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We study the nuclear medium effects on thecc̄ time evolution and charmonium production in a relativistic
proton-nucleus collision. Little is known of the nuclear effects in the fragmentation region where the charmo-
nium formation length is shorter than the nuclear size. We use a quantum-mechanical model which includes an
imaginary potential to describe thecc̄-nucleon collisions. This introduces a transition amplitude among the
charmonium states and results in an interference pattern in the survival probability, and is particularly pro-
nounced forc8. We present the comparison with data from NA50 and E866/NuSea and make predictions for
theJ/c, c8, andxc suppression factors as a function of the nuclear mass, and for the negativexF region, where
data will be available soon.
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I. INTRODUCTION

An exciting era in the study of strong interactions has
begun with high energy heavy ion collision experiments
which have opened the exploration of new states of matter,
such as the color glass condensate, or the so-called quark-
gluon plasma, also important for understanding the early uni-
verse. Evidence for the quark-gluon plasma may come from
combining information from different signals, such as
strangeness, dilepton, photon, or charmonium production.

Matsui and Satz[1] first suggested that the suppression of
charmonia could signal a phase transition. This pioneering
idea has triggered a series of experiments[2,3], whose inter-
pretation has been controversial. It has become clear that, to
use charmonium as a signal, all possible mechanisms affect-
ing charmonium production need to be understood[4,5].

In this context,pp and pA collisions have been inten-
sively studied[2–8]. In fact, these processes are used as a
reference forAB collisions where a critical energy density
may be attained, producing the plasma. This should affect
various observables and, in particular, may lead to extra
(anomalous) charmonium suppression. There have been in-
dications recently that the plasma has been produced, but it is
too early to draw conclusions[9]. These studies will be pur-
sued at RHIC and at LHC.

It takes a certain time for acc̄ produced in a collision to
become a color singlet state, then it expands to the size of a
c meson(c stands from now on for any charmonium meson,
i.e., J/c, c8, andxc) [4,10,11].

Fast (slow) cc̄ pairs can traverse the nucleus before ac
meson is fully formed(as fully formedc meson) [12,13].
Experimentally, one can pinpoint these kinematic regions by
measuring charmonium production at positive and negative
FeynmanxF values and/or through inverse kinematics mea-
surements[4]. The negativexF region has been studied in
[13–15]. Interesting features may appear in this region in
going frompA to AB experiments[16].

The nuclear medium effects on thecc̄ pair evolution is
one of the aspects that needs to be better understood. In

particular, little is known of these effects when the formation
time of the charmonium is smaller than the time taken to
traverse the nucleus.pA andAB collision measurements will
be performed soon by the HERA-B and PHENIX Collabo-
rations. Similar experiments with photoproduced charmonia
will be done by the E160 Collaboration[17], for which pre-
dictions are given in Ref.[18].

Here, we focus on the fragmentation region of the nucleus
(negativexF or slow cc̄) and study the effects of the nuclear
medium on thecc̄ time evolution and on charmonium pro-
duction in relativisticpA collisions [19]. Because of the ki-
nematics region we are interested in, we assume that thecc̄
quickly becomes a color singlet state(premeson) and on its
way through the nucleus, this premeson expands to ac me-
son, while experiencing collisions with the nucleons. We use
a quantum-mechanical model where, contrary to previous
works [4,12,13,20], thecc̄ pair is bound by a realistic poten-
tial [21] and the premeson(and then meson) wave function is
expanded on the basis given by the charmonium eigenstates.
An imaginary potential depending on the dipole
charmonium-nucleon cross section[12,22] is included to de-
scribe the collisions with the nucleons. This introduces a
transition amplitude among the charmonium states.(We as-
sume the premeson wave function has a fixed angular mo-
mentum quantum number and different radial components.)

We show that the interaction of the premeson, and later on
the meson, with the nuclear medium produces an interfer-
ence pattern on the charmonium survival probability. We
show how this affects the charmonium suppression factor
both when the path in the nucleus is varied, by changing the
nuclear mass, and as a function ofxF. These effects are par-
ticularly important forc8. We compare our results with data
from the NA50[7] and E866/NuSea[8] Collaborations. We
present predictions for the production ofJ/c, c8, andxc in a
range of small negativexF values, for different nuclei[19],
for which measurements will be performed soon[17].

II. THE MODEL

Our cc̄ pair, produced in apA collision, is described in its
center of mass(c.m.) frame by the internal Hamiltonian
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H0 =
p2

mc
+ Vsrd, s1d

where mc is the charm quark mass. The realistic potential
Vsrd binding c and c̄ reproduces the charmonium family
properties[21]. (The spin-dependent terms are neglected.)
Only transitions between charmonium states with differentn
quantum numbers are considered.

By solving the static Schrödinger equation withH0, one
gets the eigenenergiesEn,, and the corresponding wave func-
tions un,,l (to simplify notations, we drop the dependence on
magnetic quantum number). The 1Sand 2Sstates correspond
in our model toJ/c andc8, respectively, and 1P to xc. The
different total spin states ofxc are not split in energy(our xc
is produced through a two-gluon mechanism). We replace the

DD̄ continuum(above theDD̄ threshold atEcc̄<3.7 GeV)
by resonances in thecc̄ system having the bound state ener-
gies fromH0 and the observed widths.

