the direct processJ/c→g→rh and is
counted as part of the branching toJ/c→rh. The decay
J/c→vh can proceed through three gluons while the dir
process is the one-photon process. Therefore, ther-v mixing
may not be negligible in this mode. Since thev width is
much narrower than ther width, the major contribution of
the r-v transition toJ/c→rh occurs at thev resonance
peak of p1p2. In comparison, in a process such asJ/c
→vp0, the effect of ther-v transition is less significan
because the larger width suppresses it kinematically. In th
processes ofDI 50, ther-v transition is negligible.

We have included ther-v mixing with the effective tran-
sition coupling

L int5mv
2 f rvrmvm, ~6!

with f rv526.831023, as extracted from the proces
e1e2→p1p2 around thev mass.

~6! The p-wave phase space correction is made withp3

for all decay branching fractions. If the flavor symmetry a
plies best to the dimensionless decay couplings, the ph
space factorp3 should be divided by some quantity havin
the dimension of squared mass that may be subject to s
metry breaking. However, this uncertainty has been incor
rated through thel8 breaking of Eq.~3! above, at least, to
first order.

In Table I, we have tabulated the parametrization of se
V9P8 decay amplitudes with the SU~3! amplitudes

a, e, ag . ~7!

If the 1202 decay branchings scale more or less with t
inclusive ones@cf. Eq. ~1!#, we expectuag /au'0.67 in the
normalization used in Table I. For the strong symme
breaking,ue/au<0.3 is a reasonable range. In addition, w
have two relative phases as free parameters,de anddg .

The best fit with these five parameters is obtained for

a51, e520.22, ag50.34, de5222.5°, dg580.3°,
~8!
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TABLE II. The observed branching fractions and our fits with and withouth8 included. ‘‘No phase’’ means a fit assuming that a
amplitudes be real. The bottom row listsx2 for each fit. All numbers are in percent except forx2.

Decay modes
Observed

~in percent!

V9P8 V9P8,1

Best fit No phase I No phase II Best fit No phase

r1p2(5r2p1) 0.4360.03 0.44 0.44 0.47 0.43 0.42
r0p0 0.4260.05 0.44 0.44 0.47 0.43 0.42
K* 1K2(5K* 2K1) 0.2560.02 0.25 0.30 0.25 0.25 0.31

K* 0K̄0(5K̄* 0K0) 0.2160.02 0.21 0.14 0.16 0.21 0.16

vp0 0.04260.006 0.047 0.034 0.33 0.052 0.030
fp0 ,6.831024 0 0 0 0 0
r0h 0.019360.0023 0.0174 0.0104 0.0186 0.0140 0.0144
vh 0.15860.016 0.131 0.129 0.146 0.146 0.150
fh 0.06560.007 0.065 0.062 0.076 0.064 0.058
r0h8 0.010560.0018 0.0098 0.0112
vh8 0.016860.0025 0.167 0.0169
fh8 0.03360.004 0.033 0.032
x2 4.8 57 21 8.2 43
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where the magnitude of the amplitudea has been normalized
to unity. The fitted values to the data are tabulated in
third column of Table II next to the observed values. Thex2

is 4.8 for this fit. Though the ratio ofag /a in Eq. ~8! is a half
of the scaled value'0.67, it can hardly be called an en
hancement of the three-gluon decay. The magnitudes oa,
ag , ande are in line with the expectation from the inclusiv
branching ratios: There is no sign of significant enhancem
of the three-gluon processes relative to the one-photon
cesses.

