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An Explanation for the r-p Puzzle ofJyyyc and c 0 Decays
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We propose a new explanation for the long-standing puzzle of the tiny branching fractio
c 0 ! rp relative to that forJyc ! rp. In the case ofJyc, we argue that this decay is dominate
by a higher Fock state in which thecc̄ pair is in a color-octet3S1 state and decays via the annihilatio
processcc̄ ! qq̄. In the case of thec 0, we argue that the probability for thecc̄ pair in this higher
Fock state to be close enough to annihilate is suppressed by a dynamical effect related to the
energy gap between the mass of thec 0 and theDD̄ threshold. [S0031-9007(98)06312-1]

PACS numbers: 13.25.Gv, 12.39.Jh
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A long-standing mystery of charmonium physics is th
“r-p puzzle” of Jyc andc 0 decays. These particles ar
nonrelativistic bound states of a charm quark and its an
quark. Their decays into light hadrons are believed to
dominated by the annihilation of thecc̄ pair into three glu-
ons. In order to annihilate, thec andc̄ must have a sepa-
ration of order1ymc, which is much smaller than the size
of the charmonium state. Thus the annihilation amplitu
for an S-wave state likeJyc or c 0 must be proportional
to the wave function at the origin,csr ­ 0d. The width
for decay into any specific final stateh consisting of light
hadrons is therefore proportional tojcs0dj2. The width for
decay intoe1e2 is also proportional tojcs0dj2. This leads
to the simple prediction that the ratio of the branching fra
tions forc 0 andJyc is given by the “15% rule”:

Qh ;
Bsc 0 ! hd

BsJyc ! hd
­ Qee ­ s14.7 6 2.3d% . (1)

The r-p puzzle is that the prediction (1) is severel
violated in therp and several other decay channels. Th
first evidence for this effect was presented by the Mark
Collaboration in 1983 [1]. They found thatQrp , 0.6%
and QKpK , 2%. Recent data from the BES Collabora
tion have made the puzzle even sharper. They obtai
Qrp , 0.23%, QKp1K2 , 0.64%, and QKp0K̄0 ­ s1.7 6

0.6d% [2]. Thus the suppression ofQ relative to the 15%
rule is about 10 forKp0K̄0 and greater than 65 forrp.

A summary of the proposed explanations of ther-p
puzzle has recently been given by Chao [3]. Hou and S
[4] suggested thatJyc ! rp is enhanced by a mixing of
the Jyc with a glueballO that decays torp. Brodsky,
Lepage, and Tuan [5] emphasized thatJyc ! rp violates
the helicity selection rule of perturbative QCD, and argu
that the data requireO to be narrow and nearly degenera
with the Jyc. Present data from BES constrain the ma
and width of the glueball to the rangesjmO 2 mJyc j ,

80 MeV and 4 MeV , GO , 50 MeV [6]. This mass
is about 700 MeV lower than the lightestJPC ­ 122

glueball observed in lattice simulations of QCD withou
dynamical quarks [7]. There are explanations of ther-p
puzzle that involve the dependence of the decay amplitu
on the energy of the charmonium state. Karl and Robe
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[8] suggested that the decay proceeds throughcc̄ ! qq̄
followed by the fragmentation of theqq̄ into rp. They
argued that the fragmentation probability is an oscillator
function of the energy which could have a minimum nea
the mass of thec 0. Chaichian and Tornqvist [9] pointed
out that the suppression ofc 0 decays could be explained
if the form factors for two-body decays fall exponentially
with the energy as in the nonrelativistic quark mode
There are other explanations of ther-p puzzle that rely
on the fact that there is a node in the radial wave functio
for c 0, but not for Jyc . Pinsky [10] suggested that
this node makesc 0 ! rp a “hindered M1 transition”
like Jyc ! hcg. Brodsky and Karliner [11] suggested
that the decay intorp proceeds through intrinsic charm
components of ther andp wave functions. They argued
that thecc̄ pair in thejud̄cc̄l Fock state of ther1 or p1

has a nodeless radial wave function which gives it a larg
overlap withJyc thanc 0. Finally, Li, Bugg, and Zou [12]
have suggested that final-state interactions involving t
rescattering ofa1r anda2r into rp could be important
and might interfere destructively in the case of thec 0.