The time dependent wave function forcc̄ in its rest frame
is expanded on the basis of eigenstates ofH0:

ucc̄,,lstd = o
n=0

`

cn,,stde−iEn,,tun,,l s2d

s" ,c=1d. In practice, for a given, value one truncates the
sum to a numbern̄ of eigenstates.

To model the interaction ofcc̄ with the nuclear medium
we add an imaginary part to Eq.(1):

iW = i
gv
2

ssrWT,ÎscNdrsbW,zd, s3d

wherev is the speed of the nucleus with respect to thecc̄
frame,s is the dipole cross section associated with the inter-
action of thecc̄ and a nucleonN, rT is thec andc̄ transverse
distance,ÎscN the energy in the c.m. of thecN system, andr

is the nuclear density evaluated at the positionsbW ,zd of thecc̄
c.m., z being the beam direction. Fors we usessrT,Îsd
=s0ssds1−e−rT

2/r0
2ssdd, determined by fitting deep inelastic

scattering data and which reproduces the charmonium pho-
toproduction data[22]. Concerning the nuclear densityr, we
present results obtained with a Woods-Saxon profile, with
parameters chosen to reproduce the nuclear radii.

The time evolution of thecc̄ wave function(2) in the
nucleus is determined by solving the time dependent
Schrödinger equation forH=H0− iW Eqs.(1)–(3). This leads
to the coupled-channel equations

ċn,,std = − ao
k=1

n̄

ck,,stdeisEn,,−Ek,,dt/gkn,,usuk,,l s4d

for the amplitudescn,lstd, with a=vrsbW ,zd /2. The time t
=gt is now in the laboratory frame. We have neglected in
this first calculation the higher Fock states that emerge from
the Lorentz boost[22]. We see from Eq.(4) that the imagi-
nary potential(3) introduces a transition amplitude among
the charmonium eigenstates.

A difficult choice is that of the initial conditionscn,,s0d
for Eq. (4), related to the hadroproduction of charmonia,
which are still not well known[4,5,10,11]. We use

krWT,zucc̄,,ls0d = a,f,srTde−s1/2db2srT
2+z2d, s5d

wherea, is a normalization constant. We describe the con-
version of a gluon into acc̄ through a Gaussian multiplied by
f,srTd=rT

2 (or rWT) to account for the two(one) supplementary
gluons necessary to produceJ/c, c8 (or xc). The initial wave
function depends on one parameter only,b, determined
by fixing uc2,0/c1,0u2 to the experimental ratio ofc8
over J/c, in pp collisions at 450 GeV, i.e.,
Bc8→mmspp→c8 /BJ/c→mmspp→J/c=s1.60±0.04d% [23], where
Bc→mm is the branching ratio to dimuon production and
spp→c the pp reaction cross section. This leads to
uc2,0/c1,0u2s0d=0.22±0.03 andb=1.33±0.5 GeV(the same
b is used for thexc states).

The numbern̄ of states in Eq.(2) has to be large enough
that the results do not depend on the truncation. We have
checked that the inclusion of extra states(up to four channels
for theSstates and up to two for theP states) always slightly
affects the last state included, whereas the results for the
states of interest here remain practically unchanged.

III. RESULTS AND DISCUSSION

We present the results obtained in infinite nuclear matter
first, i.e., wherer is taken as constant in Eq.(4). In Fig. 1 we
show the time evolution of theJ/c andc8 probabilities ob-
tained by solving Eq.(4) with Eq. (5), both neglecting and
including the transition amplitudes between different eigen-
states(nondiagonal terms). While in the former case the
probabilities decrease exponentially, in the latter they present
an oscillation. The interference pattern is more pronounced
in the case ofc8, whereas forJ/c the oscillations stay very
close to the exponential. This effect directly influences the
suppression factors inpA collisions as we will see. The
dominant oscillation frequency in Eq.(4) is v=sE2,,

−E1,,d /g. The deviation from the uncoupled solution be-
comes stronger the higher theg factor.

Let us now consider acc̄ pair produced in apA collision
which evolves according to Eq.(4). Integrating over all pos-

FIG. 1. Survival probability ofJ/c (upper) andc8 (lower) as a
function of time(laboratory frame), normalized to the initial prob-
ability, with (solid) or without (dashed line) the transition ampli-
tudes among the charmonia.
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sible pathsuccs`d /ccs0du2, and giving thec survival prob-
ability in the nucleus, one gets thepA→c reaction cross
section

spA→c =E dbWdzrsbW,zdspN→cU ccstsbW,zdd
ccs0d

U2

. s6d

tsbW ,zd is the time necessary for acc̄ produced at a pointsbW ,zd
to traverse the nucleus. If one assumes a constant nuclear
density, i.e.,r=r0QsR−rd, this time is given by a simple
geometrical formulatsb,zd=sÎR2−b2−zd /v, wherev is the
velocity of thecc̄ and R the nuclear radius. Here we use a

Woods-Saxon profile forrsbW ,zd. In this case, we determine

the survival probability(4) by substituting the timetsbW ,zd
with the distance covered by thecc̄ in the nucleus and di-

rectly integrate the survival probabilityccsbW ,zd in Eq. (6). If
spA→c=AspN→c, the suppression factor, defined as

SA
c ;

spA→c

AspN→c , s7d

becomesSA
c=1.

