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Abstract

The production of J/1 and 9/’ charmonium states in proton-nucleus interactions
has been investigated by the NA50 experiment, at the CERN SPS. High statis-
tics data sets were collected with collisions induced by 450 GeV protons incident
on Be, Al, Cu, Ag and W targets. The J/v¢ and ¢’ production cross-sections
have been determined for each p-A system and their dependences on the nu-
cleus size have been studied, leading to the so-called normal nuclear absorption.
Comparing the two patterns we see that the nuclear absorption is stronger for
the ¢’ than for the J/1. Given the high statistics of the data samples, the xp
(or rapidity) differential cross-sections of the J/1¢ and 9’ states have also been
studied, for each of the target nuclei.
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1 Introduction

The production of charmonium states in proton-nucleus collisions has attracted con-
siderable attention in the last few years. On one hand, such studies are needed to
clarify how the heavy quarkonia states are produced, and to compare the NRQCD
factorization approach [1] with the color evaporation or color singlet models [2]. On
the other hand, well understood “normal nuclear absorption” patterns of the J/v
and 9’ resonances in p-A collisions are absolutely crucial for a proper interpretation
of the charmonium suppression results obtained in heavy ion collisions [3].

J/1 hadro-production has already been studied in several fixed target experi-
ments, both at CERN and at FNAL, in the energy range /s = 20-40 GeV [4, 5, 6, 7].
However, some of these experiments deduced the nuclear dependence of J /1) produc-
tion by using only two different target nuclei and/or taking a very light target (such
as Hydrogen or Deuterium) as the reference. This situation is particularly bad when
one expresses the dependence of charmonium production on the mass number of the
nuclear targets, A, using the simple expression A%. Indeed, the lighter is the first
target, the higher is the extracted value of a.

The situation concerning the 1’ resonance is more uncertain, given the much lower
production cross-sections. At /s = 40 GeV, the E866 collaboration [7] observed a
stronger nuclear absorption of the v with respect to that of the J/i. They have
also shown that the absorption effects depend on the zr of the observed charmonium
states, and that at high xp the two resonances suffer the same influence from the
nuclear medium. No similar study has been done so far at lower energies, in particular
due to insufficient amount of data to study ¢’ production in several xr bins. In the
analysis presented in this paper, we have been able to extract the zp-dependent J /)
and ¢’ nuclear absorption cross-sections, in p-A collisions at 450 GeV, within the
relatively small zp coverage of the NA50O dimuon spectrometer, —0.1 < zp < 0.1.

The data presented here, collected by the NA50 experiment, together with the
higher energy results already published by E866, should contribute to a more detailed
study of the J/v¢ and v’ production mechanisms, including their formation times.
This comparative study, of two different states, at different energies, and as a function
of z, is particularly important to establish a correct baseline reference for the studies
of J /1 suppression in heavy-ion collisions, done in different kinematical windows and
energies, v/s ~ 20 GeV at the SPS and /s = 200 GeV at RHIC.

2 Experimental setup and data selection

The main component of the NA50 apparatus is a dimuon spectrometer, composed of
eight multi-wire proportional chambers, for tracking, and four scintillator hodoscopes,
providing the trigger signal. These detector elements are separated in two groups by
an air-core toroidal magnet that bends the particles with a polar deflection angle
inversely proportional to their transverse momentum, pr. The dimensions of the
magnet define the rapidity coverage of the spectrometer, 2.92 < y1,, < 3.92. The



efficiency of the dimuon trigger system is measured in devoted data taking runs,
when the trigger is given by coincidences in two special scintillator hodoscopes. The
trigger efficiencies are ~ 90 %. The spectrometer is separated from the vertex region
by a 5.4 m long muon filter. It starts 25 cm downstream from the target and is
made of a 61 cm long aluminum oxide pre-absorber followed by 400 cm of carbon and
80 cm of iron. The remnants of the beam are stopped by the central Tungsten and
Uranium beam dump embedded into the absorber and starting at 165 cm from the
target position. A detailed description of the experiment can be found in Ref. [8].

The analysis presented in this paper uses data collected in the period 1996-2000,
with 450 GeV protons interacting on Be, Al, Cu, Ag and W targets, of lengths 130,
120, 75, 75 and 45 mm, respectively. The density of the targets was measured with a
precision of ~ 0.2 %. The corresponding interaction probabilities vary between 26 and
39%. The incoming beam intensity was constantly measured by three independent
argon ionization chambers, calibrated at low intensities using the coincidence of two
scintillator counters.

