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Abstract. During the June 2002 run NA60 collected around 600000 dimuon triggers in proton-nucleus
collisions at 400 GeV. We show that the collected dimuon mass spectra can be understood in terms of
known sources. The specific target setup, consisting of Beryllium, Indium and Lead targets, simultaneously
exposed to the beam, allowed us to study the nuclear dependence of the production cross-section of the w
and ¢ resonances. The elementary nucleon-nucleon production cross-sections at 400 GeV for the p, w and
¢ mesons are also presented. By using the n-Dalitz decay, dominating the mass range below 450 MeV, we,
furthermore, extracted the 17 production cross-section and its nuclear dependence. The results are discussed
in the framework of previous measurements, mostly obtained in different decay channels, performed by

NA27, HELIOS-1 and CERES-TAPS.

PACS. 25.75.Dw, 25.75.Nq

1 Introduction

Considerable efforts are currently being invested in the
study of high-energy heavy-ion collisions. The main goals
of this experimental program are the discovery of the
phase transition from confined hadronic matter to decon-
fined partonic matter, predicted by Lattice QCD calcu-
lations to occur when the system exceeds a given criti-
cal threshold in energy density or temperature [1], 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 confine-
ment and of chiral-symmetry. Several observations have
already been made, strongly indicating that a new state
of matter is produced in heavy-ion collisions at SPS en-
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ergies [2], but important issues remain unclear in those
observations. NA60 was explicitly designed [3] to provide
new and more accurate measurements which should clar-
ify specific questions raised by the previous experiments,
all of them addressing physics topics accessible through
the measurement of dilepton production.

In particular, NA60 wants to clarify if the properties
(mass and width) of the p resonance are changed by the
strongly interacting dense medium created in heavy-ion
collisions, as suggested by the observations published by
the CERES Collaboration [5]. Such studies much rely on
a solid understanding of low mass dilepton production in
proton-nucleus collisions, which provide a reference base-
line with respect to which the heavy-ion specific phenom-
ena can be extracted.

Moreover, there is some independent physics interest
in this mass region for proton-induced interactions, linked
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Fig. 1. A silicon microstrip plane with the corresponding front-
end electronics. Each sensor has a central hole of 3.6 mm di-
ameter to let the non-interacting beam protons pass through

to the historical puzzle of “anomalous lepton pair” pro-
duction, which dates back to the mid-seventies and early
cighties, when a series of publications, both on ete™ and
on ptu~ pairs, reported an excess of the observed yield
above the expectation from meson decays (see [4] and ref-
erences therein). More recently, HELIOS-1 [4] showed, by
direct measurements of certain Dalitz modes, that the
yield of eTe™ and p*u~ pairs in 450 GeV p-Be colli-
sions could essentially be accounted for by meson decays,
thereby ruling out the existence of such an anomaly. The
CERES [6] and NA38/NA50 [7] collaborations also con-
tributed to this story, the latter reporting the observa-
tion of a low-mass excess for transverse momentum above
1 GeV/e.

2 Detector setup, data taking
and reconstruction

The concept followed by NAGO is to trigger on, identify
and reconstruct two muon tracks in a muon spectrometer,
inherited from NAS50, and to remeasure their momenta
and angles with improved accuracy in a Silicon vertex tele-
scope placed just after the target and immersed in a 2.5 T
dipole magnetic field. The muon spectrometer consists of
a hadron absorber, 4 trigger hodoscopes and two sets of
4 multi-wire proportional chambers (MWPC) placed be-
fore and after an air-core toroidal magnet (ACM), op-
erated at £4000 A. The MWPC’s measure the passing
particles’ coordinates in three independent wire planes,
rotated by 60°. The muon identification requires a hit in
the last trigger hodoscope, placed after a 1.2 m thick Iron
wall at the very end of the apparatus. During the 400 GeV
proton run of 2002 the vertex telescope was built from Sil-
icon microstrip sensors, developed and produced at BNL,
whose segmentation was adapted to the highly inhomo-
geneous particle production across the sensor surface so
that the occupancy always stayed below 3%, even in p-
Pb interactions [8]. A 4-chip Silicon pixel plane [9] was
also used during part of the data taking period. Figure 1
shows one microstrip plane, with the sensor surrounded
by the corresponding front-end electronics.

