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Charmonium production in relativistic proton-nucleus collisions: What will we learn
from the negative xg region?

D. Koudeld and C. Volpé'2
Y nstitut fiir Theoretische Physik der Universitat, Philosophenweg 19, D-69120 Heidelberg, Germany
2 Groupe de Physique Théorique, Institut de Physique Nucléaire, F-91406 Orsay Cedex, France
(Received 22 January 2003; published 27 May 2004

We study the nuclear medium effects on ttetime 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 the-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 fory’. We present the comparison with data from NA50 and E866/NuSea and make predictions for
theJ/y, ', andy. suppression factors as a function of the nuclear mass, and for the negatagton, where
data will be available soon.
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[. INTRODUCTION particular, little is known of these effects when the formation
time of the charmonium is smaller than the time taken to
An exciting era in the study of strong interactions hastraverse the nucleupA andAB collision measurements will
begun with high energy heavy ion collision experimentsbe performed soon by the HERA-B and PHENIX Collabo-
which have opened the exploration of new states of matterations. Similar experiments with photoproduced charmonia
such as the color glass condensate, or the so-called quarill be done by the E160 Collaboratidi 7], for which pre-
gluon plasma, also important for understanding the early unidictions are given in Ref.18].
verse. Evidence for the quark-gluon plasma may come from Here, we focus on the fragmentation region of the nucleus
combining information from different signals, such as(negativexg or slowcc) and study the effects of the nuclear
strangeness, dilepton, photon, or charmonium production. Medium on thecc time evolution and on charmonium pro-
Matsui and Sat#1] first suggested that the suppression ofduction in relativisticpA collisions [19]. Because of the ki-
charmonia could signal a phase transition. This pioneering€Mmatics region we are interested in, we assume thatdhe
idea has triggered a series of experimd@ts], whose inter- quickly becomes a color singlet staigremesopand on its

pretation has been controversial. It has become clear that, yay through the nucleus, this premeson expands jfonze-

use charmonium as a signal, all possible mechanisms affecto: while experiencing collisions with the nucleons. We use

. : : a quantum-mechanical model where, contrary to previous
ng Chafm"”'“m production need.tc_) be underst(m&]._ works [4,12,13,20, thecc pair is bound by a realistic poten-
In this context,pp and pA collisions have been inten-

ively studiedr2 In fact. th d tial [21] and the premesof@and then mesgrwave function is
sively studied[2-8]. 'n fact, these processes are used as xpanded on the basis given by the charmonium eigenstates.
reference forAB collisions where a critical energy density imaginary potential depending on the dipole

may be attained, producing the plasma. This should affeqtharmonium-nucleon cross sectifi?,23 is included to de-
various observables and, in particular, may lead to extracripe the collisions with the nucleons. This introduces a
(anomaloup charmonium suppression. There have been inyansition amplitude among the charmonium staté¢e as-
dications recently that the plasma has been produced, but it me the premeson wave function has a fixed angular mo-
too early to draw conclusioni®]. These studies will be pur- mentum quantum number and different radial compongnts.
sued at RHIC and at LHC. We show that the interaction of the premeson, and later on

It takes a certain time for ac produced in a collision to the meson, with the nuclear medium produces an interfer-
become a color singlet state, then it expands to the size of ence pattern on the charmonium survival probability. We
¥ meson(y stands from now on for any charmonium meson,show how this affects the charmonium suppression factor
i.e., J/y, ', andx,) [4,10,1]. both when the path in the nucleus is varied, by changing the

Fast(slow) cc pairs can traverse the nucleus befor¢gza nuclear mass, and as a functionxaf These effects are par-
meson is fully formed(as fully formed meson [12,13. ticularly important fory’. We compare our results with data
Experimentally, one can pinpoint these kinematic regions byrom the NA50[7] and E866/NuSefB] Collaborations. We
measuring charmonium production at positive and negativeresent predictions for the productiondfy, ', andy, in a
Feynmanxg values and/or through inverse kinematics mea+ange of small negative: values, for different nuclef19],
surementg4]. The negativexg region has been studied in for which measurements will be performed sdaf].
[13-15. Interesting features may appear in this region in
going from pA to AB experimentg16]. Il. THE MODEL