Before comparing with the experimental values, the di-
rectly producedJ/c’s as well asJ/c’s produced byc8 and
xc decays have to be considered. The totalJ/c number is

thenSpA
“J/c” =0.62SpA

J/c+0.30SpA
xc +0.08SpA

c8 [6].
Let us first discuss charmonium production as a function

of the nuclear mass. Thecc̄ pair travels along different
lengths, spending different time intervals in the nuclei. Ex-
periments with differentA explore the time dependence of
thecn,, amplitudes(Fig. 1). We present results on “J/c” and
c8 (Fig. 2) in comparison with data from the NA50 Collabo-
ration [7]. The data are given as branching ratios multiplied
by the cross section and divided by the nuclear mass, which
only differs from the suppression factor by a constant.(We
normalize the data by this constant, determined from the av-
erage of the ratio experimental/calculated values.) Our re-
sults are in good agreement with the experiment both for
“J/c” and c8. In Fig. 3 we give predictions for thexc sup-

pression factor as a function of the nuclear mass. The largest
suppression is observed wheng is the lowest, corresponding
to a longer time spent in the nucleus.

Let us now look at thexF dependence. The suppression is
often parametrized asSA

csxF ,Îsppd=AacsxF,Îspp,Ad−1 [4]. In Fig.
4 thea values for “J/c” and c8 are compared to data from
the E866/NuSea Collaboration[8]. In the small positive and
negativexF region, our calculations are in good agreement
with the experiment for “J/c”, whereas thec8 data are over-
predicted. In fact, in the small positivexF region, thecc̄ can
traverse the nucleus before developing into ac meson. In
this kinematic regime, other effects, such as gluon shadow-
ing [24], can play a role.

Finally, we present predictions for thea values(Fig. 5)
for “J/c”, c8, and xc in the negativexF region, where ex-
perimental data from the HERA-B and the PHENIX Col-
laborations[17] will be available soon. Results for both
“J/c” and xc have a rather flat behavior, whereasc8 is very
sensitive to thexF values. A stronger variation with the
nuclear mass is present forc8. This is because the coupling
between the charmonium eigenstates affectsc8 much more
thanJ/c (andxc) (Fig. 1).

Figure 5 also shows that thea parametrization of the sup-
pression(often used witha taken independent ofA) is espe-
cially not good in the negativexF region, since there is a
strong dependence of thea values on the nuclei.

FIG. 2. c production cross section times the branching ratio to
dimuon production, for the “J/c” (top) and c8 (bottom) at Ep

=450 GeV, as a function of the nuclear mass. Data are from the
NA50 Collaboration[7]. (The curves are only to guide the eye.)

FIG. 3. Predictions for thexc suppression factor as a function of
the nuclear mass, atg=5 (circles), 16 (squares), and 21(triangles).

FIG. 4. Calculated and experimentala values for “J/c” (top)
andc8 (bottom) as a function of FeynmanxF at Ep=800 GeV. The
a values are from W/Be measurements. Data are from the E866/
NuSea Collaboration[8].
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IV. CONCLUSIONS

In summary, we have studied the production of charmo-
nium sJ/c ,c8 ,xcd in relativistic proton-nucleus collisions.
We focused on the nuclear effects of thecc̄ time evolution
and on the charmonium production when the time for acc̄ to
develop into ac meson is short compared to the time nec-
essary to traverse the nucleus. This kinematic region may be
explored experimentally by looking at slow enoughcc̄ and
therefore charmonium produced in the negativexF region.

The quantum-mechanical model used here includes a realis-
tic potential binding for thecc̄ pair and an imaginary poten-
tial, which describes the collision of thecc̄ with the nucle-
ons, and depends on the dipole charmonium-nucleon cross
section. The imaginary potential introduces transition ampli-
tudes among charmonium eigenstates. This in turn, produces
an interference pattern on the charmonium survival probabil-
ity, and is particularly pronounced forc8, and consequently
affects the charmonium suppression factors. The results are
compared to experimental data from the NA50 and E866/
NuSea Collaborations. Predictions on theJ/c, c8, and xc
suppression factors in the fragmentation region of the
nucleus are presented for different nuclei. Experiments will
be performed soon by the HERA-B and the PHENIX Col-
laborations. The exploration of the negativexF region will
bring new information on the charmonium-nucleon cross
section and on the initial conditions which are currently not
well known, especially forxc. A better understanding of the
mechanisms for charmonium production in proton-nucleus
collisions in this yet unexplored region will help us in the
interpretation of relativistic nucleus-nucleus collision mea-
surements.
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