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Ratio of hadronic decay rates ofJÕc and c„2S… and the rp puzzle
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The so-calledrp puzzle ofJ/c and c(2S) decays is examined using the experimental data available to
date. Two different approaches were taken to estimate the ratio ofJ/c andc(2S) hadronic decay rates. While
one of the estimates could not yield the exact ratio ofc(2S) to J/c inclusive hadronic decay rates, the other,
based on a computation of the inclusiveggg decay rate forc(2S)(J/c) by subtracting other decay rates from
the total decay rate, differs by two standard deviations from the naive prediction of perturbative QCD, even
though its central value is nearly twice as large as what was naively expected. A comparison between this ratio,
upon making corrections for specific exclusive two-body decay modes, and the corresponding experimental
data confirms the puzzles inJ/c and c(2S) decays. We find from our analysis that the exclusively recon-
structed hadronic decays of thec(2S) account for only a small fraction of its total decays, and a ratio
exceeding the above estimate should be expected to occur for a considerable number of the remaining decay
channels. We also show that the recent new results from the BES experiment provide crucial tests of various
theoretical models proposed to explain the puzzle.
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One of the outstanding problems in heavy quarkoni
physics is the strong suppression of thec(2S) decays to
vector plus pseudoscalar-meson~VP! final states,rp, and

K1K̄* 21c.c., which is referred to as therp puzzle @1#.
Following the first observation of this anomaly@2#, meager
experimental progress was made over the years, and the
ical analysis based on limited data often led to unsatis
tory, sometimes premature, inferences. The situation
been changed dramatically in the last few years. A wealth
interesting new information, which extended the puzzle c
siderably, has emerged from intense studies ofc(2S) had-
ronic decays at the BES experiment, using a large samp
3.793106 c(2S) decays@3#. It is hoped that new concerte
efforts on both theoretical and experimental sides will ev
tually lead to a solution of this long-standing conundrum

In this paper we seek to examine therp puzzle based
purely on existing experimental data. We begin with
analysis for estimating the ratio of hadronic decay rates
J/c and c(2S), which we shall denote byQ, by using the
data compiled by the Particle Data Group@4#, in an attempt
to avoid as many theoretical ambiguities as possible in
analysis. Two different approaches to this estimate are
formed. First, we compare the results between themse
and the naive prediction of perturbative QCD~PQCD! is
used. Subsequently, possible corrections toQ are discussed
as they associate with specific exclusive decay modes,
the corrected values ofQ are used as standards to compa
with the corresponding experimental data. Comments on
issue ofJ/c and c(2S) decays to multihadron final state
and on the potential similarity of thehc-hc(2S) decays to
the rp puzzle are profusely added. Finally, various theor
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ical models are discussed in order to offer a greater un
standing of therp puzzle, in light of recent BES results.

Conventionally, measured ratios ofc(2S) to J/c branch-
ing fractions for specific exclusive hadronic decays are co
pared with the naive prediction of PQCD, the so-call
‘‘15% rule.’’ In the framework of PQCD@5#, one expects
J/c„c(2S)… to decay to hadrons via three gluons, or a sin
direct photon. In either case, the partial width of the deca
proportional touC(0)u2, whereuC(0)u is the wave function
at the origin in the nonrelativistic quark model of thecc̄
quark state. Thus one finds that

Qh[
B„c~2S!→ggg…

B~J/c→ggg!
5

as
3
„c~2S!…

as
3~J/c!

B„c~2S!→e1e2
…

B~J/c→e1e2!

5~14.862.2!%, ~1!

where the new world averages of the leptonic branching fr
tions are used~see Table I!. This is assuming that the stron

TABLE I. Experimental data on branching fractions for electr
magnetic decays ofJ/c and c(2S) used in our analysis. All data
are taken from the Particle Data Group~PDG! @4# except the
branching fraction forc(2S)→t1t2 which is a first measuremen
by BES @11#.