The nuclear medium effects on the pair evolution is Our cc pair, produced in @A collision, is described in its
one of the aspects that needs to be better understood. tenter of masgc.m) frame by the internal Hamiltonian
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Ho="—+V(r), (1)

me A—1
where m. is the charm quark mass. The realistic potential §_2
V(r) binding ¢ and ¢ reproduces the charmonium family :\;—3
properties[21]. (The spin-dependent terms are neglegted. o2
Only transitions between charmonium states with different =
quantum numbers are considered. =5

By solving the static Schrodinger equation whfy, one _

gets the eigenenergi&; , and the corresponding wave func- 0O 10 20 30 40 50

tions|n,¢) (to simplify notations, we drop the dependence on

magnetic quantum numbeiThe 1S and XS states correspond FIG. 1. Survival probability ofl/ ¢ (uppep and ¢ (lower) as a
in our model toJ/ ¢ and ¢/, respectively, and R to y.. The function of time(laboratory framg normalized to the initial prob-
different total spin states of. are not split in energyour y. ability, with (solid) or without (dashed ling the transition ampli-
is produced through a two-gluon mechanjsive replace the udes among the charmonia.

DD continuum(above theDD threshold atE;~3.7 Ge\j

by resonances in thec system having the bound state ener- A difficult choice is that of the initial conditions,, ,(0)
gies fromH, and the observed widths. for Eq. (4), related to the hadroproduction of charmonia,

The time dependent wave function fec in its rest frame ~ Which are still not well knowr{4,5,10,11. We use
is expanded on the basis of eigenstatesigf I
P ’ ¢ (FrAcG, 00 =af(r)e V2D, ()

wherea, is a normalization constant. We describe the con-
version of a gluon into ac through a Gaussian multiplied by
fe(rT):r$ (or r7) to account for the twgone) supplementary
(h,c=1). In practice, for a giver¥ value one truncates the gluons necessary to produd&yp, ' (or x.). The initial wave

|CC,€)(7) = 2 Cp (D)€ EneTn, €) )

n=0

sum to a numben of eigenstates. function depends on one parameter ong;, determined
To model the interaction ofc with the nuclear medium by fixing |c,o/ci o to the experimental ratio ofy/
we add an imaginary part to E¢L): over J/¢, in pp collisions at 450 GeV, ie.,
. Swgwqp”*h‘/’ /BbJ,lPMﬁcrppﬂJ"/’.:(1.6(2;;0.04% [23], vyhere ;
w=i Y e [y y—upn IS the branching ratio to dimuon production an
W IZU(rT’\Sd’N)p(b’Z)' ©® oPP~? the pp reaction cross section. This leads to

~ ]ea0/c1,d%0)=0.22+0.03 and3=1.33+0.5 GeV(the same
wherev is the speed of the nucleus with respect to ¢ite g is used for they, states.
frame, o is the dipole cross section associated with the inter-  The numbemn of states in Eq(2) has to be large enough
action of thecc and a nucleom, ry is thec andc transverse  that the results do not depend on the truncation. We have
distance's,y the energy in the c.m. of theN system, angy  checked that the inclusion of extra stagep to four channels
is the nuclear density evaluated at the positiojz) of thecc  for the Sstates and up to two for tHe state$ always slightly
c.m., z being the beam direction. Far we useg(rT,\;g) affects the last state included, whereas the results for the

:oo(s)(l—e‘@”g(s)), determined by fitting deep inelastic states of interest here remain practically unchanged.

scattering data and which reproduces the charmonium pho-
toproduction dat§22]. Concerning the nuclear densjywe [ll. RESULTS AND DISCUSSION
present results obtained with a Woods-Saxon profile, with

parameters chosen to reproduce the nuclear radii. We present the results obtained in infinite nuclear matter

