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Abstract. For J/Ψ → p̄pπ0 and p̄pπ+π−, the π0p and pπ+π− systems are limited to be pure isospin-(1/2)
due to isospin conservation. This is a big advantage in studying N∗ resonances from J/Ψ decays, compared
with πN and γN experiments. The process J/Ψ → p̄N∗ or pN̄∗ provides a new way to probe the internal
structure of the N∗ resonances. Here we report a quark model calculation for J/Ψ → p̄p, p̄N∗(1440) and
N̄∗N∗. The implication for the internal structure of N∗(1440) is discussed.

PACS. 14.20.Gk Baryon resonances with S = 0 – 13.25.Gv Decays of J/ψ, Υ , and other quarkonia –
13.65.+i Hadron production by electron-positron collisions

1 Introduction

An important source of information about the nucleon in-
ternal structure are the properties of nucleon excitation
states N∗’s, such as their mass spectrum, various produc-
tion and decay rates [1]. Our present knowledge of this
aspect came almost entirely from partial-wave analyses
of πN total, elastic, and charge-exchange scattering data
of more than twenty years ago [2]. Since the late 1970’s,
very little has happened in experimental N∗ baryon spec-
troscopy. Considering its importance for the understand-
ing of the baryon structure and for distinguishing various
pictures [3] of the nonperturbative regime of QCD, a new
generation of experiments on N∗ physics with electromag-
netic probes has recently been started at new facilities
such as CEBAF at JLAB, ELSA at Bonn, GRAAL at
Grenoble.

A long-standing problem in N∗ physics is about the
nature of the Roper resonance N∗(1440). In simple three-
quark picture of baryons, it should be the first radial
excitation state of the nucleon. But various quark mod-
els [3] met difficulties to explain its mass and electromag-
netic couplings. It has therefore been suggested [4] to be
a gluonic excitation state of the nucleon, i.e., a “hybrid
baryon”. To establish the gluonic degree of freedom in
hadrons is a fascinating challenge in nowadays nonpertur-
bative QCD physics.

Although the existence of the N∗(1440) is well es-
tablished, its properties, such as mass, width and decay
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branching ratios etc., still suffer large experimental uncer-
tainties [2]. A big problem in extracting information on the
N∗(1440) from πN and γN experiments is the isospin de-
composition of (1/2) and (3/2) [5]. As pointed out by one
of us [6], the decays of J/Ψ → p̄pπ0 and J/Ψ → p̄pπ+π−
provide an ideal place for studying the properties of N∗
resonances, since in these processes the π0p and pπ+π−
systems are limited to be pure isospin-(1/2) due to isospin
conservation. Preliminary results from the BES Collabo-
ration on J/Ψ → p̄pπ0 show a clear peak structure around
1490 MeV in its π0p invariant-mass spectrum [7].

The process J/Ψ → p̄N∗ or pN̄∗ also provides a new
way to probe the internal quark-gluon structure of the N∗
resonances. In the simple three-quark picture of baryons,
the process can be described by fig. 1 [8]. In this picture,
three quark-antiquark pairs are created independently via
a symmetric three-gluon intermediate state with no extra
interaction other than the recombination process in the
final state to form baryons. This is quite different from
the mechanism underlying the N∗ production from the γp
process where the photon couples to only one quark and
unsymmetric configuration of quarks is favored. Therefore,
the processes J/Ψ → p̄N∗ and γp → N∗ should probe
different aspects of the quark distributions inside baryons.
Since the J/Ψ decay is a glue-rich process, a hybrid N∗
is expected to have larger production rate than a pure
three-quark N∗ [9].

If N∗(1440) is a pure three-quark baryon, J/Ψ →
p̄N∗(1440) should have the same Feynman diagram, fig. 1,
as for J/Ψ → p̄p. The only difference for the two processes
is their quark wave functions and masses. Here, we per-
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Fig. 1. Lowest-order diagram for J/Ψ → p̄N ′ with N ′ to be p
or N∗.

form a calculation of the ratio between the production
rates of the two processes by assuming simple three-quark
wave functions for them. By comparing with experimental
data, we can see whether the N∗(1440) is produced more
than what our simple quark model predicts.