In this Letter, we present a new explanation of th
r-p puzzle. We argue that the decayJyc ! rp is
dominated by a higher Fock state of theJyc in which the
cc̄ is in a color-octet3S1 state. Thecc̄ pair in this Fock
state can annihilate viacc̄ ! gp ! qq̄. The amplitude
for forming rp is dominated by the end point of the
meson wave functions, where a singleq or q̄ carries
most of the momentum of the meson. The suppressi
of c 0 ! rp is attributed to a suppression of thecc̄ wave
function at the origin for the higher Fock state of the
c 0. Such a suppression can arise from a dynamical effe
associated with the small energy gap between the mass
thec 0 and theDD̄ threshold.

It is convenient to analyze charmonium decays usin
nonrelativistic QCD (NRQCD) [13], the effective field the-
ory obtained by integrating out the energy scale of th
charm quark massmc. In Coulomb gauge, a charmonium
state has a Fock state decomposition in which the pro
ability of each Fock state scales as a definite power
y, the typical relative velocity of the charm quark. The
dominant Fock state of theJyc and thec 0 is jcc̄1s3S1dl,
© 1998 The American Physical Society
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whose probabilityP is of order 1. We denote the color
state of thecc̄ pair by a subscript (1 for color-singlet, 8
for color-octet), and we put the angular momentum qua
tum numbers in parentheses. The Fock statesjcc̄8s3PJd 1

Sl, whereS represents dynamical gluons or light quark
antiquark pairs with energies of ordermcy or less, have
probabilityP , y2. The next most important Fock state
n-

-

include jcc̄8s1S0d 1 Sl with P , y3 (or P , y4 if per-
turbation theory is sufficiently accurate at the scalemcy)
andjcc̄8s3S1d 1 Sl with P , y4.

The decay of theJyc into light hadrons proceeds via
the annihilation of thec and c̄, which can occur through
any of the Fock states. This is expressed in the NRQ
factorization formula for the inclusive decay rate [13
which includes the terms
GsJyc ! light hadronsd ­

√
20sp2 2 9da3

s

243m2
c

1
16pa2

27m2
c

!
kO1s3S1dlJyc 1

5pa2
s

6m2
c

kO8s1S0dlJyc

1
19pa2

s

6m4
c

kO8s3P0dlJyc 1
pa2

s

m2
c

kO8s3S1dlJyc 1 . . . , (2)
-
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where as ­ assmcd. The matrix elements are expecta
tion values in theJyc of local gauge-invariant NRQCD
operators that measure the inclusive probability of fin
ing acc̄ in theJyc at the same point and in the color an
angular-momentum state specified. The matrix elemen
thecc̄1s3S1d term in (2) is proportional to the square of th
wave function at the origin and scales asy3. Its coefficient
includes a term of ordera3

s from cc̄ ! ggg and a term
of ordera2 from the electromagnetic annihilation proces
cc̄ ! gp ! qq̄. The color-octet terms in (2) represen
contributions from higher Fock states. Their matrix el
ments scale likey6, y7, andy7, respectively. Their coef-
ficients are all of ordera2

s and come fromcc̄ ! gg for the
cc̄8s1S0d andcc̄8s3P0d terms and fromcc̄ ! gp ! qq̄ for
thecc̄8s3S1d term. Note that the coefficients of the color
octet matrix elements are 2 orders of magnitude larger th
that of kO1s3S1dlJyc , which suggests that the higher Foc
states may play a more important role in annihilation d
cays than is commonly believed.