The number of incident protons was measured over the
whole data taking period by means of 3 independent ion-
isation chambers, placed upstream of the target. Typical
beam intensities were a few 10® protons per burst with a

spill length of 4.8 s and a SPS cycle of 16.8 s. The tar-
get system consisted of four Beryllium, an Indium and a
Lead target, with total respective thicknesses of 2 %, 0.9 %
and 1.2 % nuclear interaction lengths. In order to reduce
systematic uncertainties in the extraction of the nuclear
dependence of the production cross-sections, all targets
were stmultaneously exposed to the beam. The 6 targets
were 2 mm thick and had an interspacing of 8 mm. Their
diameters, 12 mm, were large enough to fully intercept the
proton beam.

The data was reconstructed with the NA60root detec-
tor simulation and reconstruction package. It starts by
reconstructing tracks in the muon spectrometer, discard-
ing already a significant amount of events (~ 50%), where
the trigger pattern was coincidently fired by random hits.
Only if at least two muons were reconstructed, and with
their origin in the target region, the tracking in the vertex
telescope is performed. If at least two tracks in the ver-
tex telescope are found the event reconstruction proceeds
to the vertexing step. For the beam intensities used we
expect an interaction pile-up rate of ~ 20%. In order to
uniquely assign the muons to the target where they were
produced, all events where two vertices were reconstructed
were discarded. A detailed Monte Carlo study showed that
in only ~ 2% of the generated events the collision vertex
was reconstructed in a wrong target. The matching of the
muons coming from the muon spectrometer to candidate
tracks in the vertex telescope was done by taking into ac-
count the multiple scattering and energy loss of the muons
in the hadron absorber and was performed in coordinate
and momentum space [10]. Since the particle multiplici-
ties in p-A collisions are relatively small, the rate of fake
matches is negligible. However, since the vertex telescope’s
acceptance does not entirely cover the angular acceptance
of the muon spectrometer, mostly due to the beam hole
in the strip sensors, it can happen that the matching fails,
especially for very forward tracks produced in the more
downstream targets.

Apart from having collected dimuons of opposite sign,
we have also collected like-sign muon pairs in order to es-
timate the so-called “combinatorial background”, mainly
consisting of coincidentally paired muons from pion and
kaon decays. The evaluation was done through a “mixed
event technique”, in which single muons (from like-sign
pairs) of different events are combined to form a muon
pair. Only pairs which satisfy the trigger condition were
used. This procedure provides the shape of the background
contribution; the normalisation was then carefully evalu-
ated respecting the correlations imposed by our trigger.

3 Expected dimuon sources

The dimuon mass spectrum is a rich superposition of vari-
ous sources resulting in a continuously falling shape, deco-
rated with several pronounced resonances. The continuous
processes are the Drell-Yan dimuons, which are dominat-
ing at large dimuon masses (above ~ 3.5 GeV) and the
semi-muonic simultaneous decays from two (correlated)
D mesons. At the lower end of the dimuon mass spectrum
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Table 1. Processes simulated with “Genesis” and the branch-
ing ratios [13] considered in our study

Particle Decay BR

< n whuy (3.1+£0.4)-107*
= 0 wtpwy  (1.0440.26)-107°
A w ptpr® (9.6+£23)-107°

n whp~ (5.84£0.8)-107°
Zop pwhp™  (4.5540.28)-107°
£ w  utu (714+013)-107°
R ptp~  (2.85+0.19)-107*

the electromagnetic decays of the light pseudo-scalar and
vector mesons (1, 7', p, w and ¢) are the dominating pro-
cesses, adding to the continuous spectrum via their Dalitz
decays and/or giving rise to distinct peaks via their 2-body
decays. While the Drell-Yan and open charm processes
were simulated with the Pythia event generator [11], ver-
sion 6.208, the “hadronic decay cocktail” was generated
with “Genesis”, as described below. All simulated pro-
cesses were immersed in an underlying hadronic event,
generated with VENUS [12], version 4.12, so that the re-
sulting reconstruction efficiencies are as realistic as pos-
sible. These events were then tracked through the NAG0
apparatus, using GEANT, version 3.21, with the probabil-
ity for a generated track to leave a hit in a given microstrip
detector plane being proportional to the previously deter-
mined strip efficiencies. Events in which a dimuon satisfied
the trigger conditions were reconstructed in the same way
as the collected data. In this way, we reproduce the effects
imposed by the detector, such as the finite acceptance win-
dow, the energy loss, and the smearing of the kinematic
variables through multiple scattering or due to the finite
resolution of the apparatus.

