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The NAG60 experiment at the CERN SPS has measured muon pdiugiion in In-In and p-A
collisions. A significant excess with respect to expectagrses has been observed, for In-In
interactions, in the mass region below thgy Jikely connected with thermal dimuon production.
A study of the transverse momentum distribution of the exseggests that a significant fraction
of the thermal emission is of partonic origin. Furthermarsuppression of the/yield beyond
pure nuclear absorption has been observed, with an onske @&ftect atN,,; ~ 80. The J
production has also been studied for the first time in p-Aigiolhs at 158 GeV, the same energy of
the In-In data sample, providing an important referencetfercharmonium suppression studies.
In this paper, the available results are presented, andsfprrspectives are shortly discussed.
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1. Introduction and experimental set-up

The study of muon pair production in ultrarelativistic hgawn collisions is among the rich-
est sources of information on the features of the produgedgly-interacting medium. From the
physics point of view, the study of the muon pair continuunpagentially sensitive to thermal
production and gives also access to the study of the opemcyiatd. On top of that, resonances
decaying into two muonsp( w, ¢ and J{) have always been considered, in various ways, as
potential probes of the deconfined phase. From the expetangoint of view, the relatively un-
ambiguous particle identification technique, based ondradittering through a thick absorber,
allows running at high beam intensities (more thah ib@ident ions/s at SPS energies). As a con-
sequence, huge statistics can be collected for procestiedavge production cross sections, and
also relatively rare channels can be investigated. The draimnback to such a kind of measurement
is the loss of resolution in the muon measurement inducetidoyniultiple scattering of the muons
in the hadron absorber. Furthermore, a significant comtiztbackground, due to uncorrelated
decays ofrr andK, can be present. This contribution is particularly impottat low (m,, < 1
GeV) and intermediate masses<{(in,,, < 2.5 GeV).

The situation drastically improved in recent years, thatikéhe NAG0 experiment. In its
set-up, a conventional muon spectrometer (MS), inheritethe previous NA50 [1] experiment,
was coupled to a vertex telescope (VT), based on Si pixektiee and positioned in a dipole
field [2, 3]. Thanks to its excellent granularity (the pixeleswas 5425 um?), the VT allowed
tracking in the high-multiplicity environment created inatkeus-nucleus collisions. By matching
the tracks measured in the MS with the corresponding tratkise VT, one can access the kine-
matical variables of the muons before their distortion duentltiple scattering and energy loss
fluctuations in the hadron absorber. As a consequence, itharme improvement of the dimuon
mass resolution, particularly important at low massesgfro70 to ~20 MeV for thew) and an
accurate determination of the origin of the muons can beopadd [4]. The matching technique
also allows a reduction of the combinatorial backgrounelgvsince most muons from and K
decays do not point to the target. The described set-up ipleonented by a beam tracker (BT)
giving, with a~20 um accuracy, the transverse coordinate of the incident beatitles, and by a
Zero-Degree Calorimeter (ZDC) [5], which measures thegnef spectator nucleons providing a
direct estimate of the numb@l,,; of participant nucleons.

With this set-up, NA60 has studied In-In collisions at 158/B®icleon and p-A collisions at
158 and 400 GeV. On one hand, the aim of nucleus-nucleus akitaytwas to clarify the obser-
vations obtained by previous experiments in the study ofriben pair continuum in the low and
intermediate mass regions. Experiments like CERES [6]ioded [7] and NA38/NA50 [8] had
in fact measured an excess over the expected dimuon sobrudes satisfactory interpretation of
these observations was missing, also because of intrinperienental limitations. Among them,
we can mention the low statistics collected by CERES (whtadied the &ée~ channel) and the
impossibility of separating, in the intermediate massaegihe contribution of open charm decays
from prompt dimuon production. On the other hand, the disppef the anomalous / suppres-
sion, carried out by NA5O [9], had such a large impact on thd,ftbat a similar study performed
with lighter colliding ions was considered as very inteirggt In particular, the aim was to identify
a "scaling" variable for the onset of the suppression as etifum of centrality (number of partici-
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pants, energy density...), in order to obtain more inforomabn the underlying physics mechanism.
On top of nucleus-nucleus data, p-A collisions represerdcassary set of reference data. In par-
ticular, for the first time, NA60 has taken data at 158 GeV,g&me energy of the nucleus-nucleus
data sample. In this way, no theoretical rescaling of theeg®pental results is needed, leading to
an overall reduction of the systematic errors involved #n¢bmparison procedure.