For each target we have collected two qualitatively different data samples, referred
to as LI (pBe00, pAl99, pCu99, pAg00 and pW98) and HI (pBe98, pAl97, pCu97,
pAg97 and pW96), with average beam fluxes, during the 2.37 s burst, of 3-6 x10® and
2-3 x10° protons, respectively. The large data samples collected at high intensity are
better suited to study the ¢’ with respect to the J/1, and the shapes of differential
cross-sections.

We should note that the reconstruction of the HI data samples required special
improvements in the offline software algorithms, to account for the high occupancies
of the chambers. In the previously used tracking method, the hits were removed from
the track reconstruction procedure as soon as they were used in a track, even if that
track would turn out to be fake. In the new method hits could be used to build
more than one track, and it was only at the end that the highest quality tracks were
selected, resulting in significantly improved reconstruction efficiencies for the HI data
samples.

The LI data sets have already been analyzed, in the region —0.4 < yems < 0.6,
and the results were published in Ref. [9]. In the present study, all the data have
been reanalyzed in a more symmetric kinematical window, described below. The
new results are compatible within errors with the already reported ones, although
the slightly different kinematic windows and reconstruction methods lead to ~ 1.5 %
higher cross-sections.

Out of the reconstructed dimuons, we have selected for the final analysis data
sample those passing the rapidity —0.5 < yems < 0.5 and angular |cosfcs| < 0.5
cuts (fcs being the polar angle of the u™ with respect to the bisector of the angle
between the beam and the target momenta in the dimuon rest frame). For the study
of the differential cross-sections as a function of xr, the sample of events that passed
these cuts was sub-divided in four equidistant bins within the —0.1 < zr < 0.1 region.

Besides the dimuons produced in the target, the data samples also include events
where the collisions took place in some other materials in the target region. The



fraction of such events is considerably reduced by the standard selection cuts applied
to the reconstructed muon tracks. In particular, they are strongly suppressed when we
reject events where any of the muons has the product of its momentum by its distance
from the target center, in the transverse plane, higher than some predefined threshold.
However, even if the remaining spurious events are only around 1%, their dimuon
mass distribution has the J/1¢ peak shifted from the normal position into regions
where it becomes a significant background. In particular, the J/¢ dimuons produced
in collisions on materials downstream from the target (mainly in the beginning of the
absorber) will be reconstructed with lower masses, around 2.8-2.9 GeV/c?, because
the dimuon mass is calculated assuming that the dimuon was produced in the center of
the target. Similarly, collisions upstream from the target tend to produce J/1 events
under the normal ¢’ peak. This contamination can be identified, and accounted for
using data collected in special ‘target out’ runs, which are then normalized to the
same number of incoming protons as the normal runs. This procedure is illustrated
in Fig. 1, which shows the ‘target-out’ dimuon mass distribution used in the analysis
of the HI data samples.
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Figure 1: Mass distribution of the opposite-sign dimuons collected in the target-
out runs done during the HI data taking periods. Both peaks correspond to J/v
resonances, produced either downstream or upstream from the target position.

Table 1 summarizes the main features of the data samples included in the ana-
lysis presented in this paper. For each data set, we give the average beam intensity
per burst, the integrated number of incident protons (corrected for dead time), the
number of opposite-sign dimuons with mass in the range 2.7-3.5 GeV/c?, and the
average trigger and reconstruction efficiency, including its systematic relative error.



Data set <Ipr0tons> Total Nprotons NL_L_ <€trigger : 6rec>
(x108) (x10'2) | (2.7-3.5)
pBe 00 6.7 14.3 123000 | 0.852 (2.3 %)
pAl 99 3.8 10.5 124000 | 0.896 (1.9%)
pCu 99 3.8 6.9 145000 | 0.884 (2.1 %)
pAg 00 2.6 8.6 187000 | 0.848 (2.9%)
pW 98 2.7 3.7 81000 | 0.870 (7.9%)
pBe 98 21.7 50.7 368000 | 0.748 (1.7%)
pAl 97 23.0 63.4 602000 | 0.765 (3.6 %)
pCu 97 27.0 45.5 762000 | 0.749 (2.4 %)
pAg 97 | 24.8 43.8 821000 | 0.763 (1.5%)
pW 96 23.5 28.5 524000 | 0.732 (2.1%)

Table 1: Summary of the data samples used in the analysis. See the text for details.
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Figure 2: Opposite-sign dimuon mass distribution of the pAg 97 data sample, illus-
trating the relative importance and shapes of the several physical sources of dimuons
relevant for our study.