Table 1 lists the particle production processes simu-
lated with “Genesis” together with the respective branch-
ing ratios into muons [13]. Note that we have used the
electronic branching ratio for the w 2-body decay, assum-
ing lepton universality, since it is known with much better
accuracy than the muonic value.

The kinematical distributions of the light mesons (pr
and rapidity) were generated with distributions which
describe reasonably well the existing data, mainly col-
lected at the CERN-SPS. The pr distributions were gen-
erated according to the functional form 1/ptdN/dpt =
mr - K1(m7/T), where K; is the modified Bessel func-
tion and the “inverse slope” parameter, T, is commonly
associated with the effective temperature of the matter
created by the collision, at the moment of kinetic freeze-
out. The rapidity, y, distributions were generated accord-
ing to the expression 1/ cosh?(ay), similar to a Gaussian
of 0 = 0.75/a. The width of the pion rapidity distribution
was estimated using Landau’s expression 4/logypro; and
the width of the rapidity distribution for heavier mesons
was decreased proportionally to the maximum rapidity
(in the c.m.s. frame, y*) with which such a meson can

be produced, opart = Ox * Yiax (Mpart)/Yiax (Mx), with
Yrmax (M) = log(y/s/m).

For the mass line shapes of the narrow resonances
7, w and ¢, we have used a modified relativistic Breit-
Wigner parameterisation, first proposed by G.J. Gounaris
and J.J. Sakurai [14], with the widths and masses taken
from the Pythia decay tables. Due to its broadness the
shape of the p is highly influenced by phase space effects
and by the production mechanism. With respect to pre-
vious parameterisations, its decay width was replaced by
a mass dependent width, I',(M), and momentum depen-
dent terms were introduced [15]. Integrating over the 3-
momentum we obtain the following rate equation, from
which the p was generated:

cm (12 55)"V1 - 5 (14 5

p
3(27)1 (M2 —m2)? + M°IE, %
(27TMT)3/2€—]VI/T

dR(M)
dM

In this equation T is the hadronisation “temperature”
parameter, 170 MeV, as deduced from ratios of parti-
cle yields in elementary reactions and nuclear collisions
at SPS energies [16]. The dimuon mass distributions for
muons coming from Dalitz decays were generated accord-
ing to the Kroll-Wada form [17], multiplied by the electro-
magnetic transition from factor, | F'(¢%)|?. The form factors
were taken from a fit to the Lepton-G data [18].

The azimuthal decay angle of the two muons is gen-
erated isotropic for all decay modes. For the polar decay
angle we have used two possible distributions in the case
of the 2-body decays: uniform and 1+ cos? 6. In the Dalitz
decays, the two muons are accompanied by a third decay
partner, a real photon or a 7°. Due to angular momentum
conservation the muons from 7 and n’ Dalitz decays are
expected to have a 1+ cos? 6 distribution, while the muons
of the w Dalitz decay are expected not to be emitted under
a preferred angle.

The open charm events were simulated using the re-
cent CTEQ6L parton distribution functions [19], a mass
of the charm quark of m. = 1.35 GeV and a (k%) of
0.8 (GeV/c)?. The muonic branching ratios of the various
charmed hadrons were taken from the PDG tables [13].
The absolute cross-section was taken from a compilation
of charm measurements [20] and scaled linearly with the
mass number, A, apart from the nuclear effects on the par-
ton distribution functions, evaluated with the EKS98 pa-
rameterisation [21]. The ¢ cross-sections used were 0.167,
2.25 and 4.14 mb for the p-Be, p-In and p-Pb collision
systems, respectively.