The time evolution of thecc wave function(2) in the ISt i-e., wherep is taken as constant in,qu‘)' In Fig. 1 we
nucleus is determined by solving the time dependenfoW the time evolution of thé/y andy’ probabilities ob-
Schradinger equation fd =Hy—iW Eqgs.(1)—<(3). This leads _tamed_ by solving 59(4) W'th.Eq' (5), both neg_lectlng aﬂd
to the coupled-channel equations including the transition amplitudes between different eigen-

states(nondiagonal terms While in the former case the

n probabilities decrease exponentially, in the latter they present
Cnelt) = -a>, Ck’{(t)ei(En,('Ek,()t/'y<n,€|0-|k,€> (4) an oscillation. The interference pattern 'is more pronounced
k=1 in the case of)/, whereas fold/ ¢ the oscillations stay very

~ close to the exponential. This effect directly influences the
for the amplitudesc,(t), with a=vp(b,z)/2. The timet suppression factors ipA collisions as we will see. The
=y is now in the laboratory frame. We have neglected indominant oscillation frequency in Eq@4) is w=(Ey,
this first calculation the higher Fock states that emerge fromrE; ¢)/y. The deviation from the uncoupled solution be-
the Lorentz boosf22]. We see from Eq(4) that the imagi- comes stronger the higher thefactor.
nary potential(3) introduces a transition amplitude among  Let us now consider ac pair produced in @A collision
the charmonium eigenstates. which evolves according to E¢4). Integrating over all pos-
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FIG. 3. Predictions for thg, suppression factor as a function of

FIG. 2. ducti tion ti the b hi tio t . .
¥ production cross section times the branching ratio Othe nuclear mass, at=>5 (circles, 16 (squarey and 21(triangles.

dimuon production, for the J/¢" (top) and ¢’ (bottom) at E,
=450 GeV, as a function of the nuclear mass. Data are from the

NASO Collaboration[7]. (The curves are only to guide the eye.  pressjon factor as a function of the nuclear mass. The largest
suppression is observed whetis the lowest, corresponding
to a longer time spent in the nucleus.
Let us now look at the: dependence. The suppression is
often parametrized &&(Xg, \'S,p) =A% vSopA1[4]. In Fig.
4 the « values for 3/¢" and ¢/ are compared to data from
the E866/NuSea Collaboratid8]. In the small positive and
negativexg region, our calculations are in good agreement
(6)  with the experiment forJ/¢", whereas the)’ data are over-
predicted. In fact, in the small positive region, thecc can
traverse the nucleus before developing intgy aneson. In
th|s kinematic regime, other effects, such as gluon shadow-
[24] can play a role.

sible pathsc,()/c,(0)]%, and giving they survival prob-
ability in the nucleus, one gets th@A— ¢ reaction cross
section

cylt0,2) |
c,0)

oPA—Y = f dbdzo(b,2)o?N=¥

t(5 2) is the time necessary forax produced at a poir(6 Z)
to traverse the nucleus. If one assumes a constant nucle

density, '|.e.,p—p00(R . th{_sztlmg is given by a.5|mple Flnally, we present predictions for the values(Fig. 5)
geometrical formula(b,z)=(VR*-b*-2)/v, wherev is the for “J/, ', and x. in the negativex: region, where ex-
velocity of thecc and R the nuclear radius. Here we use a perimental data from the HERA-B and the PHENIX Col-
Woods-Saxon profile fop(b,2). In this case, we determine laborations[17] will be available soon. Results for both

the survival probability(4) by substituting the time(b,z)  “J/¢" and x. have a rather flat behavior, wherefsis very
with the distance covered by the in the nucleus and di- Sensitive to thexg values. A stronger variation with the

. . S nuclear mass is present fgf. This is because the couplin
rectly integrate the survival probability,(b,2) in Eq. (6). If between the cha?moniumﬁigenstates affeictsnuch mc?re ’
oPA=¥=AcPNY the suppression factor, defined as

thanJ/¢ (and x) (Fig. 1).