2. The continuum at low and inter mediate masses

In the mass region below 2 GeV, after background subtractienin-In data sample contains
about 3.610° muon pairs. It has been shown [10] that the peripheral dated(d,,,/dn <30) can
be described by the expected electromagnetic decays aaheutsons. This is not the case for
more central events, where a strong excess is present. ¢foegants, the excess has been isolated
by subtracting the contribution of the hadronic cockta#iijng a novel procedure based only on
local criteria. The resulting spectrum (see Fig. 1(lefipws a peaked structure, centered around
the position of thep pole, residing on a broad continuum. As a function of ceitytahe size of
the excess strongly increases, while the peaked structaesléns, but remains centered at the

mass.
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Figurel: (left) The excess above the electromagnetic decays ofaleuérsons in the low mass region. Total
data (open circles), individual cocktail sources (soleXcess (thick triangles), sum of cocktail sources and
difference data (dashed). (right) Excess mass distribuithe intermediate mass region and comparison to
Drell-Yan and open charm. The inverse slope paramdjgrsextracted from the; distributions, are also
shown.

In the intermediate mass region, where the expected soareethe semileptonic decays of
open charm pairs and the Drell-Yan process, the analysigsiscoon the study of the distributions
of the offset of the dimuons from the interaction vertex. sTémalysis [11] shows that the observed
open charm yield in In-In is consistent with an extrapolatd the results obtained in p-A collisions
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by NA50. On the other hand, we find an excess, coming from apreource, with a size 2.4 times
larger than the expected Drell-Yan yield. Figure 1(righiss the dimuon excess mass distribution
observed in the intermediate mass region. The slope of tbesexs found to be steeper than the
expected Drell-Yan.

Form,, < 1 GeV the dimuon excess is clearly dominated by the prouéss — p — pu* -
with a strongly modified intermediafe. Various many-body hadronic models are able to describe
the data with a strongly broadened intermediatavithout any mass shift. On the other hand,
there is not a unique interpretation for masses above 1 Gle&teTare models able to describe
this region in terms of partonic processes (the long sougtiation from the plasma) [12], others
where the predominant processes are hadronic (4-pionitatigih or higher processes) [13]. This
ambivalence reflects what is usually called parton-hadraiity.

In order to try clarifying this situation, NA60 has now foeudkits attention on the transverse
momentum spectra, which encode information on the souro@deature and on the collective
motion (radial flow) that takes place during the fireball enxggan. When the spectra are fitted
with the simple Boltzmann-like functiodN/d p; = pyexp(—m/T), the effective temperature
T.x extracted from the spectra is not any longer the source tetye. Itis blue shifted (boosted)
by the collective motion and acquires a linear dependenceass. Since dimuons are emitted
continuously during the whole fireball lifetime, they protegions where the source temperature
was high and the flow was small (early phases of the firebafl avlbw effective temperature close
to the real source temperature), or regions where the temyperwas low and the flow was high
(later phases of the fireball lifetime with a larger effeettemperature because the increasing flow
boost predominates over the fireball cooling). In this wayubn transverse momentum spectra
can be used as a diagnostic tool to access the emission ragétbmay differentiate between a
hadronic or a partonic nature of the source.

g ] dN,,/dn>30 In-In
4 9
g 105 1+ v 0.2<M<0.4 GeV L
8 i? o 0.4<M<0.6 GeV z M[GeVic] T [MeV]
£ 10 ® 0.6<M<0.9 GeV i 1.16-1.40 1994213
T 5@ T e 1.40-2.0  193:16:2
5 1* = 1.0<M<1.4 GeV =] Tl Tty 2.0 -256 17123+3
P Lo
F 0 e 1049+,
§ 1oi T
10°% 10°3
E (x6) ]
] (x3)
10°4 102 I
0 02 04 06 08 1 12 14 1.6 18 10’0‘ U AU
m;-M (GeV) ' ' ' "M; - M, (GeVic)

Figure2: (left) Transverse mass spectra of the excess in the low reggs; in four different mass windows.
The ¢ is also shown for comparison. (right) Transverse mass spetthe excess in the intermediate mass
region, for three mass windows.
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The acceptance-corrected transverse momentum spechra ef¢ess were measured for sev-
eral mass intervals from threshold up to 2.6 GeV. The resukisshown in Fig. 2. They were
fitted with the Boltzmann-like exponential function givelnoae. The effective temperatullg, as
a function of the dimuon invariant mass is shown in Fig. 3. é@mmnparison, also the temperature
of the stable hadrong, w and @, as measured by the same experiment, are shown (open xircles
Several striking features are seen. First, the effecting@zature of the excess shows an almost
linear rise with mass up to,,, = 1 GeV, as for the hadrons. As mentioned above, this is a rather
clear evidence of radial flow.
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Figure3: Inverse slope parametgl; vs. dimuon mass M forhd,, /dn > 30.