2 Formalism

For the basic amplitude corresponding to fig. 1, we have

〈qi, si, q
′
i, s

′
i, i = 1, 2, 3|T̂ |J/Ψ (Λ)〉 =

C0δ
4

(
PΨ −
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i=1

qi −
3∑

i=1

q′i

)
· ε(Λ)λ

Ψ
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(q1 + q′1)2(q2 + q′2)2(q3 + q′3)2
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′
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where ε
(Λ)
Ψ is the polarization four-vector of J/Ψ with

the helicity value Λ, PΨ is the four-vector momentum of
J/Ψ , q′i, s

′
i(qi, si) are the four-vector momenta and spin z-

projection of quarks (anti-quarks), respectively. We have
put all color matrix elements, QCD strong coupling con-
stants, J/Ψ decay constants, etc., into a single overall con-
stant C0.

The relation between the J/Ψ → p̄N ′ amplitude and
the basic quark diagram amplitude, eq. (1), is

M(Λ)
sz,s′

z
≡ 〈Ψp̄(q, sz)ΨN ′(q′, s′z)|T̂ |J/Ψ (Λ)〉 =
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Here 〈Ψp̄(q, sz)ΨN ′(q′, s′z)|qi, si, q
′
i, s

′
i, i = 1, 2, 3〉 is the

product of the quark model wave functions of p̄ and N ′ in
momentum space, with constraints δ4(q − q1 − q2 − q3) ·
δ4(q′−q′1−q′2−q′3). The only difference between the quark
wave functions of the proton and N∗(1440) is their spatial
parts, which we assume to be simple harmonic-oscillator
eigenfunctions in their center-of-mass (CM) systems, i.e.,

Φp̄(�kρ,�kλ) =
(

1
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)3/2
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1
2α (�k2
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λ), for proton; (3)
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3α
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×e−
1
2α (�k2
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λ), for N∗(1440), (4)

where α = mω is the harmonic-oscillator parameter,

�kρ =
1√
6
(�k1 + �k2 − 2�k3), (5)

�kλ =
1√
2
(�k1 − �k2), (6)

with �k1, �k2, and �k3 the three quark momenta in the CM
system of their corresponding baryon, which are related
to �qi or �q ′

i by a Lorentz transformation.
In the J/Ψ at rest system, the two baryon clusters

are moving in opposite directions with highly relativistic
speeds, each becoming very flat. Their spatial quark wave
functions in this system are related to their CM wave func-
tions as follows [10]:

Ψ(�qρ, �qλ) =
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where

�qρ =
1√
6
(�q1 + �q2 − 2�q3), (8)

�qλ =
1√
2
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The spin and flavor wave functions of the proton and
N∗(1440) are the same, i.e.,

Ψ1
SF = Ψ2

SF =
1√
2
(χρφρ + χλφλ), (10)

where χρ and χλ are the mixed-symmetry pair spin-1
2

wave functions. For example, we have

χρ
1
2 , 1

2
= − 1√

6
{| ↑↓↑〉 + | ↓↑↑〉 − 2| ↑↑↓〉}, (11)

χλ
1
2 , 1

2
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2
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for the case of the total spin 1
2 and its projection 1

2 . The
flavor wave functions φρ and φλ are exactly analogous to
that of the spin wave functions but in isospin space of u-d
quarks.

We perform the calculation in the J/Ψ rest system. For
J/Ψ produced in e+e− annihilation, its helicity is limited
to be Λ = ±1. The components in eq. (1) can be expressed
more explicitly as
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where Eq and mq are the energy and mass of the quark.
In eq. (2), the integration over

∏3
i=1 d�qid�q ′

i with two
δ4 functions can be reduced to a ten-dimension integration
which we carry out numerically with the adaptive multidi-
mensional Monte Carlo integration program RIWIAD of
CERN Program Library. From these amplitudes M(Λ)

sz,s′
z
,

we can get the decay cross-section for J/Ψ (Λ) → p̄N ′ as
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with Ω as the solid angle of �q.
The calculation of J/Ψ → N̄∗N∗ is similar, just re-

placing quark radial wave function of the anti-proton by
that of the N̄∗(1440). With formulas above, the calcula-
tion of the decay cross-sections is straightforward though
tedious.