Bolz, Kroll, and Schuler have emphasized that contrib
tions from higher Fock states should also be important
exclusive decays of charmonium into light hadrons [14
They argued that the amplitude for a two-body annihil
tion decay satisfies a factorization formula which sep
rates the scalemc from the lower momentum scales. Th
decay amplitude is expressed in terms of hard-scatter
factorsT̂ that involve only the scalemc, initial-state fac-
tors that involve scales of ordermcy and lower, and final-
state factors that involve only the scaleLQCD . If mc was
asymptotically large, the dominant terms in the factoriz
tion formula would have the minimal number of partons in
volved in the hard scattering. Terms involving addition
soft partons in the initial state are suppressed by pow
of y. Terms involving additional hard partons in the fina
state are suppressed by powers ofLQCDymc. As pointed
out by Brodsky and Lepage [15], the leading term in th
asymptotic factorization formula is strongly constrained b
the vector character of the QCD interaction between qua
and gluons. It vanishes unless the sum of the helicities
the mesons is zero. Rotational symmetry then requires
angular distribution to be1 2 cos2 u. This helicity selec-
tion rule is violated by the decayJyc ! rp . Parity and
rotational symmetry require the helicity of ther to be61
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and the angular distribution to be1 1 cos2 u. Since the
helicity of the pion is 0, the helicity selection rule is vio
lated. Thus the amplitude forJyc ! rp is suppressed by
a factor ofLQCDymc relative to that for generic mesons
The leading contribution is a term with a hard scatterin
factor of ordera2

s from the processcc̄1 ! ud̄dūg.
Since the charm quark massmc is less than an order of

magnitude larger thanLQCD , there can be large correction
to the asymptotic decay amplitude. In particular, there c
be significant regions of phase space in which some of
gluons involved in the hard scattering are relatively so
It might therefore be more appropriate to absorb them in
the initial-state or final-state factors. In this case, not all
the soft partons inS need be involved in the hard scattering
and not all the partons that form ther and p need be
produced by the hard scattering. For example, there
be a contribution from the Fock statejcc̄8s3S1d 1 Sl that
involves the hard-scattering processcc̄ ! qq̄, whereq ­
u or d. This produces a statejqq̄ 1 Sl that consists of
the soft partonsS together with aq and aq̄ that are back-
to-back and whose momenta are approximatelymc. Such
a state has a nonzero overlap with the final statejrpl.
The overlap comes from the end points of the meson wa
functions, in which most of the momenta of ther andp

are carried by theq and q̄. This contribution to theT -
matrix element can be written schematically in the form

T sJyc ! r1p2d ­
X
qq̄

T̂ ssscc̄8s3S1d ! qq̄ddd

3
X
S

krp j qq̄ 1 Sl

3 kcc̄8s3S1d 1 S j Jycl . (3)

Note that the initial-state and final-state factors on t
right-hand side of (3) cannot be separated, because they
connected by the sum over soft modesS. The T -matrix
element (3) would contribute to thecc̄8s3S1d term in the
factorization formula (2) for inclusive decays.

The end point contribution in (3) leads to a definit
angular distribution. Since theq and q̄ carry most of
the momenta of the mesons, the angular distribution
5061
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the mesons will follow that of theq and q̄, which is
1 1 cos2 u. Thus (3) will contribute most strongly to
form factors which allow the angular distribution1 1

cos2 u. It will also contribute most strongly to decays int
mesons liker and p for which most of the momentum
can be carried by a singleq or q̄. There are also end
point contributions involving the hard-scattering proce
cc̄8s3PJd ! gg, which produces a pair of hard gluon
with the angular distribution2 1 cos2 u, andcc̄8s1S0d !
gg, for which the angular distribution is isotropic. Thei
contributions toJyc ! rp are suppressed by the sma
probabilities for most of the momentum of ther or p to
be carried by a single gluon and by the mismatch betwe
the angular distribution of the gluons and the1 1 cos2 u

distribution of therp .
We argue that the color-octet term in (3) may actua

dominate the decay rate forJyc ! rp. We compare the
various factors in that term with those in the asympto
amplitude. The hard-scattering factorT̂ in the color-octet
term in (3) is only of orderas, compared toa2

s for the
asymptotic amplitude. The suppression from the initia
state factor in the color-octet term in (3), including th
sum overS, might be as little as a factor ofy2 relative
to the asymptotic amplitude. This follows from the fac
that the color-octet amplitude contributes in quadratu
to the kO8s3S1dl term in (2), which is suppressed by
y4. As for the final-state factors, (3) is suppressed
the end points of the meson wave functions, while t
asymptotic amplitude is suppressed byLQCDymc from
the violation of the helicity selection rule. Considerin
the various suppression factors, it is certainly plausib
that the cc̄8s3S1d term in (3) could dominate over the
leading contribution from thecc̄1s3S1d Fock state.

