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In this work, we present calculations for the charmonium-hadron cross section. The hadron is represented
by an external color field and the charmonium is represented by a small color dipole. Using high-energy
approximations we compute the relevant cross sections, which agree with results obtained with other methods.

In the near future, data on charmonium production in
heavy ion collisions at RHIC will be available. In order to
understand them, a crucial ingredient is a good knowledge
of the charmonium - hadron cross section. In the last years
much work has been done along this line [1].

More than two decades ago, Peskin and Bhanot (BP) [2]
showed that one could apply perturbative QCD to calculate
the interactions between bound states of heavy quarks and
light hadrons. The justification of their approach comes ba-
sically from the fact that the heavy quark mass provides a
large energy scale. Later their results have been rederived
in the context of the operator product expansion (OPE) [3]
and more recently in terms of the QCD factorization the-
orem [4]. In all these works some nonperturbative input
is needed, such as certain matrix elements involving gluon
operators, the heavy quark wave function inside the bound
state or moments of the gluon distribution function in the
hadron. Moreover, most of the other existing calculations
follow some nonperturbative approach, some of them us-
ing constituent quark wave functions [5], some others using
effective lagrangians involving charm mesons in the strong
coupling regime [6] (which, in many cases, need charm form
factors [7]) and some others using the QCD vacuum expec-
tation values (condensates), which appear naturally in the
QCD sum rules approach [8]. All these treatments of the
problem were devoted to low energy rections. However, it
turns out that even at high energies (

√
s ' 20 GeV) nonper-

turbative effects play a very important role [9].
In this work we calculate the charmonium - hadron cross

section using the BP approach with simplifying assump-
tions, so as to render the calculations simple, analytic and
to be able to treat more complex interactions, like those in-
volving theχ states or the(Q − Q)8 − g pre-resonant (or
color octet) state.

The starting point is the assumption that the charmonium
(dipole) is small compared with the hadron (condenser). As
a consequence, theQ−Q pair will interact mostly with the
external color field but not with the (quark) sources. More-
over, the external color field is considered to have only low
momentum components (“soft gluons”) and thus is able to
transfer only a small amount of energy, which will be barely
enough to dissociate the bound state. The typical binding

energy isε ' 0.6 GeV. Therefore, in a first approximation

ε << M (1)

whereM is the mass of the bound state (M ' 3 GeV).
The binding energy is also small compared to the collision
energy

ε <<
√

s (2)

Approximation (1) justifies the use of quantum mechan-
ical perturbation theory (the Born approximation) and ap-
proximation (2) justifies the use of the eikonal approxima-
tion, which, in this case, implies that the hadron follows a
straight line trajectory and remains essentially undisturbed
during the interaction.

With these assumptions we can write the interaction
Hamiltonian as:

Hint = g(T a
1

~Ea
1~r1 + T

b

2
~Eb

2~r2) (3)

whereT a (T
b
) are the generators of color group SU(3) in the

fundamental (conjugate) representation. The index 1 and 2
represent the quark and antiquark respectively.~r1 and~r2

are the quark and antiquark coordinates in the charmonium
rest frame. ~Ea

1 and ~Eb
2 are the chromoeletric fields gener-

ated by the hadron in motion (condenser) and “felt” by quark
and antiquark in the bound state. They have to be Lorentz
transformed to the charmonium rest frame, bringing to our
calculation a Lorentz gamma factor, which is the source of
the energy dependence (

√
s) of our results. We shall for the

moment neglect the magnetic component, since it does not
do any work on the charges and thus is not effective in the
energy transfer.

We can represent this external field by:

~E(re, t) = γ ~E0exp

(
− (X − xe)2

d2
− (Y − ye)2

d2

)

exp

(
−γ2 [vt− ze]

2

d2

)
(4)

with e = 1, 2 . X, Y and Z are the hadron coordinates.
Z = vt, because the hadron moves with velocity~v along
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the z axis. We neglect the deflection of the hadron trajec-
tory, because we are studying reactions in the nonperturba-
tive regime, i.e., of the low momentum transfer. X and Y are
related with the impact parameterb by: b2 = X2 + Y 2.