If we fit the data without the phases, the bestx2 is 57.
When there is no rescattering phase, ther-v mixing is un-
important because ther-v transition amplitudes are 90° of
phase to the main amplitudes. The fitted values are liste
the fourth column~no phase I! of Table II. In order to make
a quantitative comparison of the fits with and without t
phases, it is more appropriate to fit the data with the sa
number of free parameters, namely, five real amplitudes.
may add the amplitudes of thel8 breaking toag as the
second-order small quantities. We may also include bre
down of the ideal nonet coupling ansatz. Actually, there i
subtlety between breakdown of the nonet and theO(l8e)
correction. In the nonet scheme, which is realized in the n
relativistic quark model,V1 does not form an SU~3! coupling
without accompanyingV8 . For instance, a term such a
tr V9}V1 is not allowed in an SU~3! coupling. When al8
breaking is taken into account, however, one may inclu
tr(l8V9) or tr(T3

3V9) among others. Normally it would no
matter which of these is included since their difference
the same SU~3! property as the term of the symmetry limi
In the case of the nonet, the difference;tr V9 is a term
forbidden by the nonet coupling ansatz. Therefore we m
choose between them either from the observedV9 param-
eters or from some theoretical reasoning. Since thel8 break-
ing is caused by thes-quark mass term and the orgin of th
nonet is in the nonrelativistic quark model, we feel thatT3

3 is
more appropriate thanl8 in the case of the nonet. We in
clude the strong SU~3! breaking toag along this line to see
an outcome of the fit.
e
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After charge conjugation invariance is taken into accou
there are three independent amplitudes ofO(T3

3e) that have
different group structures from the amplitudes in Eq.~7!.
One of them@}tr(T3

3V9)# contributes only to thefp0 and
fh modes. Meanwhile a severe upper bound has been se
B(J/c→fp0) by experiment. With this upper bound, w
find that this SU~3! amplitude contributes no more than 6
to fh, smaller than normally expected for strong SU~3!
breakings and below the level of our concern. We theref
drop this small amplitude and retain only the remaining t
amplitudes as theO(T3

3e) corrections:

L int5eg1@ tr~V9lEP8T3
3!1tr~P8lEV9T3

3!#

1eg2 tr~P8T3
3!tr~V9lE!. ~9!

Now we have five real amplitudes. The best fit attainsx2

521 in this case. The fitted values are

a51, e520.14, ag50.30, eg1520.12, eg2520.11.
~10!

The fitted branching fractions are listed in the fifth colum
~no phase II! of Table II.

A simple qualitative explanation can be given as to w
the best fit needs the phases. Refer to the Table I and
observed branching fractions listed in Table II for the follow
ing discussion.

~1! First of all, the significant difference between therp
and K1* K2 branchings must be explained by the SU~3!
breakinge amplitude. Thee amplitude of a right magnitude
(ue/au50.22) produces this difference.

~2! Next, we need a sizableag amplitude in order to ac-
count for thevp0 mode.

~3! The ag amplitude contributes to splitting the branc
ing fractions ofK1* K2 andK0* K̄0 too. However, ifag and
a substantially interfered, this splitting would be much to
large. To keep the splitting betweenK1* K2 and K0* K̄0

small,ag anda must be largely off phase to each other.
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The relative phase betweene anda turns out to be small.
One interpretation for the smallness of this relative phas
that the main source ofe is the kinematical SU~3! breaking
due to mass splitting in the phase space and decay coup

B. Including h8

Onceh8 is included, the number of independent para
eters suddenly increases since unlike the vector meson
plings, the singlet 02 couplings are not related to the oct
02 couplings. Complication grows further when we inclu
the h-h8 mixing.

Here we present a relatively simple sample of analy
instead of the most general one in order to show that nee
the relative phase between the three-gluon and the
photon amplitudes persists. We add all SU~3! independent
amplitudes involvingh8 that correspond toa, e, andag of
P8 :

L int5a8 tr~V9P1!1e8 tr~V9P1T3
3!1ag8 tr~V9P1lE!.

~11!

In addition to ther-v mixing, we include theh-h8 mixing

h5h8 cosup2h1 sin up , h85h8 sin up1h1 cosup ,
~12!

whereup is 210°;220° @12#. For the relative phase, w
put a common phased between all one-photon amplitude
and all three-gluon amplitudes~e.g.,de50!.