We have argued that the decayJyc ! rp may be
dominated by the annihilation of thecc̄ pair in the
jcc̄8s3S1d 1 Sl Fock state viacc̄ ! qq̄. If this is true,
then the r-p puzzle can be explained by a suppre
sion of this decay mechanism in the case of thec 0.
This suppression can arise from the initial-state fac
kcc̄8s3S1d 1 S j Jycl if the cc̄ wave function for the
jcc̄8s3S1d 1 Sl Fock state is suppressed in the region
which the separation of thecc̄ is less than or of order
1ymc. Note that it does not require a suppression of t
probability for the higher Fock state, but just a shift i
the probability away from the region in which thec and
c̄ are close enough to annihilate. A possible mechani
for this suppression is a dynamical effect related to t
small energy gap between the mass of thec 0 and the
DD̄ threshold. In the Born-Oppenheimer approximatio
[16], the cc̄ pair in the dominantjcc̄l Fock state moves
adiabatically in response to a potentialV1sRd given by the
minimal energy of QCD in the presence of a color-singl
cc̄ pair with fixed separationR. Similarly, the cc̄ pair
in the jcc̄8s3S1d 1 Sl Fock state moves adiabatically in
response to a potentialV8sRd given by the minimal energy
of the soft modesS in the presence of a color-octetcc̄ pair
with fixed separationR. At short distances, this potentia
5062
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approaches a repulsive Coulomb potentialasy6R. At
long distances, the minimal energy state consists ofD
and D̄ mesons separated by a distanceR, and V8sRd
therefore approaches a constant2sMD 2 mcd equal to the
energy of theDD̄ threshold. A charmonium state spend
most of the time on the color-singlet adiabatic surfac
but it occasionally makes a transition to the color-octe
adiabatic surface. Since theJyc is 640 MeV below
the DD̄ threshold, acc̄ pair on the color-octet adiabatic
surface is far off the energy shell. The time spent by th
Jyc on this surface is too short for thecc̄ pair to respond
to the repulsive short-distance potential. Since the wa
function for thejcc̄1l Fock state peaks at the origin, the
cc̄ wave function for thejcc̄8 1 Sl Fock state should
have significant support near the origin. However, th
mass of thec 0 is only 43 MeV belowD1D2 threshold
and 53 MeV belowD0D̄0 threshold. Acc̄ pair on the
color-octet adiabatic surface can be very close to th
energy shell. Thec 0 can therefore spend a sufficiently
long time on this surface for thecc̄ pair to respond to the
repulsive short-distance potential. This response can le
to a significant suppression of thecc̄ wave function at the
origin for thejcc̄8 1 Sl Fock state.

If the initial-state factorkcc̄8s3S1d 1 S j Jycl in (3) is
suppressed for all soft partonsS, the suppression can be
expressed in the form of a relation between the NRQC
matrix elements in (2):

kO8s3S1dlc 0

kO1s3S1dlc 0

ø
kO8s3S1dlJyc

kO1s3S1dlJyc

. (4)

This inequality can be tested by calculating the matr
elements using lattice NRQCD. Since thec 0 is so close
to the DD̄ threshold, it would be essential to include
dynamical light quarks in the simulations.

Our proposal leads to a prediction for the flavor depe
dence of the suppression of the decays ofc 0 into vector/
pseudoscalar final states (VP). Bramon, Escribano, a
Scadron [17] have analyzed the decaysJyc ! VP as-
suming that the decay amplitude is the sum of a flavo
connected amplitudeg, a flavor-disconnected amplitude
rg, and an isospin-violating amplitudee. The expressions
for the amplitudes are given in Ref. [17]. They allowed
for violations of SUs3d flavor symmetry through parame-
terss andx 2 1. The authors give two sets of parameter
that fit the existing data, one withx ­ 1 and the other
with x ­ 0.64. Both sets havee comparable in magni-
tude torg and an order of magnitude smaller thang. If
the decayJyc ! rp is dominated by end point contri-
butions, we can identifyg and e with the two terms in
(3). Whilerg may also have end point contributions from
cc̄ ! gg, we assume for simplicity that it is dominated
by subasymptotic contributions from thecc̄1s3S1d Fock
state. The amplitudes for the decaysc 0 ! VP can be ex-
pressed in a similar way in terms of amplitudesg0, e0, and
srgd0. Our explanation of ther-p puzzle implies thatjg0j
is much smaller thanjgj, and thate0 andsrgd0 differ from
e and rg only by the factor required by the 15% rule.
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The unknown amplitudeg0 is constrained by the BES
data onc 0 ! rp andc 0 ! Kp0K̄0. The upper bound on
Bsc 0 ! rpd gives an upper bound onjg0 1 e0j2, which
implies thatg0 lies in a circle in the complexg0 plane.
The BES measurement ofBsc 0 ! Kp0K̄0d gives an al-
lowed range forjs1 2 sdg0 2 s1 1 xde0j2, which con-
strainsg0 to an annulus. The intersection of the interio
of the circle with the annulus is the allowed region fo
g0. By varying g0 over that region and taking into ac-
count the uncertainties in the parameters of Ref. [17], w
obtain the predictions forQVP in Table I. Measurements
of the c 0 branching fractions consistent with these pre
dictions would imply that the suppression of the vector
pseudoscalar decays is due to the suppression ofg0. This
would lend support to our explanation of ther-p puzzle.