Channel B(J/c) B„c(2S)…

g* →hadrons (17.062.0)% (2.960.4)%
e1e2 (5.9360.10)% (8.861.3)31023

m1m2 (5.8860.10)% (1.0360.35)%
t1t2 (2.7160.70)31023
©2001 The American Physical Society19-1
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coupling constants are equivalent, i.e.,as„c(2S)…
5as(J/c). Taking the running constantas into account@6#,
the ratioQh becomes

Qh5~12.561.9!%. ~2!

The Mark II experiment first compared the theoretical p
diction of this value@(12.262.4)% then used# with mea-
surements for a number of exclusive hadronic decays of
J/c and thec(2S), thus revealing therp puzzle@2#.

However, this naive prediction suffers several appar
approximations. Higher order corrections, which may n
even be small, are not included in this calculation. For
ample, a first order correction to the branching fraction
J/c→e1e2 could be 50% of the lowest term if one were
useas(mJ/c);0.2 @7#. The relativistic effect is also ignored
Since the mass difference betweenJ/c andc(2S) is around
20% and^v2/c2&;0.24 for J/c, this correction may be a
the same level as the lowest order@7#. The inclusion of the
finite size of the decay vertex will significantly reduce t
ggg decay width ofJ/c @8#. Moreover, the effect of nonper
turbative dynamics is neglected, the size of which is hard
estimate. Therefore, people may question the validity of
‘‘15% rule’’ as a serious benchmark for comparing expe
mental data.

We present here two approaches to estimate the ratioQh ,
using the data as displayed in Tables I–III. The first a
proach is based on an assumption that the decays of theJ/c
and c(2S) in the lowest order of QCD are classified in
hadronic decays (ggg), electromagnetic decays (g* ), radia-
tive decays into light hadrons (ggg), and decays to lowe
mass charmonium states (cc̄X) @9,10#. Thus, using the rela
tion B(ggg)1B(ggg)1B(g* )1B(cc̄X)51, one can de-
rive B(ggg)1B(ggg) by subtractingB(g* ) and B(cc̄X)
from unity.

The electromagnetic decay channels of theJ/c produce
hadrons,e1e2 and m1m2 as final states. Besides the
channels, the electromagnetic decays ofc(2S) also include
the t1t2 as a final state. The experimental data is summ
rized in Table I, where the branching fraction ofc(2S)
→t1t2 is a recent measurement of the BES experim
@11#, whereas the other data was taken from the Particle D
Group @4,12#. The total contributions to the electromagne

TABLE II. Experimental data on branching fractions forJ/c
and c(2S) decays to lower mass charmonium states used in
analysis. All data are taken from PDG@4#.

Channel B(J/c) B„c(2S)…

ghc (1.360.4)% (0.2860.06)%
p1p2J/c (31.062.8)%
p0p0J/c (18.262.3)%
hJ/c (2.760.4)%
p0J/c (9.762.1)31024

gxc0 (9.360.9)%
gxc1 (8.760.8)%
gxc2 (7.860.8)%
11401
-

e

t
t
-
f

o
e
-

-

-

t
ta

decays ofJ/c and c(2S) are then given asB(J/c→g* )
5(28.8162.00)% andB„c(2S)→g* …5(5.0860.55)%, re-
spectively.

As regards to the decay into lower mass charmoni
states, theJ/c has only one radiative decay channel intohc ,
whereas thec(2S) can decay into a number of other fin
states, i.e.,p1p2J/c, p0p0J/c, p0J/c, hJ/c, gxc0 ,
gxc1 , gxc2 , ghc , ghc(2S), and 11P11X. The decay rates
of the last two channels are faint and thus are neglecte
our calculation. The experimental data summarized in Ta
II are all taken from PDG@4#. Using these data we calculate
the total contribution to cc̄X: B(J/c→cc̄X)5(1.3
60.4)% andB„c(2S)→cc̄X…5(78.163.9)%, respectively.

By deducting the contributionsB(g* ) and B(cc̄X), we
find that B(J/c→ggg)1B(J/c→ggg)5(69.962.0)%
and B„c(2S)→ggg…1B„c(2S)→ggg…5(16.863.9)%.
Therefore the ratio of branching fractions ofc(2S) to J/c
decays into hadrons is given by

Q15
B„c~2S!→ggg…1B„c~2S!→ggg…

B~J/c→ggg!1B~J/c→ggg!
5~24.065.6!%.

