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Abstract. The study of dilepton production in heavy-ion collisions at the CERN SPS provided some of
the most interesting observations done so far in the search for the quark gluon plasma. However, several
aspects of the understanding of these measurements need to be clarified. For example, the study of the J/4
production in different colliding systems should help to disentangle which is the variable driving the J/4
suppression. The NA60 experiment, with a new radiation tolerant Silicon pixel detector, studied Indium-
Indium interactions in the year 2003. In this paper, we present the J/v /DY ratio, integrated over all the
centralities of the collisions, together with a first study of the J/+ transverse momentum and polarization.

PACS. 25.75.Dw, 25.75.Nq, 13.20.Gd

1 Introduction

According to the predictions of lattice QCD, a phase tran-
sition between hadronic matter and a new state named
Quark Gluon Plasma (QGP) is expected, if a certain crit-
ical temperature or energy density is reached. This new
state of matter, where quarks and gluons are no longer
confined into hadrons, has been searched, since 1986, at
the CERN SPS, exploiting heavy-ion collisions. This re-
search program provided compelling evidence for the pro-
duction of a new state of matter, by studying several “sig-
natures”. However, further work remains to be done in or-
der to clarify some aspects of the “anomalous” behaviours
which have been observed.

Among the different signatures of the formation of a
deconfined state, we will concentrate, in the following, on
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the J/v suppression, as suggested, for the first time, by
Matsui and Satz in 1986 [1].

The NA38 and NA50 experiments studied the J /v pro-
duction in different colliding systems, like p-A, S-U and
Pb-Pb, and as a function of the centrality of the interac-
tion. In particular, the pattern observed in Pb-Pb colli-
sions shows that, above a certain centrality threshold, the
J/4 yield is considerably lower than expected from the
“nuclear absorption” curve derived from proton-nucleus
and light-ions data. The current interpretation of this be-
haviour is that the hot and dense matter formed in the
central Pb-Pb collisions dissolves the . resonance, lead-
ing to the disappearance of the fraction (~30%) of J/v
mesons that would otherwise originate from x. decays.
The NA38 and NA5O results, however, are not enough to
answer all the questions related to the J/1 behaviour.

The NA60 experiment, with an innovative experimen-
tal apparatus, should clarify some of the questions left
open. For example, it is important to understand which is
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the variable driving the J /v suppression, in order to disen-
tangle the different models leading to the disappearance of
the charmonium state. Is it the number of participant nu-
cleons? Or the local energy density? Or the average length
of nuclear matter, L, traversed by the charmonium state?
The answer to this question can be obtained by measuring
the J/v suppression pattern in a different collision sys-
tem, with respect to those studied by NA38 and NAS50.
This is why NAGO collected, in 2003, Indium-Indium col-
lisions at 158 A GeV. Moreover, since a large fraction of
the J/4¢ yield comes from x. decays, it is very important
to know with good precision the nuclear dependence of
Xe production, in order to understand the importance of
this feed-down source. To clarify this point NA60 collected
proton-nucleus data at 400 GeV, in 2004, measuring the
X through its radiative decay x. — J/¢ + 7, with the v
being detected via its conversion to an eTe™ pair.

2 The experimental apparatus

The NAG60O detector complements the muon spectrometer
inherited from the NAS50O experiment with a completely
new target region, constituted by a beam tracker and a
vertex telescope placed in a 2.5 T dipole magnet.

The muon spectrometer consists of a hadron absorber,
8 multi-wire proportional chambers for tracking, 4 scin-
tillator hodoscopes providing the dimuon trigger and a
toroidal magnet. NA60 collected data with two different
spectrometer settings, corresponding to two values of the
magnet, current: 4000 A and 6500 A. The events collected
with the lower current have a better acceptance for the
low mass dimuons. In this paper we address the 6500 A
data set, which has a better mass resolution at the J/¢
mass. The analysis of the 4000 A sample is in progress.