The best fit to the data is obtained with the followin
values of the parameters:

a51, e520.18, ag50.36,

a850.44, e850.051, ag8520.40,

d575.2°, ~13!

The value ofx2 is 8.2 for fitting eleven data with seve
parameters. The relative magnitudes of the parameters
normal, namely, in line with the expectation from the inclu
sive branchings and strong SU~3! breakings. On the othe
hand, if we attempt to fit the data without the phased, thex2

jumps to 43. In this case, sum of the one-photon branch
is close to that of the three-gluon branchings forV9P1 . The
tendency of deterioration of the fit without a phase persist
we have seen in the case withouth8. The fitted values of the
branching fractions are tabulated with and without the ph
in the last two columns of Table II. The phase is unimport
in fitting to the decay modes involvingh8.

We conclude that as long as the currently listed data
taken at their face value, the three-gluon and one-pho
amplitudes have a large relative phase to each other. A
from this unexpected result, our amplitude analysis sho
that the magnitudes of all decay amplitudes are within
range of what we expect.

III. IS THE DECAY J/c˜1202 ANOMALOUS?

We have chosen theJ/c→1202 decay modes for study
of the final-state interaction phases since they are the m
is
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extensively measured decay modes. No similar analysis
be made for other modes at present.

Meanwhile, there was one disturbing twist related to the
decay modes. That is, thec8→1202 decay modes are se
verely suppressed in comparison with the correspondingJ/c
modes@13#. For rp, the upper bound on the branching fra
tions normalized to thee1e2 branching fraction obey the
inequality @14#:

B~c8→rp!

B~c8→e1e2!
,2.1310223

B~J/c→rp!

B~J/c→e1e2!
. ~14!

This vast difference betweenJ/c and c8 has stimulated
many speculations on the pure QCD decay ofJ/c and c8.
The argument goes as follows: NormallyJ/c(c8)→1202

would be highly suppressed by chirality mismatch of pert
bative QCD. However, this suppression is compensated
an enhancement in theI 50 channels ofJ/c. The enhance-
ment bringsG(J/c→1202) back to the value predicted b
the perturbative three-gluon annihilation@6#. The cause of
enhancement may be either a vector gluonium state ne
degenerate withJ/c @5,6# or a hidden charm pair in the ligh
12 mesons@7#. G(c8→1202) is small because it suffer
from chirality mismatch but receives no enhancement.

However, our amplitude analysis raises a doubt ab
such an explanation. We have seen that both theI 50 and the
I 51 amplitudes are as normal as we expect from the inc
sive three-gluon and one-photon annihilations. If the o
served magnitude of theI 50 amplitudes were actually th
result of the compensation between a chirality suppress
and a dynamicalI 50 enhancement, we would expect th
the one-photon annihilation amplitude forvp(I 51) should
be suppressed by chirality without a compensating enha
ment. If their models are correct, we can read off the chir
ity suppression factor from Eq.~14!. With the chirality sup-
pression,B(J/c→vp0) would have to be

B~J/c→vp0!'~chirality suppression!

3
B~J/c→g→qq̄!

B~J/c→ggg!
B~J/c→rp!

,
1

270
3B~J/c→r0p0! ~15!

in those models. The data violate this inequality by an or
of magnitude. Therefore, the origin of the relative suppr
sion of c8→1202 to J/c→1202 is not in J/c but in c8.
The large relative phase betweena andag cannot be attrib-
uted to a resonance in thes channel ofI 50. Since theI
50 amplitudes receive no net enhancement, a contribu
of ans-channel resonance, if any, would be a tiny fraction
the whole amplitude@5,14#. Then theI 50 amplitudes could
not have a large phase close to 90°. It should be pointed
that there exist other attempts to explain the relative supp
sion of c8→1202 with different dynamical assumptions o
intricate dynamical coincidences@15–18#. The possibility of
a destructive interference inc8 @18#, though it is fortuitous,
cannot be ruled out in view of our finding of the large lon
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distance final-state interaction inJ/c. Whatever the cause o
the c8→1202 suppression may be, the group theoreti
parametrization of the amplitudes remains the same forJ/c
→1202. Though we are unable to choose the solution
this c8→rp puzzle among the existing models at prese
we are confident that this puzzle does not interfere with
analysis in this paper.