~3!

The relation between the decay rates ofggg and ggg is
readily calculated in PQCD to the first order as@7#

G~J/c→ggg!

G~J/c→ggg!
5

16

5

a

as~mc!
S 122.9

as

p D . ~4!

Using as(mc)50.28, one can estimate G(J/c
→ggg)/G(J/c→ggg).0.062. A similar relation can be
deduced for thec(2S) decays. Thus one expects that ‘‘24
ratio’’ stands well for eitherggg mode orggg mode.

The other approach is to use the data on branching f
tions for hadronic decays in final states containing pio
kaons, and protons that have already been measured for
J/c and c(2S). They are 3(p1p2)p0, 2(p1p2)p0,
p1p2p0, p1p2K1K2, p1p2PP̄, PP̄, PP̄p0, and
K1K2. Using the PDG data compiled in Table III, we hav

(
i 51

8

Bi~J/c→ f i !5~9.4360.72!%

TABLE III. Branching fractions for theJ/c andc(2S) exclu-
sive hadronic decays used in our analysis. All data are from P
@4#.

Mode B(J/c) B„c(2S)…

p1p2p0 (1.5060.20)% (865)31025

2(p1p2)p0 (3.3760.26)% (3.060.8)31023

3(p1p2)p0 (2.960.6)% (3.561.6)31023

K1K2p1p2 (7.262.3)31023 (1.660.4)31023

pp̄p1p2 (6.060.5)31023 (8.062.0)31024

pp̄p0 (1.0960.09)31023 (1.460.5)31024

pp̄ (2.1260.10)31023 (1.960.5)31024

K1K2 (2.3760.31)31024 (1.060.7)31024

ur
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and

(
i 51

8

Bi„c~2S!→ f i…5~0.94160.185!%.

It follows that

Q25(
i 51

8

Bi„c~2S!→ f i…Y (
i 51

8

Bi~J/c→ f i !

5~10.062.1!%. ~5!

We note that the results obtained by the two approac
vary considerably. However, a comparison of the values
the total branching fraction forc(2S)→ggg computed by
the two approaches indicates that only a small fract
(;6%) of the exclusive hadronic decays ofc(2S) have
been reconstructed experimentally. It is thus obvious thatQ2
is not the exact ratio ofc(2S) to J/c inclusive hadronic
decay rates, but represents on average the ratio of the e
sive decay channels, as measured to date. We therefor
not considerQ2 any further. Nevertheless, the question p
sists as to where the remaining hadronicc(2S) decay modes
are and how the corresponding pattern of decays forc(2S)
to J/c behaves. It would be an intriguing experimental ta
to search for those remaining channels that are in such
states as those with higher multiplicities, or those w
multineutral particles, or even for remaining channels in n
qq̄ states. In comparison with the naive PQCD expectatio
the central value ofQ1 is about a factor of two higher tha
that ofQh , as stated in Eq.~2!. However, the difference lies
within the 2s error ofQ1 and is only marginally significant
The substantial error ofQ1 is essentially due to the propag
tion of errors during the subtraction of the decay ra
B„c(2S)→cc̄X… from the total rate, although the total erro
of B„c(2S)→cc̄X… itself merely amounts to about 5%. Tak
ing into account the apparent approximations to the na
expectations of PQCD as well, it seems to us prematur
regard this as a remarkable discrepancy that deserves se
considerations.