3 Data analysis

The measured opposite-sign dimuon mass spectra include several different contribu-
tions, as can be seen in Fig. 2. At dimuon masses around or below 2 GeV/c?, the
spectra are dominated by uncorrelated decays of pions and kaons, usually referred
to as the ‘combinatorial background’. This contribution can be determined using
the like-sign dimuon samples, measured in exactly the same experimental conditions
(same trigger, acceptances, selection cuts, etc.), through the well known relation
Nt— 2-R vVN*t.N-. The factor R is bigger than unity when the collision



systems are small, and the charge correlations between the produced pions and kaons
cannot be neglected. Although R could be estimated through Monte-Carlo simu-
lations, or measured for each collision system in dedicated data taking periods, in
the present study we simply left it as a free parameter when adjusting the measured
distributions. This choice is imposed by the very high statistical precision of our data
sets. No simulation or dedicated measurement could provide values of R with the
accuracy needed to describe our dimuon mass distributions. Furthermore, for any
given collision system, the value of R changes with the kinematical window and with
the beam intensity, in the presence of interaction pile-up.

Between 2.8 and 4.2 GeV/c?, given the mass resolution of our spectrometer, the
dominating sources of dimuons are the decays of the J/i¢ and ' resonances, the
topic of the present work. At higher masses we are essentially left with Drell-Yan
dimuons, mostly produced by the initial state annihilation of quarks and anti-quarks
present in the colliding nucleons. Finally, we also have muon pairs in our data samples
resulting from the simultaneous semi-muonic decays of D mesons. We should note
that, at our energies, charm production is a rare process, and we do not expect any
collision producing more than one pair of D mesons. Therefore, this process does
not contribute to the like-sign spectra, and must be taken as a ‘signal’ contribution.
Contrary to the Drell-Yan mechanism, charm production proceeds essentially through
gluon fusion and is, therefore, insensitive to the isospin composition of the target
nucleus. As illustrated in Fig. 2, muon pairs from charm decays populate mostly the
mass region to the left of the J/i¢ peak and have a negligible effect in the study of
the charmonia resonances.

The measured opposite-sign dimuon mass distributions, obtained from each of
the data sets and event classes, are decomposed in the physical processes just men-
tioned. The shape of each contribution is analytically described by empirically se-
lected functional forms, adjusted to the like-sign dimuon sample (the ‘background’)
or to Monte-Carlo generated events reconstructed in the same way as the real data
(the ‘signals’). Such functions are illustrated in Fig. 2, after normalization adjust-
ments to the measured dimuon mass distribution. The shapes of the Drell-Yan and
charm contributions were calculated, at leading order, with the Pythia event gen-
erator [10], using the MRS G set of parton distribution functions [11], through the
PDFLIB library package [12]. Both pp and pn collisions were simulated to calculate
the Drell-Yan curve.

The line shapes of the J/1 and ' resonances are completely determined by instru-
mental effects specific of the experimental setup used, such as the multiple scattering
and energy loss suffered by the muons while crossing the muon filter. A first approx-
imation to these line shapes is obtained by Monte-Carlo simulation, using a detailed
description of the materials and detectors used in the experiment. However, our
simulation package is not able to describe the exact detector response with enough
accuracy to reproduce the measured J/¢ peak. This problem results from the very
high statistical precision of our data. Indeed, the slightest discrepancy between the
analytical function and the data points, in the J/1¢ peak, will contribute very signifi-



cantly to the x? of the overall fit. Besides, a proper description of the J/+ ‘high mass
tail’ is crucial to ensure a correct determination of the v’ yield. Therefore, the analy-
tical functions describing the resonances must include some free parameters that are
adjusted to the data. The exact functional forms used and a detailed description of
the fitting procedure can be found in Ref. [13].

In order to derive absolute cross-sections, we need to correct the measured yields
for the finite acceptance of the detector. The J/¢ and 1)’ acceptances have been
calculated for each data set, through detailed Monte-Carlo simulations, although
within the errors they appear to be similar for all targets. In the kinematical window
defined for our analysis, the acceptances for detecting J/v¢ and ¢’ decays are 14.7
and 17.3%, respectively. These values increase to 16.7 and 21.4% in the slightly
more restricted —0.1 < zr < 0.1 window, for which we present the differential cross-
sections.
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Figure 3: Acceptance of the NA50 dimuon spectrometer for J/¢ mesons produced
in 450 GeV p-Ag collisions, as a function of (from left to right) rapidity, transverse
momentum, xr and cos fcs.