The Drell-Yan process was simulated with the “MRS-
A Low Q?” parton distribution functions [22], so that we
could generate events down to the lowest possible dimuon
mass. Nevertheless, Drell-Yan cannot be calculated for
masses lower than 1 GeV. In any case, it is reasonable
to assume that such a contribution is negligible with re-
spect to the hadronic decays. Since quark-antiquark anni-
hilation depends on the charge of the interacting quarks
and the nucleons have different quark contents, we have
generated both types of elementary interactions: pn and
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Fig. 2. Generated dimuon mass spectrum for pp collisions at
400 GeV, including smearing

pp- Drell-Yan dimuons, also being produced in “hard in-
teractions”, are known to scale linearly with the number
of nucleons in the nucleus, opa = opp - Z + opn - (A — Z),
A being the mass number and Z the atomic number. The
pn and pp cross-sections were obtained from a compari-
son [23] of Pythia calculations with DY data from the NA3
Collaboration, collected in p-Pt collisions at 400 GeV [24],
opY =16.7 nb and o}Y = 14.7 nb.

In Fig. 2 we can see the dimuon mass spectrum gen-
erated with the hadronic decay cocktail, open charm and
Drell-Yan, in pp collisions, smeared with the mass reso-
lution measured at the w and ¢ resonances. For the pur-
pose of this illustration, we normalised the hadronic decay
sources following the procedure outlined in [7].

4 Acceptances and phase space window

Like most experiments, the NA60 detector does not have
4m coverage. The aperture of the ACM magnet, in partic-
ular, determines the angular coverage of the muon spec-
trometer, which can be translated into an acceptance win-
dow in dimuon rapidity. The existence of the hadron ab-
sorber, on the other hand, imposes a minimum thresh-
old on the energy of the measured muons. Furthermore,
the beam hole of the Silicon sensors reduces the angu-
lar coverage of the (low pr) muons produced in the most
downstream targets. For the extraction of the nuclear de-
pendence of the w and ¢ mesons, we cannot compare the
forward rapidity ¢ mesons produced in the most upstream
target (Indium) with the backward rapidity ¢ mesons pro-
duced in the last Beryllium target. For this reason, we ap-
ply a cut on the (single) muon’s angle, or pseudo-rapidity,
7. On the other hand, the presence of the vertex mag-
net largely increases the acceptance for opposite sign low
mass and low pr dimuons. Such dimuons would be lost
in the dead area around the beam line, if it were not
for the vertex magnet which deflects them into the an-
gular acceptance of the muon spectrometer. In Fig. 3 we

o

0.20 < M < 0.45 GeV

o e 045<M<0.70 GeV
10°4 o 7D77D7 o 0.45<M<0.70 GeV
o
e —e— T —o—

A x e x dN/dp. [events per 200 MeV/c]
2
|

y
o
sl

0 0.5 1 1.5 2 2.5
pr [GeV/c]

Fig. 3. Measured pr distributions for two mass windows, com-
pared to NA38’s distribution of its lowest mass window

compare the raw data pr distribution for two different
mass windows to the lowest mass window seen by the pre-
decessor experiment NA38. For masses above 400 MeV
we have good acceptance down to zero pr, and for masses
down to threshold we have good acceptance for pr larger
than ~ 400 MeV /c. Since the pr acceptance for low mass
dimuons depends also on rapidity, we included a rapidity
dependent mt cut in the definition of our phase space
window: 3.3 < yli < 4.2, |cosfcs| < 0.5, n, < 4.2,

mr > 0.7 - (Yrap — 4.2)2 + 0.4 GeV, where Ocg is the
Collins-Soper angle. In this window the w and ¢ mesons
have acceptances in the ranges 3.2-4.0% and 6.1-7.2 %,
respectively, depending on the z position where they were
produced. Their differential acceptances do not vary by
more than a factor 10 between any two selected events.

5 Results on low mass dimuon production

Through the muon track matching we have achieved im-
portant improvements in the dimuon mass resolution and
in the signal to background ratio, which can be appre-
ciated in Fig. 4. Through the matching the background
level drops from ~ 30% to 10 %. After the matching the
w and ¢ are measured with 30 MeV mass resolution. It
is worth noting that our Monte Carlo simulations repro-
duce the measured dimuon mass resolutions. In the right
panel of Fig. 4 we can see the dimuon mass distribution
in a linear scale, showing a hint of the n peak. After muon
track matching and having applied the vertex selection
and phase space cuts, the final event sample consists of
around 15000 opposite sign dimuon events.