Second, the effective temperature exhibits a sudden dralnafst 50 MeV at,, =1 GeV. In
addition, for masses beyond 1 Gély; remains at an approximately constant value. This feature
reflects seemingly a condition of rather small or no flow. Tdlservation could suggest, for
m,, > 1 GeV, that dimuons are emitted from a source which was damhinan early stage of the
fireball evolution, as theartonic processyq — ptu~ [14].

3. The J/y suppression in p-A and In-In collisions

The study of the @ suppression in In-In [15] has been carried out using twaediffit and
complementary approaches. In the first, identical to the amwpted by NA38/NAS50, the @/
yield has been normalized to the measured Drell-Yan everttsei mass region.2 < my,, < 4.5
GeV/Z. This quantity has the advantage of being free from the syatie errors connected with
efficiency and luminosity calculations, but suffers frone fiow Drell-Yan statistics. The ratios
Ty /0y are then compared with the expected values in case of puteamuabsorption. Such
values have been obtained with the Glauber model, startimg the valueaj“/k:j:4.18i 0.35
mb, measured by NA5O0 [16] in p-A collisions at 450 GeV. Theuless plotted in Fig. 4(left).
Clearly, to increase the statistical significance, the digarell-Yan should be avoided. This choice
is the foundation of the second analysis approach, wherentresured IlsiJ/W/dEZDC has been
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directly compared to a calculated reference spectrum sporaling to a pure nuclear absorption
scenario. The shape of such a reference has again beenatadciri the frame of the Glauber
model, with 03%5:4.18 mb. We do not have yet for our In-In data an absoluterchétation of
the cross sectioncq/w/dEZDC. Therefore, we simply require the relative normalizati@tvieen
the measured and expected distributions to be equal, whegrated over centrality, to the same
guantity obtained from the study Uf]/w/GDY, i.e. 0.8#0.05. The result of this analysis is also
plotted in Fig. 4(left). Of course, the agreement betweendisults of the two analyses is significant
only in terms of shape, since the normalization of the se@malysis has been forced to be the
same of the first one. Since with this approach the statigtitars are negligible~2%, with the
chosen centrality binning) a careful estimate of the syateerrors is mandatory [17]. It turns
out that there is a- 10% error, independent of centrality, essentially due toedainties in the
Glauber model parameters and in our knowledge of the inpatsenter in the nuclear absorption
calculation. On top of that, (small) uncertainties on the IbetweenE,,~ and the number of
participant nucleonsl,,, due to the contribution of non-spectator energy to the oredssignal,
induce a non-negligible systematic error for very centvaints. Of course, most effects discussed
here also affect the determinationaqjl;w/oDY, although their effect in absolute terms is in this case
much less important. The result plotted in Fig. 4(left) dg@ndicates an anomalous suppression
of the JI yield for Ny, > 80, with a saturation of the effect for central In-In coltiss. In
Fig. 4(right) we compare the suppression pattern obtainetlA60 with the NA5O results for
Pb-Pb collisions [16]. Within errors, the two behavioursk@ompatible, showing thad,,; could

be a good scaling variable for the onset of the anomalousresigipn.
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Figure4: (left) Centrality dependence of tha/dsuppression measured in In-In collisions. The stars corre-
spond to the ratio between measured and experj%dom, while the circles refer to the ratio between the
measured J yield and nuclear absorption calculations. Systematirstre also shown. (right) Compari-
son between the In-In (NA60, circles) and Pb-Pb (NA50, tglas) suppression patterns.

Several theoretical predictions for the In-In suppresgattern were formulated before the
NAGO experimental results became available. They incluch®del where the anomalous suppres-
sion is due to interaction with hadronic comovers [18], arotwhere the effect of dissociation
and regeneration in a fully thermalized QGP and in the laagirdnic stage is considered [19], and
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finally a model where parton percolation occurs, with an bashi,,; ~140 [20]. It is interesting
to note that although these models were explicitely tunetheralready available Pb-Pb results,
none of them, as can be seen in Fig. 5(left) is able to quéwéta reproduce the In-In points
(even if the overall size of the effect is reasonably repoedi). Other theoretical calculations ap-
peared once the (J/ suppression results were available. More in detail, a safde effect of

