
QCD matter(s)

No amount of experimentation can ever prove me
right; a single experiment can prove me wrong.

Albert Einstein

The spirit of experimental activity is well summarised by Einstein: theory disproval through
experiment, or hypothesis testing as later formulated by Popper. Let me start this introduction by
stating that this work is about that: building an experiment and very specifically rule out models.

High-energy heavy-ion physics is presently a major field of particle physics, with a very active
experimental program at BNL and CERN, where three of the four LHC experiments are preparing
tools for the study of this physics. The main goals of this program are the discovery of the phase
transition from confined hadronic matter to deconfined partonic matter, predicted by Lattice QCD
calculations to occur when the system exceeds a given critical threshold in energy density or tem-
perature, and the study of the physical properties of the new phase. The proof of existence of this
phase and the study of its properties are key issues in the understanding of confinement and of chi-
ral symmetry. We should be able to “see” the formation of this new state of matter through several
signatures, which include:

• suppression of tightly bound charmonium states due to screening of their binding potential,

• production of thermal dileptons, electromagnetic radiation emitted by the “free” quarks, and

• modification of the spectral function of the ρ meson, when the system approaches chiral sym-
metry restoration.

Several experiments made observations providing “compelling evidence” for the production of
a “new state of matter” in heavy-ion collisions at SPS energies. The results reported in the Quark
Matter 1999 conference were summarised at CERN in a special seminar, on February 2000, in parallel
with a press release [1] where we can read:

The combined data coming from the seven experiments on CERN’s Heavy Ion pro-
gramme have given a clear picture of a new state of matter. We now have evidence of a
new state of matter where quarks and gluons are not confined. Whereas all attempts to
explain them using established particle interactions have failed, many of the observations
are consistent with the predicted signatures of a quark-gluon plasma.

In the year 2000, fourteen years after the start of CERN’s heavy-ion physics program and when
RHIC started taking data at BNL, at much higher colliding energies, it seemed natural to close down
the SPS heavy-ion program with such a press release. Nevertheless, and in spite of the financial
constraints imposed by the construction of the LHC, another exceptional event happened at CERN
in year 2000: the NA60 experiment was proposed and (to the surprise of many of the proponents)
approved. This new experiment was different from previous ones in a fundamental way: rather
than being exploratory and look for whatever new phenomena appearing when approaching a new
frontier in energy densities, NA60 was proposed to solve some riddles raised by the previous SPS
experiments, in physics topics accessible through the measurement of lepton pairs.

Indeed, NA60 was explicitly designed to provide new and more accurate measurements which
should clarify three specific questions raised by previous observations:
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Figure 1 Charm cross section vs.
√

s (left) and IMR dimuon enhancement in heavy-ion collisions (right)
observed by the NA38 and NA50 experiments.

• Is the excess of intermediate mass dimuons seen in nuclear collisions with respect to the ex-
pected sources (Drell-Yan and charm decays extrapolated from proton-nucleus data) due to
thermal dimuons or to enhanced charm production?

• Are the properties (mass, width) of the ρ resonance changed by the strongly interacting dense
medium created in heavy-ion collisions?

• Is the J/ψ suppression really due to the formation of a quark-gluon plasma?

From the above list, the first priority in the NA60 physics program and the question addressed in
this work is the physical origin of the intermediate mass region dimuon excess.

The dimuon distributions collected by NA38 and NA50 in proton-nucleus collisions are very well
understood, after background subtraction, by the superposition of expected sources: resonance de-
cays, Drell-Yan and semileptonic decays of DD meson pairs. The (free) normalisation of the open
charm contribution in proton-nucleus collisions is compatible with direct measurements of the ab-
solute cc̄ production cross section, as can be seen in the left side of Figure 1. But, with increasing
number of participants, obtained in the study of heavier systems such as sulphur-uranium (NA38)
and lead-lead (NA50), the data are no longer compatible with the expected sources, as can be seen in
the ratio of observed IMR dimuon yield vs. expected sources, plotted on the right side of Figure 1.