In order to evaluate the nuclear dependence of the pro-
duction cross-sections for the 7, w and ¢ resonances we use
a power law parameterisation, opa = 0o - A%, where A is
the mass number of the target nucleus and o can be in-
terpreted as the “elementary nucleon-nucleon production
cross-section”. The values of opa, for each process and
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in each target, are obtained by fitting the measured data
to a superposition of the reconstructed Monte Carlo his-
tograms, properly normalised to account for the integrated
luminosity, the branching ratios, the acceptances and the
efficiencies. The value of « is derived by simultaneously
studying the dimuon mass distributions measured in the
Be, In and Pb targets. In Fig. 5 we can see the z-vertex
distribution for the selected events, showing that the in-
teraction vertex can be uniquely assigned to the individual
subtargets.

We use acceptances calculated with respect to the full
phase space. This implies assuming generation functions,
in y, cos 6, etc., outside the phase space window where we
cannot check their validity. Since there is little knowledge
on the distribution of the decay angle 6, we will use both,
1 4 cos?# and uniform distributions, when quoting our
results.

The opposite-sign dimuon mass distributions obtained
from the p-Be, p-In and p-Pb data samples, taking to-
gether the satistics of all Beryllium targets, are simultane-

Table 2. Elementary full phase space production cross-
sections, and their dependences on the mass number A, for
the 1, p, w and ¢ mesons, as extracted from a simultaneous fit
to the three dimuon mass spectra

1+ cos? 0 uniform
ol [mb]  9.5+0.6 10.2 4+ 0.6
of [mb] 11.6+£1.0  89+0.7
of [mb] 10.5+£0.6  80%05
o [mb]  0.53+£0.05 0.40 +0.03
a” 0.93 +0.02
a® 0.82 +0.01
a? 0.91 +0.02

ously fitted to a superposition of all the expected sources.
The combinatorial background, open charm and Drell-Yan
contributions are fixed as outlined above and describe the
mass region above 1.2 GeV very well in all three data sam-
ples. The fit, carried out in the mass range 0.2-1.1 GeV
includes 7 free parameters: the o9 and « values of the 7,
p, w and ¢ contributions, imposing the same « for the p
and w mesons. The 7’ is assumed to be produced propor-
tionally to the 7, 6”7 = 0.15 - 0" [6]. The result of the
fit is shown in Fig. 6 for the three target materials. The
fitted contributions of the 2-body and Dalitz decays are
drawn on top of the sum of the combinatorial background,
open charm and Drell-Yan processes, shown as the lowest
solid line. The data points are very well described by the
sum of the expected contributions, with the elementary
full phase space cross-sections and « values listed in Ta-
ble 2. The quoted errors refer to statistical uncertainties
only. From the fit we can also derive the number of w’s
and ¢’s present in our final data samples: N¥ = 966, 676
and 660, N¢ = 575, 464 and 511, for the Be, In and Pb
targets, respectively.
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Fig. 6. Fit to the dimuon mass spectra collected in p-Be, p-In and p-Pb interactions

6 Discussion and conclusions

We have presented the nuclear dependence of the 7, w
and ¢ production cross-sections, expressed by the a val-
ues. We see the ¢ production cross-section increasing with
the target’s mass number significantly faster than the w,
an observation relevant for the interpretation of the “¢ en-
hancement” observed in heavy-ion collisions by NA38 and
NAS50 [25]. Also the n has a higher « value, with respect to
the w. However, since the acceptance of the NA60 detec-
tor steeply drops for low pr dimuons of low masses (below
M ~ 400 MeV) and the 7’s fit parameters are mainly fixed
from its Dalitz decay, most of the 7’s in our event sample
have larger pr values than the dimuons resulting from w
and ¢ decays. It is well known that « increases with pr
(“Cronin effect”). Hence, if we want to compare the « of
the 7 to that of the w and ¢ we have to take into account
the pr dependence, a point presently under investigation.