To use the ratioQ1 for comparison with the experimenta
results ofc(2S) andJ/c decays, it should be noted that th
estimate ofQ1, like the prediction ofQh , is made for the
total width for ggg decay, not for the partial widths of ex
clusive final states. Consequently, a number of correcti
may be associated with specific exclusive decay modes:~I! It
is shown that the J/c and c(2S) decays to
v f 2 , ra2 , K* 0K̄2*

01c.c. andf f 28(1525) are hadron helic
ity conservation~HHC! allowed @13#, while that torp and
K* K̄ are HHC forbidden@14#. The general validity of the
HHC at the charmonium mass scale is still an open quest
It is suggested that a critical test would be to measure
angular distributions of exclusive final states@14#. Existing
measurements on angular distributions forJ/c decays into

pp̄, LL̄, S0S̄0, andKS
0KL

0 @15# are consistent with the HHC
predictions~baryon pairs within 1–1.5 standard deviation!;
however, no data is available forc(2S) decays so far. Ex-
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clusive processes that violate helicity conservation are s
pressed by powers ofm2/s in QCD @14#. This would con-
tribute a suppression factorMJ/c

2 /Mc(2S)
2 50.71 to the ratio

of thec(2S) to J/c decay rates for final statesrp andK* K̄.
On the other hand, thegh and gh8 modes are allowed by
the helicity selection rule, since helicity conservation appl
only to the hadrons@13#. ~II ! Exclusive reactions which in-
volve hadrons with quarks or gluons in higher orbital angu
momentum states are suppressed by powers of 1/s5Ecm

22

@14#. This contributes a suppression factor ofMJ/c
2 /Mc(2S)

2

to the ratio ofc(2S) vs J/c branching fractions for decay

into such final states asv f 2 , ra2 , K* 0K̄2*
01c.c., and

f f 28(1525), where a meson inP-wave state is included.~III !
Reference@14# reported another suppression arising from t
asymptotic form factor which would beMJ/c

8 /Mc(2S)
8

50.25 for decays topp̄ channel. Contrary to these calcula
tions, Ref.@16# evaluated the three-gluon contribution wi
thec-quark mass instead of the charmonium mass. As a c
sequence, the ratio of theJ/c andc(2S) decay widths is not
scaled to the 8th power of the ratio of their masses in
calculations.

Table IV lists corrections to the ratioQ1 for several ex-
clusive hadronic decay channels. Experimental data fr
PDG @4# are also included for comparison. As seen from t
table, the predicted corrected value of the ratioQ1 for b1p is
consistent with the experimental data, whereas the exp
mental ratio ofK1

6(1270)K7 is enhanced as compared wi
the predicted value. The deviations of the measured ratios
decays into VP, VT, and other final states~evenpp̄) from
the corrected ratios demonstrate suppressions in this c
Note that the combination of all the above correction resu
led to a substantial reduction of the ratio ofc(2S) to J/c
decay rates, well below 24% for many of the exclusive ha
ronic decay channels~this is also compatible with the obse
vation mentioned above that the value ofQ2 is much lower
than that ofQ1). One should therefore conclude that a co
siderable number of other decay channels ought to have
enhancement with a ratio above 24%, in order to make up
all these suppressed channels. It is puzzling that so far t
has only been one channel for thec(2S) decays observed
the K1

6(1270)K7 channel, which is enhanced relative to th
J/c @18#. Further systematic study ofc(2S) decays are anx-
iously awaited.

As is seen from the above analysis, we have restricted
comparison only to decays to two-body final states. Wha
one makes a comparison for decays leading to three or m
hadrons? The Mark II Collaboration did make such a co
parison in their original work@2# and claimed that the ratioQ
for decay modes such aspp̄p0, pp̄p1p2, K1K2p1p2,
2(p1p2)p0, and 3(p1p2)p0, is consistent with the naive
theoretical expectations. However, it should be pointed
that most of these multihadron final states in fact inclu
sums of several two-body intermediate states. One thus
serves a mixed effect which may not deviate noticeably fr
the expected value ofQ, even if a few of the two-body in-
termediate states are severely suppressed. For example
decayJ/c→2(p1p2)p0 proceeds predominantly throug
9-3
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TABLE IV. The ratio of branching fractions ofc(2S) and J/c exclusive decays:Qf

5B„c(2S)…/B(J/c). All data are from PDG@4#. Upper limits are given at the 90% confidence level.

Mode HHC Orbital momentum Pred.Qf ~%! Meas.Qf ~%!