Notice that, by simplicity, we choose one preferencial
direction for the field, in this case, thex-axis.

Neglecting the CM motion, (3) can be rewritten as

Hint = g(
λa

2
Ea

1 +
λbT

2
Eb

2)(
x1 − x2

2
) (5)

Also for the sake of simplicity, from now on, in (5) we take
x1 − x2 ' a, wherea is the typical separation between
quark and antiquark. Initially the quark-antiquark pair is in
a localized region of the space. The initial wave function of
system has one spatial part and one color part.

Ψin = f(r1, r2)cndn (6)

wherecn and dn , with n = 1, 2, 3, are the initial color
vector for quark and antiquark respectively, taken in a color
singlet state. We choose

f(r1, r2) = Ni exp[−~r1
2

a2
] exp[−~r2

2

a2
] exp(−iεit) (7)

whereεi is the charmonium initial energy andNi is a nor-
malization constant. The initial wave functionΨin describes
the confinement of quarks and also asymptotic freedom, as
it allows the quarks to be independent inside the bag.

Under the action of the external field the initial wave
functionΨin evolves to a final stateΨf :

Ψf = t(r1, r2)cjdk (8)

wherecj anddk, with j, k = 1, 2, 3, are the quark and anti-
quark final color vectors and

t(r1, r2) = Nf exp (i~p1.~r1)
exp (i~p2.~r2) exp (−iεf t) (9)

where~p1 and~p2 are the quark momenta;εf is the final en-
ergy of thec − c pair andNf is a normalization constant.
TheΨf function represents the wave function of free parti-
cles. In the model, the quarks become free, inside the con-
denser and then suffer hadronization, which always occurs
with probability one and does not change the cross section,
which is thus given by

d6σ = 2π

∫ ∞

0

db b |Tfi|2 · V

(2π3)
d3p1 · V

(2π3)
d3p2 . (10)

The transition amplitude squared can be easily computed
from (5), (6) and (8):

|Tfi|2 = | < |Ψf |Hint|Ψin > |2 = T ∗fi Tfi (11)

Since color is not observed, we take the average of the all
initial color states, and the sum of all final states:

|Tfi|2 → |Tfi|2 ≡ 1
3

∑
n

1
8

∑
a

∑

j

∑

k

|Tfi|2

As it is clear from (5), we will need to know the matrix ele-
ment< gE >. Following Kuzmenko and Simonov [10], we
take it to be equal to< gE >' 1 GeV/fm. Performing the
integrations in (10), we plot the result for the proton - char-
monium cross section in Fig. 1. The proton size of taken to
bed = 0.8 fm and the charmonium size equal toa = 0.2
fm.
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Figure 1. Proton-charmonium cross section as a function of
√

s.

3,0 3,5 4,0 4,5 5,0
0,01

0,1

1

10

100
 meson exchange model [11]
 short-distance QCD [2]
 quark exchange model [5]
 QCDSR [1]
 present work

σ π-
J/

Ψ
(m

b)

s1/2 (GeV)

Figure 2. Pion-charmonium cross section as a function of
√

s.

In Figure 2, we show the results for the pion - charmo-
nium cross section. As it can be seen, our curve agrees both
with QCD sum rules results and with the results obtained
with effective lagrangians, but is larger than the one obtained
with the Bhanot-Peskin approach.

Given the conceptual similarity between our model and
the BP one, it is somewhat surprising to find such a large
discrepancy between both results (almost one order of mag-
nitude). Both approaches depend on the projectile and target
sizesd anda respectively. These are relatively well known
quantities and they are certainly not responsible for the large
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discrepancies observed, which can be ultimately attributed
to the different ways of incorporating the nonperturbative
gluonic content of the hadron. In Refs. [3] and [4] the au-
thors managed to rewrite the original chromoelectric field
in terms of moments of the gluon distribution, whereas we
have kept the quantity< g E > untill the end of the calcu-
lation. This subject deserves further investigation.
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