Figure 3 shows the J/v¢ acceptance for the p-Ag data samples as a function of
the center of mass rapidity, transverse momentum, xr and cosfcs. If the window
—0.5 < Y,,s < 0.5 is splitted in four equidistant rapidity bins, the corresponding
acceptances are 10.6, 21.1, 22.3 and 11.6 % for the J/+, and 16.5, 25.7, 26.0 and
16.5 % for the v' when integrating over the other variables.

4 Absolute and differential cross-sections

In this section are reported the results of the data analysis for the absolute cross-
sections of J/v and v’ production and their xr distributions, for each of the different
targets used in the experiment. The measured values are presented separately for the
LI and HI data sets.

Table 2 shows the production cross-sections for the J/1 and v/ states divided by
the mass number of the target nuclei, times the branching ratio into dimuons, in the
whole —0.5 < yems < 0.5 range (in nb/nucleon and pb/nucleon, respectively). The



values in parentheses are the overall systematic errors relevant to each data set and
charmonium state. The small difference in the systematic errors for the J/v¢ and v’
in each data set accounts for the contribution from treating the high-mass tail of the
J/1 line shape in two different ways when fitting the ¢'. It is important to note
that these errors are completely dominated by the uncertainties in the factors needed
for the calculation of the absolute normalization: luminosity, trigger efficiency and
dimuon reconstruction efficiency. Therefore, this overall uncertainty does not affect
the shapes of the differential distributions. It should only be taken into account
when comparing the values of different data sets (even if they are taken with the
same target).

I/ A
pBe 00 | 5.33120.017 (3.8%) | 92.2+2.8 (4.1%)
pA1 99 | 5.12640.016 (3.1%) | 87.82.6 (4.1%)
pCu 99 | 5.025+0.014 (3.7%) | 83.8+2.3 (3.8%)
pAg 00 | 4.5484+0.011 (4.2%) | 74.1£1.9 (4.3%)
pW 98 | 4.02240.015 (8.5%) | 61.0+£2.6 (8.9%)
pBe 98 | 5.13040.010 (3.5%) | 88.6+2.1 (3.6%)
pAl97 | 4.86840.008 (4.7%) | 84.1+1.5 (5.2%)
pCu 97 | 4.71240.006 (3.8%) | 77.3+1.1 (4.1%)
pAg 97 | 4.403+0.005 (3.4%) | 69.0+£1.0 (3.6%)
pW 96 | 4.005+0.006 (3.7%) | 61.1£1.0 (3.9%)

Table 2: Production cross-sections, per target nucleon, times the puu branching ratio,
for the J/4 (in nb/nucleon) and for the ¢’ (in pb/nucleon) in the —0.5 < yems < 0.5
window. The overall systematic relative uncertainty is shown in parentheses.

Table 3 summarizes the J/v production cross-sections per nucleon in the whole
—0.1 < zr < 0.1 range and in each of the four equidistant bins. The systematic error
for each data set is the same as in the Table 2. Table 4 shows the corresponding
values for the 1)’ resonance.

Although the cross-sections extracted from the HI data samples are systemati-
cally lower than the LI values (except for the pW 98 data set which has the highest
luminosity uncertainty), the relative difference is essentially the same, around 5%,
for the J/1 and for the 1’ resonances, indicating that this discrepancy is probably
due to the normalization factors.

Figure 4 illustrates the zr differential cross-sections per target nucleon, measured
for the J/v and ¢’ resonances, using the values presented in the Tables 3 and 4. We
have selected for display in this figure the lightest and heaviest nuclei, Be and W, and
we have included both data sets, LI and HI, of each target. Besides the statistical
error bars included in the plots, the overall normalization scale has an uncertainty
around 4 % for each data set, except for the pW 98 points, which are affected by a
global uncertainty of around 9 %.