PP̄ 1 1 24.065.6 9.062.4

rp 0.71 1 17.064.0 ,0.65

K1K̄* (892)2 0.71 1 17.064.0 ,1.1

v f 2(1270) 1 0.71 17.064.0 ,4.0
ra2(1320) 1 0.71 17.064.0 ,2.1

K* (892)0K̄2* (1430)0 1 0.71 17.064.0 ,1.8

f f 28(1525) 1 0.71 17.064.0 ,5.6
b1

6p7 1 0.71 17.064.0 17.365.2
K1

6(1270)K7 1 0.71 17.064.0 .33.3
K1

6(1400)K7 1 0.71 17.064.0 ,8.2
gh8(958) 1 1 24.065.6 3.561.0
gh 1 1 24.065.6 ,10.5
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intermediate statesb1p, v f 2, anda2r. The observedQ for
this decay, as reported by the Mark II Collaboration@2#,
(9.562.7)%, does deviate, though not quite significant
from the ‘‘15% rule.’’ This results from the fact that two o
these three two-body intermediate states are found to
anomalously suppressed@17#. Therefore, one must be alway
cautious about drawing conclusions from the comparison
decays of multihadron final states.

An experimental situation similar to therp puzzle occurs
in the decays of thehc in two vector meson~VV ! cases, such
as rr, K* K̄* , and ff, and in pp̄. These decays are a
first-order forbidden by HHC in PQCD@14,20#; however,
they are actually observed to occur with relatively lar
branching fractions@4#. It is thus interesting to look for the
analogous decays of thehc(2S) and compare the ratio of th
hc(2S) to hc branching fractions with the relatio
B„hc(2S)→h….B(hc→h) predicted by Chaoet al. @21#. In
testing for helicity conservation, these decay modes forhc
and its spin-singlet partnerhc(2S) play the same role as th
decay modesrp and K* K̄ do in the case ofJ/c and its
spin-triplet partnerc(2S). The search for thehc(2S) is thus
important not only because thehc(2S) is one of the two
remaining states of the charmonium family awaiting con
mation ~or discovery! but also because the study of its ha
ronic decays could shed light on the puzzle ofJ/c and
c(2S) decays.

We now move on to discuss various theoretical mod
made to explain therp puzzle as it is presently formulated
Instead of a critical examination of many theoretical arg
ments~which one can find in the literature@1,22–24#!, we
will concentrate exclusively on comparing the experimen
results, mostly from the BES experiment, to the predictio
of these models, in an attempt to differentiate between th

The first explanation for the Mark II observation, as pr
posed by Hou and Soni@25# and generalized later by Brod
sky et al. @26#, is the postulate that the decayJ/c, which
violates the helicity selection rule of PQCD, is enhanced
the mixing of theJ/c with a vector glueballO that decays
preferentially torp and other VP channels. The vector glu
11401
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ball O is required to be fairly narrow and nearly degener
with the J/c. The BES has searched for this hypothetic
particle in arp scan across theJ/c region ine1e2 annihi-
lations as well as in decaysc(2S)→ppO, O→rp, and
found no evidence for its existence@27,28#. The data con-
strains the mass and width of theO to the range
umO2mJ/cu,80 MeV and 4 MeV,GO,50 MeV @3#.
This mass, as indicated in Ref.@29#, is several hundred MeV
lower than the lightest vector glueball observed in latt
simulations of QCD without dynamical quarks. More r
cently, a few more experimental facts unfavorable to t
model have been reported by BES. One is the identifica
of isospin-violating VP modec(2S)→vp0 with a large
branching fraction@3#. This contradicts the essence of th
model that the pattern of suppression is dependent on
spin-parity of the final state mesons. The other is the find
of suppression ofc(2S) decays into vector plus tensor~VT!
final states@17#. Since hadronic VT decays, unlike the V
decays, conserve HHC, some other mechanism must be
sponsible for this suppression in the model. Furthermore
has been argued that theO may also explain whyJ/c decays
to f f 0 ~named previouslyS* ) but not to rd, since theO
mixes with thef and enhances a mode that would be oth
wise suppressed@26#. However, the observation of nonsup
pressedc(2S)→f f 0 @3#, which implies the absence o
anomalous enhancement inJ/c→f f 0, would rule out such
an explanation. Anselminoet al. extended the idea ofJ/c

2O mixing to the case ofhc→VV and pp̄ @20#. They sug-
gested that the enhancement of these decays can be attri
to the presence of a trigluonium pseudoscalar state wit
mass not far from thehc mass. So far no experimental da
have supported the existence of such a state.