The second result of the present study is the elemen-
tary (nucleon-nucleon) production cross-sections for the
1, p, w and ¢ mesons at 400 GeV. NA27 also published
full phase space particle production cross-sections at ex-
actly the same energy [26]. Measuring the four mesons
in hadronic and electromagnetic decays, they obtained
the following values: ¢7 = 9.8 &+ 0.6, ¢” = 12.6 £ 0.6,
0¥ = 128 £ 0.8 and ¢? = 0.62 £ 0.06 mb. Before we
compare the NA27 values to our own measurements it is
important to note that, given their similar masses, the
p and w mesons are affected by interference effects when
measured in the same decay channel. A detailed study was
performed by the HELIOS-1 experiment [4], which found a
negative interference effect, leading to a measured “g?/“”
total production cross-section in the dilepton decay chan-
nel 15 % smaller than the sum of the individual production
cross-sections, o” + 0%, as measured in independent decay
channels. Assuming that our dimuon data is affected by
the same interference effect as derived by HELIOS-1, we
deduce a total p + w production cross-section, corrected

for the interference effect, of o” + 0% = 25.4 £ 1.3 mb in
remarkable agreement with the NA27 value, 25.4+1.0 mb.
There is also a perfect agreement between the two exper-
iments in what concerns the n resonance. Our ¢ value is
~20% lower than the one quoted by NA27. It should be
noted, however, that the value derived by NA27 seems to
be somewhat overestimated, judging from the measure-
ments shown in their publication. This comparison was
done using the values we obtained with the 1 + cos®4
decay angle distributions. If we would use those corre-
sponding to uniform cosf distributions the agreement
with NA27 would considerably degrade, an indication that
the 1+ cos? @ distributions provide a better description of
the p, w and ¢ dimuon decays.

We can also compare our results with the HELIOS-1
and CERES-TAPS measurements. HELIOS-1, measuring
dielectrons and dimuons in p-Be collisions at 450 GeV [4],
had the capability to fully reconstruct the Dalitz decays.
HELIOS-1 also used a 1 + cos? § decay angle distribution
to extrapolate their p and w measurements to full phase
space, obtaining ¢”/(c”+0*) = 0.54+0.05 from the e*e™
data and 0.5240.06 from the p*u~ data, before any cor-
rection for interference effects. It should be noted that the
7 cross-section measured in the {*1~7y mode provided an
excellent description of the dilepton mass spectra. Tak-
ing the a” and o = a” we have measured, we can de-
rive the HELIOS1 nucleon-nucleon values from their p-Be
data, measured in a similar kinematics window, obtain-
ing of/(cf + o) = 0.42 + 0.04 for the ete™ data and
0.41 4+ 0.05 for the u™p~ data. These values are in excel-
lent agreement with our result, o /(o +0§’) = 0.43+£0.04.
Note that this comparison is not sensitive to the p/w in-
terference. For further comparisons, however, we should
correct these values for the interference effect. The NAGO
value then becomes 0.37+0.03 while the HELIOS-1 values
become 0.37 +0.04 (ete™) and 0.35+0.04 (utp™).

Figure 7 compares the o] /(cf + o§) value extracted
from our data, corrected for p/w interference, with the val-
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Fig. 7. Comparison between the ¢"/(c” + o) value deduced
from our data and those of previous experiments, made in lep-
tonic and hadronic decay channels

ues of the other experiments. We conclude that the 7 yield
which best describes our low mass dimuon data is in very
good agreement with the measurements of these previous
experiments and we do not see the need for additional
sources to explain our low mass dimuon data.

Also the CERES-TAPS experiment measured a similar
(but not identical) quantity, ¢”/(2 - ¢*), in p-Be and p-
Au collisions with 450 GeV protons [27]. The values given
within their phase space window of 3.1 < y < 3.7 were
0.34+0.03 and 0.37£0.04 for p-Be and p-Au, respectively.
If we extrapolate these measurements to full phase space
and to elementary nucleon-nucleon collisions, we obtain
0.31 + 0.03 from p-Be and 0.24 + 0.03 from p-Au.

The results presented in this paper will be improved
and extended in the near future, thanks to the much
higher statistics collected by NA60 in 2004, with 400 GeV
protons incident on an expanded target system.
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