Azy -01+0.1 | -01+-0.05 —-0.05=0 0-+0.05 0.05+0.1
pBe 00 | 4.677£0.015 | 1.146+0.009 1.272£0.007 1.215+0.007 1.02940.008
pAl 99 | 4.467+0.014 | 1.073+0.009 1.203£0.007 1.165+0.006 1.006+0.008
pCu 99 | 4.373+0.012 | 1.069£0.008 1.193£0.006 1.133+0.006 0.966+0.007
pAg 00 | 3.953+0.010 | 0.966+0.006 1.064+0.005 1.029+0.004 0.882+0.006
pW 98 | 3.520%0.014 | 0.8544+0.008 0.936+£0.006 0.905+0.006 0.82340.008
pBe 98 | 4.536+0.009 | 1.093+0.005 1.228+0.004 1.195+0.004 1.01340.005
pAl 97 | 4.27940.007 | 1.008+0.004 1.160£0.003 1.125+0.003 0.955+0.004
pCu 97 | 4.132+0.005 | 1.052+0.003 1.126£0.003 1.055+0.002 0.900%0.003
pAg 97 | 3.855+0.005 | 0.964+0.003 1.051£0.002 0.990+0.002 0.84940.003
pW 96 | 3.509+0.005 | 0.856+0.003 0.939+£0.003 0.911£0.002 0.797+0.003

Table 3: J/4 production cross-sections times the pp branching ratio, in nb/nucleon,
in the whole zr acceptance window and in four equidistant bins.

Azp -01+01|-01+-005 —-005=0 0-=0.05 0.06+0.1
pBe 00 | 72.5+2.2 16.5+1.2 17.8£1.0 18.7£1.0 16.4%+1.1
pA199 | 66.1£2.1 16.7£1.2 19.3£1.0 13.9£0.9 15.0+1.1
pCu99 | 64.0+1.8 13.8+1.0 16.8+0.8 16.1+£0.9 14.6%1.0
pAg 00 | 57.1£1.5 13.2+0.8 14.3+0.7 15.24+0.7 12.44+0.8
pW 98 | 47.7£2.0 9.0£1.1 12.4+0.9 12.1+£0.9 11.9+1.1
pBe 98 | 69.9£1.6 17.0£0.9 18.2+0.8 17.3£0.7 16.5+0.8
pAl197 | 65.3£1.1 15.0£0.6 16.6+0.5 17.7£0.5 14.7£0.6
pCu 97 | 58.31+0.8 14.5+0.5 15.5+0.4 14.5+04 12.9£0.4
pAg 97 | 53.1£0.7 12.5+0.4 14.5+0.4 13.1+£0.3 12.1+04
pW 96 | 47.4+0.8 9.7£0.5 12.2+04 11.7+£04 11.2+0.4

Table 4: Same as Table 3 but for the ¢, in pb/nucleon.

5 Nuclear absorption of charmonium production

One of the aims of the present study is to observe how the size of the target nuclei
influences the J/v and ¢’ production cross-sections. From the values presented in
the previous section, covering collisions of 450 GeV protons with five different nuclear
targets, we can derive the fraction of the produced c¢ states which survives crossing
through the nuclear matter without being absorbed. In other words, we can evaluate
by how much the observed yield of charmonium states differs from the linear extra-
polation with the number of target nucleons that should hold for the initial state
hard production of c¢¢ pairs. We should note that the yield of Drell-Yan dimuons,
which are insensitive to final state interactions while crossing the nuclear matter,
has been seen to scale with the mass number of the target nuclei [5, 9]. This gives
further strength to the idea that the observed [6, 7] less than linear increase with
A of the charmonium production cross-sections in p-A collisions is due to final state
interactions of the charmonium states, already fully formed or still in a pre-resonance
state.
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Figure 4: zp differential cross-sections per target nucleon for the J/v (left) and ¢’
(right), as measured in p-Be and in p-W collisions.

This idea of charmonium absorption as due to final state interactions of the
nascent states while crossing the nuclear matter, on their way out of the nucleus,
justifies the use of the Glauber formalism to calculate the observed charmonium pro-
duction cross-sections [13]:

UpA = U—é]/dg [1 — (1 — TA(E) GSDS)A]
Oabs

In this equation, 0§, represents the break-up cross-section of whatever ‘object’ is
going through the nuclear matter, of nuclear thickness TA(I;), at impact parameter
b. In our analysis, the ‘nuclear thickness function’, T4, which represents the nuclear
density per unit of surface, was calculated using the Fermi oscillator model for nuclei
with A < 17 and Woods-Saxon parametrizations of the nuclear density profiles for
the heavier ones [14]. Within this formalism, oy represents the elementary nucleon-
nucleon charmonia production cross-section. However, its value is extracted from a fit
to several nuclear targets and not from a single measurement done in proton-proton
collisions. We should underline that, in general, we cannot identify o5, with the
interaction cross-section of fully formed J/v or ¢’ resonances with nucleons,

op+N - D+D+X)

because the produced c¢ pair may break up even before forming the physical charmo-
nium bound state, ¢. This is particularly true when charm production occurs through
a (spatially extended and strongly interacting) c¢¢ — g colour dipole state, and when
the produced object is very fast in the rest frame of the nucleus, thereby only be-
coming a fully formed final state once it has crossed the entire nucleus [15]. This