The reconstruction of the muon tracks in the muon
spectrometer is affected by the multiple scattering and
energy loss fluctuations induced when the muons traverse
the hadron absorber. To overcome this limitation, NA60
measures the tracks before the hadron absorber, by means
of the vertex telescope. Therefore, muon trajectories mea-
sured from the muon spectrometer can be matched, in
coordinate and momentum space, to tracks reconstructed
in the vertex telescope, resulting in an improvement of
the dimuon mass resolution. Moreover, the back-tracking
of the charged particles permits the determination of the
interaction vertex with very good accuracy. As a conse-
quence, the origin of the muons can be determined, allow-
ing us to separate prompt dimuons (Drell-Yan, thermal,
J /1, etc) from muon pairs due to the decay of secondary
particles, like D mesons. Details on the tracking, vertexing
and muon track matching can be found in [2].

The new detectors introduced in the NA60 setup need
to have high granularity and to be radiation-hard, because
of the high luminosity (collisions rate) and of the high mul-
tiplicity of charged particles produced in Indium-Indium
collisions. The NAGO vertex telescope used in the Indium
run of October-November 2003 was made of 16 Silicon
pixel modules, covering the muon spectrometer’s angu-
lar acceptance (3 < map < 4). The trajectories of the

charged particles can be reconstructed thanks to 12 track-
ing points. The basic unit of these planes is a single chip
assembly, made of one sensor chip bump-bonded to the
radiation-tolerant ALICE1LHCb readout pixel chip. The
chip is composed of 32 x 256 cells of 425 x 50 um? area.
Some of the tracking planes have the chips oriented such
that the small size measures the x coordinate, others the
y coordinate. A more detailed description of the vertex
telescope can be found in [3].

The beam tracker is used to measure the transverse co-
ordinates of the incoming beam particles. It is composed
of two Silicon microstrip tracking stations placed 10 and
30 cm upstream of the target centre; the sensors, devel-
oped and produced at BNL, have 24 strips of 50 um pitch.
This detector works at 130 K, to withstand the very high
radiation doses reached in the NA60 beam line.

The target system is made of 7 Indium targets, 1.5 mm
thick each, placed in vacuum, corresponding to a total
interaction probability of ~ 20 %. Finally, the NA60 setup
is complemented by a Zero Degree Calorimeter, ZDC, also
inherited from the NA50 experiment. By measuring the
energy released by the projectile nucleons which have not
taken part in the interactions, it provides an estimate of
the centrality of the collisions.

3 J /4 results from the 2003 In-In run

In the 5 weeks long run of year 2003, we collected ~ 230
million dimuon triggers, running with beam intensities
around 5x 107 ions per 5-seconds burst. In order to extract
the J/4 yield, we need to define an event selection proce-
dure, to select only dimuons produced in Indium-Indium
interactions. This event selection is mainly based on the
information extracted from the vertex telescope.

The resolution on the determination of the z coordi-
nate of the interaction vertex is ~ 200 um, so that we can
easily distinguish the 7 Indium targets in-between the tar-
get box windows, as can be seen in Fig. 1. Therefore, it
is possible to select only events having the primary vertex
in one of the seven Indium targets.
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Fig. 1. z coordinate of the reconstructed vertices, showing the
7 Indium targets and the two vacuum windows of the target
box. The first target has a bigger transverse dimension (12 mm
diameter) than the others, to fully cover the beam profile
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As already discussed, an important innovation of NA60
is the possibility of matching the muons reconstructed in
the muon spectrometer with the tracks measured by the
vertex telescope. Knowing with good precision the origin
of the dimuon, we can select events having the vertex of
the muon pair coincident with or upstream of the ver-
tex of the primary interaction. In this way we are sure
to select only dimuons produced by Indium-Indium col-
lisions. For high mass dimuons, the z coordinate of the
muon pair vertex is determined with a resolution around
800 wm. Requiring muon track matching we obtain a
cleaner dimuon event sample, with an improved mass reso-
lution and a reduced contribution from the combinatorial
background due to m and K decays. Quantitatively, the
width of the J/¢ peak decreases from ~ 105 to ~ 70 MeV
for the matched sample and the percentage of combinato-
rial background in +1¢ around the J/v¢ peak drops from
~3% to less than 1%. The only drawback of requiring
the track matching is the reduction of the available statis-
tics, since the dimuon matching efficiency in the J /1 mass
region is ~ 65 %, regardless of centrality.