To account for this “excess”, two simple ideas have been considered by NA50.
The first one basically consists in trying to describe the measurements without assuming the ex-

istence of any extra physical sources of dimuons. There are two “expected sources”; what happens if
we simply let their normalisation as a free parameter? Do we obtain a good description of the mea-
sured mass distribution with this very simple procedure? The answer is yes, as illustrated in the left
panel of Figure 2, where the experimental points (obtained for the most central Pb-Pb collisions) are
compared with the superposition of the two expected sources, with their normalisations determined
by the data. In this centrality bin, the data requires a charm yield enhanced by a factor 3 with respect
to the expected yield (extrapolated from the proton data), also shown in the same figure (lower lines)
for comparison. It should be noted that the yield of muon pairs from decays of charmed hadrons
could, a priori, be significantly increased in the phase space window where the measurement is done
without an increase of the total (full phase space) charm production cross-section. In particular,
a significant increase in the measured yield of muon pairs could easily happen if the correlations
between the c and c̄ quarks at production time, surely existing in elementary nucleon-nucleon col-
lisions, would be smeared out in the nucleus-nucleus case, where the charmed quarks (or hadrons)
must cross a high-density medium on their way out of the nuclear and/or produced matter.
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Figure 2 The IMR excess seen by NA50 has been successfully modeled by leaving the open charm normali-
sation free (left) and by adding a thermal dimuon source (right).

The second proposal assumes that thermal dimuons are produced in heavy-ion collisions, a spec-
tacular manifestation of the new phase. The addition of this contribution, calculated by the model
of Rapp and Shuryak [2] is plotted on the right side of Figure 2, where, in the inset, we can see that
it also provides a good fit to the data. Increasing the initial temperature of the fireball from 192 to
253 MeV provides a slightly better fit [3].

In order to contribute to the understanding of these issues, NA60 collected dimuon data with
indium-indium collisions at 158 GeV per incident nucleon in the year 2003. It also collected proton-
nucleus collisions, in year 2004, using 7 different nuclear targets (ranging from Be to U), at two beam
energies, 400 and 158 GeV. This data set will allow a good study of the nuclear dependence of
particle production and establish a robust reference baseline with respect to which we can identify
“new physics”, specific of high-energy heavy-ion collisions.

Thanks to recently developed radiation tolerant silicon pixel detectors, NA60 could measure
dilepton production with unprecedented accuracy, by tracking the hundreds of charged particles
produced in a high-energy nuclear collision (see Figure 3) and selecting, among them, those that
match the two muons seen in the muon spectrometer. Contrary to all previous heavy-ion experi-
ments, NA60 is therefore able to measure the properties of the dimuons at their production point
and not after crossing a long hadron absorber. In particular, and thanks to the measurement of the
impact parameter of each muon track with respect to the collision vertex, NA60 can study the in-
termediate mass dimuons as the sum of two event samples: one of prompt dimuons and the other
of displaced muon pairs. Given that in dimuon mass the expected sources have no prominent fea-
tures, the muon offset is most important physical difference in their properties: Drell-Yan dimuons
are prompt and muon pairs from simultaneous DD semi-muonic decays are displaced.

Our preliminary results [4, 5] show that NA60 is significantly improving the understanding of
the physics behind dilepton production in heavy-ion collisions. We should extend our high-quality
measurements to the study of Pb-Pb collisions and other collision systems, at several SPS energies.
A high-energy Pb-Pb run at the SPS was scheduled for 2002, but cancelled because of delays in the
availability of the silicon pixel assemblies from the industry. New heavy-ion runs could take place at
the SPS from 2009 onwards, as discussed in the SPSC meeting held in September 2004 in Villars [6]
and in recent discussions of workgroups evaluating the future possibilities of CERN.
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Figure 3 The silicon pixel
telescope tracks hundreds of
charged particles produced
in an indium-indium colli-
sion, which lie within the
angular acceptance of the
muon spectrometer.
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