IV. IMPLICATION OF THE LARGE RELATIVE PHASE

In our analysis we have found the evidence for a la
final-state interaction phase in a heavy particle decay wh
is quite different in nature from the common subchan
resonant phases. What generates the large relative phadg
betweenag anda? It is obvious that it must arise from long
distance strong interactions. The short-distance final-state
teraction phase difference can be evaluated in the qu
gluon picture of perturbative QCD. It is of O(as /p) where
as /p is 0.1 or less. The large phase difference close to
found in our analysis cannot be produced with the pertur
tive QCD interaction. The source ofdg must be in the long-
distance part of strong interactions, namely, rescatte
among hadrons in their inelastic energy region.

When many channels are open for strong interaction
cattering, the phase of a decay amplitude into a physic
observed state is determined by the phase shifts of ei
channels of theS matrix and the coupling to them. In th
case of theJ/c decay, the decay amplitudeD(J/c→h) into
a final stateh ~e.g.,r1p2! is written in the form

D~J/c→h!5(
a

X~J/c→a!eidaOah , ~16!

where a refers to the eigenchannels of the partial-waveS
matrix of JPC5122 at the energy of theJ/c mass withda’s
being their eigenphase shifts. Time-reversal invariance
quires thatX(J/c→a)* 5X(J/c→a) and thatOah be an
orthogonal matrix relatingh to a by ^hu5(^auOah . The
partial-wave phase shifts contain much of long-distan
physics no matter how high the energy is. One indication
substantial long-distance physics in the high-energy ph
shifts was pointed out by making a partial-wave projection
the diffractive scattering amplitude@4#. Long-distance phys-
ics enters the eigenchannel matrixOah as well. When we
compare the three-gluon and one-photon decay amplitude
cs

es
l
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J/c with Eq. ~16!, we see no simple relation between the
phases in general: The eigenphase factorseda are summed
with the weightsX(J/c→a) different for J/c→ggg and
J/c→g→qq̄, leading to two phases practically unrelated
each other. In this picture the final-state interaction phase
theJ/c decay are generally not determined by short-dista
physics alone even though pertubative QCD applies to
inclusive J/c decays. The analysis of this paper indicat
that long-distance physics can be far more important in
exclusive decays.

The conclusion of our amplitude analysis, if it is su
tained, has a significant implication in a wide range of ph
nomena. For instance, when we evaluate the baryon as
metry in the early Universe fromCP-violating particle
decays, we compute only the short-distance contribution
final-state interactions. Such a calculation makes sense
as an order-of-magnitude estimate at best. In the case o
baryon asymmetry we may not ask for a high precision a
all. However, in theB-meson decay where knowledge
much higher precision will be needed for final-state inter
tion phases, we shall have to know the long-distance fin
state interaction phases above the inelastic thresholds.
nearly an impossible task to either compute them theor
cally or extract them from scattering data. If this is the ca
the parameters of the fundamental interactions can be
tracted only from those data which are free from complic
tions due to the final-state interaction. It will not be an ea
task to look for meaningful physics in the rest of data.

To conclude this paper, we should emphasize that num
cal conclusion of our analysis relies on the current data lis
by the PDG, not only their central values but also the exp
mental uncertainties. We cannot rule out the possibility tha
future change in the data may upset our conclusion, i.e.,
need of a large rescattering phase. For this reason, high
cision measurement of theJ/c decay branchings, particu
larly for rp, K* K̄, andvp0, will be very important to our
understanding of the final-state interactions in general.
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