The muon track matching is not mandatory for the
J /1 study, since the J/¢ peak is clearly visible on top of
the underlying continuum. The advantage of not applying
the muon track matching is that we work with a sample
of events with higher statistics. In this case, since we can-
not profit from the determination of the dimuon vertices
to reject dimuons originating downstream from the target
(e.g. due to collisions in the ZDC), we use a cut on the
muon p - Dra,e variable, where p is the muon momentum
and Dy, is the transverse distance between the extrapo-
lated muon track and the beam axis, at the target centre.
In Fig. 2 we compare the invariant mass spectra with and
without muon track matching.

The dimuons are studied in the phase space window
2.92 < yiap < 3.92 and —0.5 < cosfcg < 0.5, where yjay,
is the rapidity in the lab frame and fcg is the polar decay
angle of the muons in the Collins-Soper reference system.

From our final event sample, we can extract the J/1
yield with respect to the Drell-Yan (DY) events. The ra-
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Fig. 2. Dimuon mass spectra, after event selection, before
(above) and after (below) the muon track matching. The 1’
peak becomes clearly visible if the matching is required

tio of two dimuon processes has the advantage of being
insensitive to most experimental inefficiencies and to the
integrated luminosity. Furthermore, the Drell-Yan process
is known to scale linearly with the product of the projec-
tile and target mass numbers, and is insensitive to the
nature of the medium formed in the collisions.

The results given in the following refer to the J/i /DY
ratio integrated over all collision centralities for the sam-
ple of events without muon track matching, but the same
procedure can be applied to the matched sample.

The ratio between the J/i and Drell-Yan cross sec-
tions is extracted by fitting the opposite-sign dimuon mass
distribution to a superposition of different contributions.
The dimuon mass region above 2 GeV contains the J /1
and the 1’ resonances sitting on a continuum composed
of Drell-Yan dimuons and muon pairs from the simulta-
neous semi-muonic decay of D and D mesons, besides the
combinatorial background from 7 and K decays, which
is estimated from the measured like-sign pairs. The “sig-
nal” contributions are evaluated through a detailed Monte
Carlo simulation, using Pythia as event generator, with
“MRS A (Low Q?)” [4] parton distribution functions, and
GEANT for the reproduction of the detector effects. The
events are then reconstructed as the real data. Besides giv-
ing invariant mass spectra, these simulations also provide
the J/¢ and Drell-Yan acceptances, A/ ~ 12.4% and
ADY(2.974.5) ~ 134%

The fit proceeds in three consecutive steps: first we de-
termine the Drell-Yan yield from the mass region above
4.2 GeV, where it is the dominant contribution; then,
keeping the Drell-Yan normalization fixed to the value ob-
tained in the previous step, we determine the charm nor-
malization from the mass window 2.2 < M < 2.5 GeV.
Finally, having fixed the charm and Drell-Yan contribu-
tions, we extract the J/¢ and ¢’ yields with a fit to the
mass region 2.9 < M < 4.2 GeV. In this step of the fit,
also the exact position and width of the J/¢ peak are
left as free parameters. From the sample of events col-
lected with 6500 A we obtain ~ 250 Drell-Yan events with
M > 4.2 GeV (which correspond to ~ 2000 events esti-
mated in the mass region 2.9-4.5 GeV) and ~ 35000 J/v
counts. Finally, after applying the acceptance corrections,
we obtain the cross-section ratio B,,,0(J/v¥)/o(DY’). The
Drell-Yan cross-section is integrated in the region 2.9 <
M < 4.5 GeV, so that our value can be directly com-
pared with the results previously obtained by the NA38
and NA50 experiments. The B,,,0(J/v)/c(DY’) ratio ex-
tracted from the fit to the invariant mass spectrum with-
out muon track matching, shown in Fig. 3, is 19.2 + 1.2.