‘formation time’ argumentation underlines the importance of studying charmonium
production as a function of rapidity, or zr, and at different collision energies.
The much simpler ‘p L parametrization’,

opa = 09 A exp(—oly (p L))

abs

is often used, with (p L) denoting the average amount of matter crossed by the
(pre-formed) charmonium state from its production point up to exiting from the
nucleus. This expression is an approximation of the Glauber formula, as can be seen
by expanding the term in square parentheses in powers of g,;s. That simple exercise
shows that (p L) should be calculated as

(01) = [ db [1.6)]

There is still a third way to model the nuclear absorption effects, usually referred

to as the ‘a parametrization’,
OpA = 0p * A%

which is formally equivalent to the previous one if a =1 — Uaben—,Lax) for small enough
absorption cross-sections. Although this is a widely used parametrization, it is clearly
a very rough one and, in particular, the value of o extracted from a fit to a given
data set depends on the nucleus used as the lightest target, as already mentioned
above. Indeed, experiments that compare heavy targets with Hydrogen or Deuterium
systematically derive artificially high values of a.
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Figure 5: A-dependence of the J/¢ (left) and ¢’ (right) production cross-sections
per target nucleon, for —0.5 < y.ms < 0.5. The fitted curves are obtained with the
Glauber formalism (solid lines) or with the A® parametrization (dashed lines).

We have used these three absorption models to fit our data. Figure 5 shows
the J/¢ and ¢’ production cross-sections per target nucleon, for —0.5 < yems < 0.5
(from Table 2), as a function of the mass number of the target nuclei. Both data
sets, LI and HI, are shown. The curves represent the extracted nuclear absorption
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patterns for each set separately, using either the full Glauber formalism or the A*
parametrization. Note that the two parametrizations follow each other reasonably
well. This is due to the fact that we have five points to constrain the value of o and
our lightest nuclear target, Beryllium, is not exceedingly light. The numerical values
given in the figures correspond to a joint analysis of both LI and HI data sets, i.e. all
the 10 measured points contribute to the fitted parameters.

Figure 6 shows how the charmonium cross-sections in the same rapidity window
depend on the thickness of nuclear matter, L, crossed by the produced states on their
way out of the nucleus. In this figure, for visibility reasons, we only show the HI
data points. A joint fit to the LI and HI data sets with the p L parametrization gives
absorption cross-sections of 4.3 + 0.7 mb for the J/1 and 6.6 + 0.8 mb for the ¢

6 T T T T T
Be Al Cu Ag w
= —o0.1

85T =
o o
=) (]
c °
~ 3
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= <
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P IR R U R R
1 2 3 4 5
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Figure 6: Nuclear absorption of the J/1 and 1’ resonances for —0.5 < Yems < 0.5
expressed as a function of L.

To study the relative effect of the nuclear medium on the production of the '’
with respect to the production of the J/v, it is better to analyse their ratio, from the
lighter to the heavier nuclei. Indeed, by doing the cross-section ratio we cancel out
all the uncertainties related to the absolute normalization, by far the biggest source
of systematic errors in the evaluation of the production cross-sections.

pBe 00 | 0.017340.000540.0003 || pBe 98 | 0.017340.0004+0.0002
pA199 | 0.01714+0.0005+0.0005 || pAl 97 | 0.01734+0.0003+0.0004
pCu 99 | 0.0167£0.0005+0.0002 || pCu 97 | 0.0164+0.0002+0.0002
pAg 00 | 0.0163£0.0004+0.0002 || pAg 97 | 0.0157£0.0002+0.0002
pW 98 | 0.0152+0.0006+0.0004 || pW 96 | 0.0153+£0.0003+£0.0002

Table 5: ¢’ to J/1 cross-section ratio, times their puu branching ratios, for each data
set, with statistical and systematic errors.