a thermalized hadronic gas on the/Jlas been carried out [21] in the frame of the Constituent
Quark-Meson model. The comparison of this calculation \a#ta shows that for both Pb-Pb and
In-In hadronic effects alone cannot account for the obgseamomalous suppression. Finally, a
study of JIy suppression at SPS and RHIC energies, based on the HSDdraagproach, has
been recently performed [22]. Also in this case, a quaitgatomparison between our final set of
results and this calculation is still not satisfactory.
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Figure 5: (left) Comparison between the In-In suppression patterh the theoretical predictions of
Ref. [18](dotted line), [19](dashed-dotted line), [2Giadhed line). (right) Compilation of thﬂrJ/w/aDY
values measured in p-A collisions at the SPS, rescaled, weeessary, to 158 GeV incident energy. The
lines indicate the results of a Glauber fit to the p-A data &edstze of the error. The full circle indicates the
preliminary NAG0O result for p-A collisions at 158 GeV.

Of course, in order to claim that an anomalous suppressidmeally has been observed, the
production in p-A collisions must be accurately known. Uptav, at SPS energy, such knowledge
came from measurements performed at 450 and 400 GeV, cgibamapidity range-0.5 < Yem <
0.5 [23]. Performing an analysis in the frame of the Glauber ehotivo parameters are needed
in order to fit the data, the cross section for elementarysrimﬂs(aJ/w/aDY)E: at the energyg,

under consideration and the nuclear absorption crososecti the produced ¢/, aja/bj. In order

to obtain the expected yield for the rather different enenggt kinematical domain of the heavy-ion
data (158 GeV/nucleon andQy.m <1), a rescaling of these parameters becomes necessary. Up to
now, it was assumed thatj‘/tzﬁ does not change as a function of the incident proton enenglytre

cross section for elementary collision was rescaled usimgpeedure detailed in [16, 24]. In order

to avoid the systematic errors connected with this proaddA60 has measuredydfproduction

in p-A collisions at 158 GeV, in the same kinematical domdithe nucleus-nucleus data. A target
box containing nine subtargets, made of seven differenenads (Be, Al, Cu, In, W, Pb and U)
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has been used, with the vertex spectrometer helping to nemghe target where the muon pair
has been produced. An analysis of the&lependence of the )/production cross section would
require of course a complete understanding of the localiefidy of the vertex tracker, since its
angular coverage for the various targets is slightly déffer Since this work is still in progress,
for the moment a preliminary analysis has been performeitigusnly the muon spectrometer
information. More in detail, one simply requires the extiation of the muon tracks to the target
region to lie inside the target box. This cut has not enougblugion to identify the target where
the interaction has taken place, but nevertheless effigiegjects the background due to parasitic
interactions outside the target region (e.g. in the hadbmodoer). In this way, one can determine
an averag@, /Opy ratio, that can be now plotted together with the previousltesas a function
of L, the mean thickness of nuclear matter crossed by the prddiigee Taking into account the
nuclear composition of the target system, we have, for #tisfdata,L) = 3.4 fm. In Fig. 5(right)
we show such a plot, where the closed circle indicates odinprary result. It can be seen that
there is a very good agreement with the set of p-A data takédmgher energy, and rescaled to
158 GeV. This result shows that the rescaling of the elemgiptaduction cross section is indeed
correct, and reinforces the claim that the suppressionrebddor In-In and Pb-Pb collisions is not
compatible with a pure nuclear absorption scenario.

4. Conclusions and future perspectives

The results obtained by NAG0O clearly represent a signifiegtince in our understanding of
the processes involving lepton pair production in heavy4ollisions. In particular, evidence for
radial flow of dileptons has been reached, and the suddeeateof this effect at masses larger
than 1 GeV might indicate a transition from a hadronic to dgrac source. Furthermore, tha/d/
anomalous suppression has been studied with unprecedsetdarhcy, and an onset of this effect
at Ny, ~ 80 has been found\,,,,; may also represent a good scaling variable for the suppressi
seen the rather good agreement between the In-In and Phpplession patterns, when plotted as
a function of this variable.

All these results prove that a dimuon experiment with goatiexing capabilities can provide
detailed answers to many significant physics questions. h@mther hand, a single run with an
In beam at 158 GeV/nucleon represents only a tiny fractiothefphysics potential accessible to
such an experiment. In particular, we believe that a studh@fmal dimuon production, of open
charm and of Jp suppression in the energy range accessible to the SBG(160 GeV/nucleon)
would be very interesting, since it would allow us to expltire evolution of such observables in a
region of increasing baryon density. Furthermore, theltesfisuch an experiment would provide
a natural bridge between the existing results at top SP$giaed the forthcoming ones from the
CBM experiment [25] at the lower-energy FAIR facility.
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