The stability of the result has been checked changing
several steps of the data analysis procedure. The result
is almost insensitive to reasonable changes in the back-
ground normalization or to different event selection crite-
ria or fitting procedures. The study of the systematic un-
certainties is in progress. Furthermore, the analysis of the
dimuon mass spectrum obtained from the matched data
sample (Fig. 4) gives a J/1 /DY value perfectly compat-
ible with the one without matching.
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Fig. 3. Fit to the dimuon mass spectrum obtained before muon
track matching, for the 6500 A event sample
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Fig. 4. Fit to the dimuon mass spectrum obtained after muon
track matching, for the 6500 A event sample

The result we get in Indium-Indium collisions can be
compared with the previous J/¢ / DY ratios obtained in p-
nucleus, S-U and Pb-Pb collisions [5]. The comparison can
be done as a function of L, the average length of nuclear
matter traversed by the charmonium state, and Npart, the
number of participant nucleons.

The average centrality values we have calculated in
order to present our Indium-Indium result have been ob-
tained from a geometrical (Glauber) model, by integrat-
ing over all the collision centralities, and convoluting the
geometrical probability for the occurrence of that cen-
trality with the corresponding number of binary nucleon—
nucleon collisions. This procedure gives the weighted aver-
age value of L and Ny, pertinent to the study of a hard
process like Drell-Yan production in integrated Indium-
Indium collisions. However, we should keep in mind that,
unlike what happens to Drell-Yan dimuons, the produc-
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Fig. 5. J/v suppression pattern as a function of L, including
the Indium-Indium value. The arrow indicates the maximum
L reachable in Indium-Indium collisions

tion of J /1 mesouns is suppressed as a function of centrality
in heavy-ion collisions. Therefore, a correct evaluation of
the L and Np,r average values appropriate to the mea-
sured J/1 /DY ratio would require knowing the specific
J /4 suppression pattern as a function of centrality in In-
dium collisions. This problem affects only marginally a
measurement performed in a narrow centrality bin, since
the variation of the L or Npay¢ distributions inside such
a bin is very small. Therefore, our integrated result can-
not be quantitatively compared with the S—U and Pb—Pb
patterns, since it corresponds to a wide range of central-
ity while the previously published points are obtained in
much narrower centrality bins.

In Fig. 5 the Indium-Indium measurement is plotted,
together with the previously established suppression pat-
tern, as a function of L. The continuous line represents
the normal nuclear absorption curve, derived from the p-
A data. Figure 6 shows the Indium-Indium value with re-
spect to the expected value of the normal nuclear absorp-
tion, as a function of the number of participant nucleons
involved in the collision. The result is 0.84 + 0.05.

Work is in progress to determine the J/¢ /DY pat-
tern as a function of the centrality of the collision. The
comparison of the J/¢ behaviour as a function of the cen-
trality and in different colliding systems should allow us
to understand which is the variable and, therefore, the
physics mechanism, driving the disappearance of the J/.
For example, the normal nuclear absorption is governed
by the L variable, while if the J/v is suppressed because
of a geometrical phase transition, as the one foreseen by
the percolation model [6], the scaling variable should be
related to the density of Npay, i.e. the ratio between Npar
and the transverse area of the overlap collision region. Al-
ternatively, a thermal (QGP) phase transition should lead
to a J /1 suppression driven by the local energy density [7].
As can be seen in Fig. 7 the correlations between central-
ity variables depend on the colliding system: for instance,
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central S-U and central In-In events correspond to the
same L value, while they cover a different range in Npar¢.
Hence, if the physics mechanism causing the J/v¢ disap-
pearance is the normal nuclear absorption, the two data
sets should show a similar behaviour if plotted as a func-
tion of the L variable, and a different trend if plotted as
a function of the density of participant nucleons.