Table 5 and Fig. 7 show the evolution with the p-A collision system, from p-Be
to p-W, of the 1’ /1) cross-section ratio, without correcting for their branching ratios
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Figure 7: Observed ¢’ to J/¢ ratio, as a function of A (left, fitted with the A®
parametrization) and of L (right, fitted with the (p L) parametrization). The hollow
circles and solid lines are for HI data, the full circles and dashed lines are for LI.

into dimuons. From a joint analysis of the LI and HI data sets shown in this figure, we
derive the following values, expressing the relative absorption of the two resonances:

a(y) — a(J/1) = —0.041 +0.009 , o’ (V) — o’(J/1) = 2.4+ 0.5 mb

The high accuracy of these results allows us to conclude that the ¢ is significantly
more absorbed than the J/¢. This observation indicates that the charmonium for-
mation times relevant for our kinematical domain are small enough that the nuclear
matter on the way of the produced resonances can distinguish the more loosely bound
Y states from the J/¢ ones.

We should note that the NA38 collaboration [6] measured, at the same energy
and in the same kinematical window but with much less statistics, similar values
for the 1’ /¢ ratio, with the nuclear targets C, Al, Cu and W. Those values imply
a(y')—a(J/y) = —0.060£0.038, in agreement with our new and more precise result.
It is also worth noting that the NA51 measurements of the v’ /1 ratio in pp and pd
collisions [16] are significantly lower than the extrapolation to such light nuclei of the
trend established with the heavier targets.

6 zp-dependence of the nuclear absorption

We have just shown that, integrated over one unit of rapidity, at mid-rapidity, nuclear
suppression is stronger for the ¢’ than for the J/i¢. This result is in qualitative
agreement with the measurements reported by E866 [7]. However, this experiment
found that the two resonances become similarly absorbed at more forward rapidities,
showing that the effect of the nuclear medium on the observed yield of charmonium
states depends significantly on the longitudinal momenta of the produced resonances.
We address here this issue using the information that can be extracted from our data.
In order to facilitate the comparison of our results with those of previous experiments,
we present them as a function of the xg variable, rather than rapidity.
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Azp | —01+01 [ -01+-005 —0.05=0 0+ 0.05 0.05+ 0.1
I/

a 0.925£0.015 | 0.932+0.015  0.923+0.015  0.920+0.015  0.929+0.016

ohy 4.440.7 4.140.7 4.6+0.7 4.74+0.7 4.24+0.7

oS, 4.9+0.8 4.4%0.8 5.0%0.8 5.240.8 4.6+0.8
’lﬁ,

a 0.881£0.019 | 0.844+0.027  0.883+0.024  0.879+0.027  0.878+0.028

olr. 7.040.8 9.2+1.1 6.941.0 7.0%1.0 7.0+1.1

oS 8.241.1 11.4+1.8 8.1+1.4 8.4+1.5 8.3+1.6

9" with respect to the J/¢
Aa [ —0.045+0.009 | —0.091£0.018 —0.038+0.015 —0.043+0.015 —0.047+0.017
AcPl | 25405 5.3£0.9 2.240.8 2.540.8 2.620.9

Table 6: Nuclear absorption parameters for the J/1 and for the ¢’ (both in absolute
terms and with respect to the J/1 absorption), for each of the analyzed zr ranges.
All absorption cross-sections are given in mb.

Detailed information can be found in Table 6, where we give the values extracted
from each of the three parametrizations and for each of the xr ranges we have con-
sidered. Besides the J/1 and v’ nuclear absorption parameters, we also give their
differences, a(y') — a(J/¥) and o2k (") — o2k (3 /4), extracted from the more accu-
rate cross-section ratios. All the values given here result from the joint analysis of
the LI and HI data samples. Note that the overall normalization uncertainty cancels

out in these ratios.

0.95 -

08 e Jy 25

o vy oy

Figure 8: Parameters describing the nuclear absorption of the J /4 and 1’ charmonium
states, a (left) and o0&, (right), as a function of zp.

Figure 8 shows the dependence on zr of the o parameter (left) and of the absorp-
tion cross-section extracted using the Glauber model (right), both for the J/¢ and

for the ¢’ states. Even though the coverage of the NA50 spectrometer is limited to
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only 0.2 units of zr, around zero, our results indicate that the ¢’ resonance suffers
a stronger absorption in the backward hemisphere. With respect to the results of
E866, presented using the parameter «, for p-A collisions at 800 GeV, we observe a
stronger absorption of both resonances. Indeed, in our xr range, E866 reported «
values around 0.95 for the J/¢ and 0.93 for the 9.
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Figure 9: Survival probability of the two charmonium states independently (left)
and of the ¢’ with respect to the J/v (right), versus zp, calculated (with the p L
parametrization) for the p-Pb collision system.