3 Numerical results and discussion

In our quark model calculation, there are three parame-
ters, i.e., the constituent quark mass mq, the harmonic-
oscillator parameter α and an overall normalization fac-
tor C0. The relation between α and the nucleon radius
r0 is α = 1/r2

0. In most quark model calculations [3,10–
13], the quark mass mq has been chosen in the range
of 220–340 MeV, and α in the range of 0.06–0.22GeV2

which corresponds to the nucleon radius in the range of
0.42–0.8 fm. In the following, we limit our parameters in
these ranges.

The J/Ψ decay cross-sections for p̄p, p̄N∗ and N̄∗N∗+
can be expressed as

dΓ (J/Ψ (±) → p̄p)
dΩ

= Np̄p(1 + αpcos2θ), (17)

dΓ (J/Ψ (±) → p̄N∗)
dΩ

= R∗Np̄p(1 + α∗cos2θ), (18)

dΓ (J/Ψ (±) → N̄∗N∗+)
dΩ

= R∗∗Np̄p(1 + α∗∗cos2θ). (19)

Here Np̄p is a constant direct related to the experimental
branching ratio of J/Ψ → p̄p and can be used to fix the
overall normalization constant C0. The experimental value
for αp is (0.62± 0.11) [14] and can be used to put further
limit on the range of parameters α and mq. The shaded
area in fig. 2 shows the range allowed by one standard
deviation of the experimental αp value.

In order to investigate the importance of the Lorentz
contraction effect, we have also performed the calculation
by ignoring this effect, i.e., assuming �kρ = �qρ and �kλ =
�qλ. The resulted (α, mq) area allowed by one standard
deviation of the experimental αp value is shown in fig. 2
by the area surrounded by the solid line. One can see that

Fig. 2. The constrained area for parameters (α, mq) from ex-
perimental data αp = 0.62 ± 0.11 [14]. The shaded area is the
result with the Lorentz contraction effect; the area surrounded
by the solid line is the result ignoring the Lorentz contraction
effect.

the Lorentz contraction effect is very large and cannot be
ignored.

With (α, mq) values in the shaded area of fig. 2,
our quark model calculation predicts α∗ = 0.36 ± 0.08,
α∗∗ = 0.08 ± 0.05, R∗ = 2.1–4.8 and R∗∗ = 2.0–24.0.
Mixings between the ground state and the radially ex-
cited states [12] will not change our result much, due to
the relative negative sign of mixings for the proton and
N∗(1440).

There are no experimental data on p̄N∗ and
N̄∗N∗ channels yet. However from both BESI [7] and
MARKII [15] experiments, there is a clear peak around
1.5 GeV in the πN invariant mass in J/ψ → p̄Nπ pro-
cesses, although no partial-wave analyses were performed.
Very recently BESII has finished data taking for 50 million
more J/ψ events, which is about two orders of magnitude
more statistics than MARKII data and one order of mag-
nitude more statistics than BESI data. With such statis-
tics, partial-wave analyses of relevant channels are possi-
ble. New experimental results on J/Ψ → p̄p, J/Ψ → p̄N∗
and J/Ψ → N̄∗N∗ will help us to narrow down the quark
model (α,mq) parameters and study the nature of N∗.
If the J/Ψ → p̄N∗ production rate is significantly larger
than our quark model prediction, it may indicate that the
N∗ is a hybrid [9]; if J/Ψ → p̄N∗ production rate is signif-
icantly smaller than our prediction, then it may indicate
that the N∗ contains a large component of πN in its in-
ternal structure [13]. For a more quantitative statement,
concrete theoretical calculations for hybrid and molecule
baryon production are needed.
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