PR Figure 5 also shows that theparametrization of the sup-
pressionoften used withw taken independent &) is espe-
cially not good in the negativer region, since there is a
strong dependence of thevalues on the nuclei.

A= AP (7)

becomesS{=1.
Before comparing with the experimental values, the di-
rectly producedl/ ¢'s as well asd/¢'s produced byy/’ and

Xc decays have to be considered. The tdta} number is 095 h X0 xo = = o, x |
thenS;2%"=0.625){+0.38!5 +0.085), [6].

Let us first discuss charmonium production as a function 0.9 ¢
of the nuclear mass. Thec pair travels along different 3 1

lengths, spending different time intervals in the nuclei. Ex-

periments with differentA explore the time dependence of 0.95 | T ]
the c, , amplitudes(Fig. 1). We present results ordf ¢’ and . I i i I ]

¢’ (Fig. 2) in comparison with data from the NA50 Collabo- 0.9
ration [7]. The data are given as branching ratios multiplied 0.85 . X
by the cross section and divided by the nuclear mass, which -0.1 0 01 0.2

only differs from the suppression factor by a constawte ]

normalize the data by this constant, determined from the av- F|G. 4. Calculated and experimentalvalues for “J/ ¢ (top)
erage of the ratio experimental/calculated valu€ur re-  andy’ (bottom as a function of Feynmax: at E,=800 GeV. The
sults are in good agreement with the experiment both fow values are from W/Be measurements. Data are from the E866/
“JIy" and . In Fig. 3 we give predictions for thg. sup-  NuSea Collaboratiof8].
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L S The quantum-mechanical model used here includes a realis-
095 [ o a—a4—4——4 ] tic potential binding for thesc pair and an imaginary poten-
tial, which describes the collision of ther with the nucle-
0.9t ] ons, and depends on the dipole charmonium-nucleon cross
1 , , , section. The imaginary potential introduces transition ampli-
I e — tudes among charmonium eigenstates. This in turn, produces
5 0.95 ¢ /‘/‘/‘ ; an interference pattern on the charmonium survival probabil-
09 I ] ity, and is particularl_y pronounced_ fap’, and consequently
affects the charmonium suppression factors. The results are
1 i i i compared to experimental data from the NA50 and E866/
095 L+ Tt ] NuSea Collaborations. Predictions on they, ', and x;
P — suppression factors in the fragmentation region of the
09 ; nucleus are presented for different nuclei. Experiments will
. . . be performed soon by the HERA-B and the PHENIX Col-
-0.4 -0.2 X 0 0.2 laborations. The exploration of the negatixe region will

F bring new information on the charmonium-nucleon cross

FIG. 5. Predictions for ther dependence of 37y (top), v/  S€ction and on the initial conditions which are currently not
(middle), and x, (bottom, as a function ofxg, obtained atE, well known, especially fory.. A better understanding of the

=800 GeV, for tungstefiriangles and beryllium(squares mechanisms for charmonium production in proton-nucleus
collisions in this yet unexplored region will help us in the
V. CONCLUSIONS interpretation of relativistic nucleus-nucleus collision mea-
surements.

In summary, we have studied the production of charmo-
nium (J/ ¢, ¢, xo) in relativistic proton-nucleus collisions.
We focused on the nuclear effects of tbetime evolution Thanks to Jorg Hufner for having turned our attention to
and on the charmonium production when the time foac#&o  this problem, and for his suggestions and comments. Thanks
develop into ay meson is short compared to the time nec-to Boris Kopeliovich and Stephane Peigné for discussions
essary to traverse the nucleus. This kinematic region may b&nd remarks, and to Yuri Yvanov for his help. One of us
explored experimentally by looking at slow enoughand (C.V.) acknowledges the Institut fir Theoretische Physik
therefore charmonium produced in the negatkeeregion.  (Heidelberg, for their warm hospitality.
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