In Fig. 9 we present the nuclear absorption pattern of both charmonium states,
as a function of xp, using a different representation, based on the ‘survival prob-
ability’ concept [17]. For each zp bin, we use the p L parametrization, and cor-
responding ¢’t, values (from Table 6), to calculate the survival probability values,
opa/(A-0q) = exp(—0c’is {p L)). For illustration purposes, in Fig. 9 we have used the
p-Pb collision system, with (p L) = 0.726 fm~2. Tt would be interesting to compare
these data points with the suppression patterns predicted using either asymptotic
break-up cross-sections or values calculated in short distance QCD. For p-Pb colli-
sions at 160 GeV, as can be observed in Fig. 2 of Ref. [17], the absorption cross-
sections calculated in short distance QCD are so small, for negative xr, where the
physical charmonium states are expected to be fully formed, that the survival proba-
bilities of both resonances approach unity. At least at the higher energies where our
measurements were performed, we seem to be far from this predicted behaviour.

To address the specific issue of whether both resonances experience similar or
different absorptions, it is better to calculate the survival probability of the 1" with
respect to the one of the J/v, using the difference between their absorption cross-
sections, directly derived from their yield ratio. The result is shown on the right side
of Fig. 9. Only 68 4+ 4% of the 1’ mesons survive through the Pb nucleus, for each
surviving J/4, in our most backward zr bin.

We should point out that the stronger 1’ suppression in our lowest zp range is
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significantly influenced by the data collected with our heaviest target. If we remove
the W target from the data analysis, the difference between the ¢" and J /v absorption
cross-sections, for our first zp bin, drops from Ao’ = 5.3+ 0.9 to 3.8+ 1.2 mb, still

higher than the zp integrated value, 2.5 £ 0.6 mb, but reducing considerably the
significance of the effect.

7 Summary and conclusions

We have measured the J/1 and 1’ absolute cross-sections and their ratios, both
integrated in the phase space window available to our experiment and as a function
of zr. These measurements were done for five different nuclear targets, the lightest
one being Beryllium and the heaviest Tungsten, each of them in two different data
taking periods, differing essentially by the average intensity of the 450 GeV proton
beam. Although the ten analyzed data sets were collected in different time periods,
between years 1996 and 2000, all the measurements were performed using the same
basic apparatus, with identical acceptances and very similar overall efficiencies.

We have studied the dependence of the observed production cross-sections on the
mass number of the nuclear target, or on the corresponding average amount of nuclear
matter that the produced c¢ states need to traverse on their way out of the nucleus.
We present three alternative ways to describe this ‘normal nuclear absorption’ and
give the parameters extracted when applying those parametrizations to our data
points. This procedure is repeated for each of four equidistant bins in zg, something
that had never been done at SPS energies, at least for the ¢’ and with so many
different targets.

We find that our results are in qualitative agreement with the observations made
by the E866 experiment [7] for the zp-dependence of the charmonium nuclear absorp-
tion, even though their a values are systematically higher, maybe due to the higher
energy and to the use of Deuterium as the lightest target. In spite of our relatively
narrow acceptance window in xp, around mid-rapidity, our results indicate that the
nuclear absorption of the J/1 state does not seem to become weaker when we move
to the backward hemisphere. For the v’ we observe a stronger nuclear suppression
for the most negative zr bin, which, at least on a qualitative level, is compatible with
a smaller breakup threshold for this state [17]. Unfortunately, statistics constraints
and phase space limitations do not allow a more precise study of this effect.

Integrated over our phase space window, we see a significantly stronger nuclear
absorption of the ¢’ state with respect to the J/v, leading to around 20 % less '’s
per J/1¢ when going from pp to p-W.

We conclude that a complete understanding of charmonium production and sup-
pression, in p-A collision systems, requires a careful comparison between data col-
lected at different energies, and covering a broad range of xr, with the best possible
statistical accuracy and a very special care regarding systematical uncertainties. Fur-
thermore, the fact that the J/v and ¢’ charmonium resonances exhibit a significantly
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different nuclear absorption, underlines the importance of doing similar measurements
for the x. states [18]. We cannot over-emphasize how important this understanding
is, in order to establish a solid reference baseline with respect to which the charmo-
nium production and suppression patterns in heavy-ion collisions can be studied and
correctly interpreted.
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