Our proposal also has implications for the angula
distributions of other two-body decay modes. In genera
the angular distribution must have the form1 1 a cos2 u,
with 21 , a , 11. Our solution to ther-p puzzle is
based on the suppression of a contribution toc 0 decays
that gives the angular distribution1 1 cos2 u. Thus the
parametera for any two-body decay of thec 0 should be
less than or equal toa for the correspondingJyc decay.

A solution to ther-p puzzle should also be able to ex-
plain the pattern of suppression for variousJPC states with
the same flavors. A preliminary measurement of the axia
vector/pseudoscalar decay modec 0 ! b1p by the BES
Collaboration [18] givesQb1p ­ s24 6 7d%, consistent
with no suppression relative to the 15% rule. A prelimi
nary measurement of the vector/tensor decay modec 0 !

ra2 [18] givesQra2 ­ s2.9 6 1.6d%, which, though sup-
pressed relative to the 15% rule, is an order of magn
tude larger thanQrp . This pattern can be explained by
also taking into account the orbital-angular-momentum s
lection rule for exclusive amplitudes in perturbative QCD
[19]. The decay modesb1p andra2 both have form fac-
tors that are allowed by the helicity selection rule. The
also both have form factors that violate the helicity sele
tion rule, but are compatible with an end point contribu
tion from cc̄ ! qq̄. However, in the case ofb1p, the
end point contribution is further suppressed by the viola

TABLE I. Predictions for QVP in units of 1% for all the
vector /pseudoscalar final states. The values forrp and
Kp0K̄0 1 c.c. were used as input. The columns labeledx ­ 1
andx ­ 0.64 correspond to the two parameter sets of Ref. [17

VP x ­ 1 x ­ 0.64

rp 0–0.25 0–0.25
Kp0K̄0 1 c.c. 1.2–3.0 1.2–3.0

Kp1K2 1 c.c. 0–0.36 0–0.52
vh 0–1.6 0–1.6
vh0 10–51 12–55
fh 0.8–3.6 0.4–3.0
fh0 0.7–2.5 0.5–2.2
rh 14–22 14–22
rh0 12–20 13–21
vp 11–17 11–17
r
r

e

-
/

r
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l-

-

i-

e-

y
c-
-

-

].

tion of the orbital-angular-momentum selection rule. Thu
we should expect no suppression ofc 0 ! b1p and only
a partial suppression ofc 0 ! ra2. A thorough analysis
of Jyc andc 0 decays into axial-vector/pseudoscalar an
vector/tensor final states will be presented elsewhere.

In conclusion, we have proposed a new explanation
the r-p puzzle. We suggest that the decayJyc ! rp

is dominated by a Fock state in which thecc̄ is in a
color-octet 3S1 state which decays viacc̄ ! qq̄. The
suppression of this decay mode for thec 0 is attributed to
a dynamical effect that suppresses thecc̄ wave function
at the origin for Fock states that contain a color-octetcc̄
pair. Our explanation for ther-p puzzle can be tested
by studying the flavor dependence of the two-body dec
modes of theJyc andc 0, their angular distributions, and
their dependence on theJPC quantum numbers of the
final-state mesons.
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