Recently Brodsky and Karliner proposed the existence
intrinsic charmuq̄qc̄c& Fock components of the light vecto
mesons as another mechanism to account for theJ/c decays
to VP channels and their suppression ofc(2S) @30#. They
also suggested comparing branching fractions for thehc and
hc(2S) as clues to the importance ofhc intrinsic charm ex-
9-4
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citations in the wave functions of light hadrons. Howev
the BES observation ofc(2S)→vp0 would again appear to
disfavor this model.

Chaichian and To¨rnqvist suggested a model which in
vokes a form factor falling exponentially with the energy
suppress allc(2S) decays to lowest-lying two-body meso
final states@31#. However, the BES report on observation
a number of c(2S) hadronic two-body decays such a

b1p, f f 0 , K1(1270)K̄, andvp0 has proved the contrar
@18,3#. In addition, the BES upper limit at 90% C.L
B„c(2S)→rp…,2.831025 @3# is well below the branching
fraction predicted by this model, 731025.

The generalized hinderedM1 transition mechanism pro
posed by Pinsky@32# relates the processc(2S)→gh8 to the
hinderedM1 transitionc(2S)→ghc . This predictsQgh8 to
be 231023, which, as already shown in Ref.@19#, falls more
than an order of magnitude below the BES data (3.660.9)
31022. According to this model, the hadronic decays
c(2S) to VP final states are also a generalized hinderedM1
transition. The branching fraction for the decay ofc(2S)
→rp is estimated to be 431025, as compared to the mea
sured limit of 2.831025. Moreover, it is inferred from this
model that c(2S)→g f 2 decay should be suppresse
whereasc(2S)→v f 2 should not@22#. However, the experi-
mental facts from BES contradict this assumption@17,3#.

Karl and Roberts have suggested a proposal to explain
rp puzzle based on the mechanism of sequential quark
creation@33#. Even though their predictions could genera
accommodate the data for decays ofJ/c andc(2S) to rp or
to K* K̄, it seems hard to explain the large branching fract
for f decays torp @4# due to the fact that their fragmenta
tion probability tends to zero as the mass of therp decaying
system approaches 1 GeV.

More recently, Liet al. @34# pointed out that final-state
interactions inJ/c and c(2S) decays give rise to effect
which are of the same order as the tree level amplitudes,
may be a possible explanation for all the observed s
pressed modes ofc(2S) decays includingrp, K* K̄, and
v f 2. They thus predicted qualitatively large production ra
of a1r andK1* K̄* for c(2S), the verification of which may
give further support to their model. So far, BES has ne
reported such measurements; nevertheless, useful info
tion ona1r andK1* K̄* could be obtained from its publishe
data as shown in Ref.@17#. The lack of evidence within the
invariant mass distribution plots~see Fig. 3 and Fig. 5 o
Ref. @17#! that therp recoiled against ar for events of
c(2S)→r0r6p7 and thatp6K7 recoiled against aK* 0 for
events ofc(2S)→p1p2K1K2 suggests that they are un
likely to be the favored modes inc(2S) decays.

A model put forward by Ge´rard and Weyers entertains th
assumption that the three-gluon annihilation amplitude
the QED amplitude add incoherently in all channels inJ/c
decays into light hadrons, while in the case ofc(2S) decays
the dominant QCD annihilation amplitude is not into thr
gluons, but, via a two step process, into a specific confi
ration of five gluons@35#. Besides explaining the measur
ments onc(2S) decays torp, K* K̄, andvp0, this model
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predicts a sizablec(2S)→(p1p2 or h)h1(1170) branch-
ing fraction. Indeed the BES has performed extensive an
sis of decaysc(2S)→pprp to look for new particles; how-
ever, it is unlikely that a conclusive signal forh1(1170) has
ever been observed in the inclusive spectrum ofc(2S) de-
cays topprp @28#.