Apart from the J/1 / DY behaviour integrated over all
the collision centralities, also other preliminary informa-
tion on the J/1 kinematical variables, such as the trans-
verse momentum and the polarization angle, can be ex-
tracted from the Indium data. Such a study needs a precise
knowledge of the acceptance of the experimental appara-
tus as a function of the kinematical values of the produced
dimuon. Since the kinematical parameters are correlated,
the acceptance in one variable may depend on the other
variables. Therefore, a three-dimensional method for the
acceptance calculation has been developed. Monte Carlo
events are generated according to flat distributions in pr,
cos 6 and y1,p, and then tracked through the experimental
apparatus and reconstructed with the same procedure as
used for the real data. Fine grained acceptance matrices
are obtained from the ratio between the reconstructed and

generated events. This method has been checked by inject-
ing realistic distributions of the kinematical variables as
inputs for the Monte Carlo. The comparison between the
generated and the reconstructed Monte Carlo samples, af-
ter the acceptance correction, allows us to determine the
phase space window where the method can be applied:
pr < 5 GeV/e, 3.2 < yiap < 3.8, |cosfcs| < 0.4, and
| cosOi| < 0.7, where 0y is the polarization angle, to be
discussed further down.

From the Indium data, with the 6500 A magnet cur-
rent and without muon track matching, a preliminary be-
haviour of the J/¢ transverse momentum has been ex-
tracted as a function of the centrality of the collisions,
always estimated from the energy released in the ZDC.
In Fig. 8 the (pr) and (p2) behaviours are shown as a
function of L. The plotted errors are only statistical. The
observed increase of (p2) as a function of L follows the
previous resultss, interpreted by NA50 in terms of initial-
state parton multiple scattering [8].

Finally, also preliminary results concerning the J/4
polarization have been obtained. The polarization of the
J/1 is strongly related to the quarkonium production
mechanism. Different models predict different polariza-
tions. For example, NRQCD predicts a strong transverse
polarization at large transverse momentum [9], which is
not confirmed by the results obtained up to now [10]. An
accurate study of this kinematical variable should help im-
proving our knowledge of charmonium production. More-
over, a visible increase in the J /1) polarization would signal
QGP formation [11]: since the QGP screens away non-
perturbative effects, the J/¢ escaping from the plasma
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should be polarised, as predicted by perturbative QCD.
Experimentally, the polarization of the J/1 is measured
from the distribution of the emission angle 8 of the u™
from the J/1 decay in the J/v¢ rest frame, with respect
to the direction of the J/1 in the centre of mass frame.
This angular distribution can be fitted according to the
formula

do

d cos Oy

If A < 0 the J/4 is longitudinally polarized, if A = 0 it
is unpolarized, and if A > 0 it is transversely polarized.
The values of the A parameter extracted from the Indium
data are shown in Fig. 9 as a function of the transverse
momentum, of xr and of the number of participants.

According to [11], in case of QGP formation the ex-
pected A value should be ~ 0.6, decreasing to 0.35-0.4 if
the initial transverse momentum of gluons is taken into
account. The value is estimated taking into account both
J /4 direct production and x. feed down. Although with
rather large error bars, our preliminary results seem to ex-
clude a strong transverse polarization in Indium-Indium
collisions.

~ 14 Acos? Oy . (1)

4 Conclusions

We have shown first results on the J/1 analysis from the
Indium-Indium data collected in the year 2003. The ratio
between the J/1¢ and Drell-Yan production cross-sections,
J/1 /DY, integrated over all the collision centralities, has
been presented and compared with previous results ob-
tained in p-A, S-U and Pb-PDb collisions. Further analysis,
including the centrality dependence of the J/¢ suppres-
sion, is under way. First results on the J/v transverse
momentum and polarization have also been shown.

The analysis of the proton-nucleus data collected in
2004 will complement the Indium results, providing an
accurate reference baseline to understand the heavy-ion
observations.
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