Chen and Braaten proposed an explanation@29# for the
rp puzzle, arguing that the decayJ/c→rp is dominated by
a Fock state in which thecc̄ pair is in a color-octet3S1 state
which decays viacc̄→qq̄, while the suppression of this de
cay mode for thec(2S) is attributed to a dynamical effec
due to the small energy gap between the mass of thec(2S)
and theDD̄ threshold. Using the BES data on the branchi
fractions into rp and K* K̄ as input, they predicted the
branching fractions for many other VP decay modes of
c(2S). Most recently, Feldmann and Kroll parametrized t
strong interaction mechanism for the hadron-helicity no
conserving decays in a similar way, but interpreted it diffe
ently @23#. They argued that, for these processes, the ch
monium state decays through a light-quark Fock compon
by a soft mechanism, which is characteristic of Okub
Zweig-Iizuka-~OZI-! rule allowed strong decays. Estimatin
the light-quark admixture by meson mixing, they also o
tained a numerical description of the branching fractions
many VP decay modes of theJ/c and c(2S). The predic-
tions of both models are in good agreement with the m
sured branching fractions~some are preliminary! from the
BES experiment@3# as well as the PDG data@4#. Chen and
Braaten’s proposal also has implications for the angular
tributions for two-body decay modes ofc(2S). Neverthe-
less, such measurements would be extremely difficult, if
impossible, to perform for those strongly suppressed de
modes inc(2S) decays. Feldmann and Kroll, on the oth
hand, have extended their mixing approach to thehc→VV
decays and obtained a reasonable description of the bra
ing fractions for these decays while thehc(2S)→VV decays
are expected to be strongly suppressed.

From the above discussion we see that essentially non
the models are able to explain all known experimental
sults; in particular no analysis on the suppression ofc(2S)
→VT decays has been given. Not a few models appea
have more assumptions than predictions, not to men
quantitative predictions. While the current data seem to r
out convincingly some of the models, a few other mod
may warrant further consideration; for them both detai
theoretical analyses and additional experimental tests are
manded. It seems to us that a key premise for physical c
siderations is to establish whether theJ/c decays or the
c(2S) decays are anomalous. An amplitude analysis m
for the two-body decays ofJ/c to VP @24# has shown that
nothing anomalous is found in the magnitudes of the thr
gluon and one-photon decay amplitudes. If this is sustain
those arguments presupposing theJ/c as the origin of the
anomaly should be disregarded.

In summary, we have examined therp puzzle ofJ/c and
c(2S) decays in the light of current experimental data. T
estimates of the ratio ofc(2S) to J/c hadronic decay rates
using two different approaches, differ substantially fro
9-5



on
a

ca
-

t
st
oc
re

ev
n
c-

th
pa

o
ent
sed
e-
ta

d-
ing
are
by

der
ces
.S.
3-

Y. F. GU AND X. H. LI PHYSICAL REVIEW D 63 114019
each other. The one using only the data of exclusive hadr
decays appears to be underestimated. The other estim
which is based on computation of the inclusiveggg decay
rate by subtracting other decay rates from the total de
rate, differs by 2s-error of this estimate from the naive pre
diction of PQCD, even though its central value is abou
factor of two as large as the latter. By comparing this e
mated ratio, and taking into account the corrections ass
ated with specific exclusive decay modes with the cor
sponding experimental data, anomalies inJ/c and c(2S)
decays to VP, VT, AP, and some other final states are
dent. We found from our analysis that the exclusive hadro
decays of thec(2S) so far reconstructed experimentally a
count for only a small fraction of the totalc(2S) decays and
a ratio ofc(2S) to J/c hadronic decay rates that exceeds
estimated value is expected to occur for a considerable
.
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of the remainingc(2S) decay channels. We have als
shown that the recent new results from the BES experim
provide crucial tests of various theoretical models propo
to understand therp puzzle. Further experimental and th
oretical efforts are required in order to fill the missing da
and definitively solve the perplexingrp puzzle.
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