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Abstract. Results are presented on dimuon production for invariant masses ranging from the dimuon
threshold up to the J/Ψ meson. Proton-tungsten and sulphur-tungsten interactions at 200 GeV/c/nucleon
were measured over a large kinematic region, using the HELIOS/3 dimuon spectrometer at the CERN
SPS. In the continuum regions between the dimuon threshold and the ρ/ω mesons, and between the φ and
J/Ψ mesons, an excess is observed in S–W interactions relative to minimum bias p–W interactions. The
observed excess is continuous over the explored mass range and has no apparent resonant structure. In
the low mass region the dimuon yield increases by (76 ± 4)% of the corresponding p–W dimuon spectrum,
whereas in the higher mass region the excess amounts to 2.4 ± 0.3 times the p–W yield. The observed
excess for the low mass region follows an exponential transverse mass distribution with an average inverse
slope parameter T of (190 ± 5) MeV/c2, constant for all but the lowest charged multiplicity interval and
consistent with the slope of the excess in the higher mass region. In the invariant mass range of 1.35–
2.5 GeV/c2 the continuum dimuon mass distribution observed in p–W interactions can be quantitatively
understood as a sum of three expected contributions (vector meson decays, semileptonic charm decays
and Drell-Yan process), but both in central and in minimum bias S–W interactions an excess is observed
with respect to these sources which does not depend on centrality, nor very strongly on the transverse
momentum.
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1 Introduction

Within the framework of QCD, a deconfinement phase
transition from hadronic matter to quark matter, the
Quark Gluon Plasma (QGP), should occur at high densi-
ties or high temperature. Various signals have been pro-
posed to detect this new phase. Besides the well-studied
effects of the deconfined QGP-phase on the formation on
quarkonia states like the J/Ψ and the Υ , the hot plasma
emits electromagnetic radiation, photons and lepton pairs.
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Fig. 1. Overall experimental setup with target region inset

Leptonic probes such as dimuons provide a direct way to
study the radiation of the evolving QGP since leptons in-
teract only electro-magnetically with the hadronic mat-
ter in which they are produced. Additional lepton pair-
production is also expected from pion annihilation within
the hot hadron gas or the mixed phase following the ex-
pansion of the quark gluon plasma. In the last years, much
progress has been made in understanding the dynamics of
the expanding matter and the processes in which dileptons
and photons are emitted [1–3]. According to some calcu-
lations [4–8], a thermal dilepton signal might be expected
in the mass region below the J/Ψ . Because of vector dom-
inance the observed lepton spectrum should be strongly
enhanced in the region of the ρ-mass [4,9–11]. However,
in those phases of nuclear matter, such as the QGP, in
which the ρ cannot exist as a bound state due to chiral
symmetry restoration [12], this enhancement at the ρ res-
onance is suppressed. In-medium effects in nuclear matter
can further shift the effective mass and alter the width of
the ρ resonance as discussed in [13–17].

The HELIOS/3 experiment operated at the CERN
SPS with 200 GeV/c/nucleon beams. The experiment stud-
ied p–W and S–W collisions and was designed mainly to
measure low transverse mass dimuons (mT =

√
m2 + p2

T :
low masses, low transverse momenta) and vector mesons
ρ, ω, φ in a wide kinematic region. The number of dimuons
in the “intermediate mass” region (i.e. masses between the
φ and J/Ψ or 1.35-2.5 GeV/c2) was found to be reason-
ably large to search also in this region for a possible new
dimuon source.

This paper presents the data of the dimuon spectrum
in the mass region from threshold to the J/Ψ meson, and
discusses the continuum data below the ρ meson (below
0.7 GeV/c2, “low mass region”) and in the intermediate
mass region. The mesons themselves (ρ, ω, φ and J/Ψ)

have been the subject of a separate paper [18]. The multi-
plicity of charged hadrons accompanying the dimuons was
used as a measure of the collision centrality.

We first briefly recall the experimental set-up and the
important aspects of the analysis described in detail else-
where [18], and then present the experimental results on
the dimuon yield, normalized to the charged particle pro-
duction within a similar pseudo-rapidity region. Our anal-
ysis of these results consists of two different approaches:
(1) a purely experimental one in which we compare di-
rectly the p–W and S–W spectra and (2) a detailed com-
parison of the continuum results in the intermediate mass
region with the known sources of dimuon production in
hadron-hadron interactions [19].

It should be pointed out that early indications of an
excess in S–W interactions measured in HELIOS/3 in the
intermediate mass region have already been reported [20–
22]. Similar findings were reported by the NA38/NA50
collaboration in the intermediate mass region [23] and by
the CERES collaboration in the low mass region [24]. It
should be emphasized that this paper covers both mass re-
gions, thus allowing an investigation of a possible common
physical interpretation.

2 Experimental set-up and trigger

The experimental configuration is shown in Fig. 1. The z-
axis of our right-handed coordinate system with its origin
at the target position coincides with the beam direction,
while the y-axis is oriented vertically. The target region
with beam counters, silicon ring counters (SR1, SR2) and
a scintillator petal hodoscope (INT), used to signal the
interaction, is detailed in the inset.
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The sulphur beam was identified using information
from scintillator and quartz counters; a Čerenkov counter
was used for the proton run.

A 5 or 10 mm long tungsten wire of 1.0 mm diameter
oriented parallel to the beam served as a target, corre-
sponding to 13% or 12% interaction lengths calculated
using the inelastic S–W or p–W cross sections, respec-
tively. The charged particle multiplicity was measured by
two silicon ring counters (covering the overlapping pseudo-
rapidity regions 1.6 ≤ η ≤ 3.7 and 2.6 ≤ η ≤ 5.5). The
dimuon spectrometer consisted of a hadron absorber, six
interaction lengths of Al2O3 and 100 cm of Fe, followed
by a magnetic spectrometer and muon hodoscopes. The
absorber was carefully optimized for the measurement of
low mT pairs, and placed only 25 cm downstream from
the target in order to minimize the background of decay
muons. Except for the addition of the first scintillator ho-
doscope H1 consisting of fourteen 2 × 0.15 m2 slabs, the
configuration of the spectrometer was identical to the one
used in the HELIOS/1 experiment [25]. The acceptance
of the spectrometer was similar to the subset of the sili-
con ring counters used in the charged multiplicity trigger,
3.7 < η < 5.5.

With and without the requirement of two muon can-
didates in the muon spectrometer, three discrimination
levels on the charged multiplicity were used at the trigger
level to enhance the number of central events; the lev-
els correspond to the beginning of the plateau, the knee
and the tail of the multiplicity distribution [26] in order
to cover the range between peripheral and central colli-
sions. In addition, events flagged only by the interaction
trigger signal and validated by the pile-up protection were
accepted. No multiplicity signal from the silicon detectors
was required for these events. They correspond to very
low multiplicities, subsequently referred to as the mini-
mum bias sample.

3 Analysis

3.1 Data reduction

During data taking with the 200 GeV/c sulphur beam on
the tungsten target, 9 × 106 dimuon triggers were taken.
This number was reduced by applying off-line criteria brief-
ly recalled here and described in [18].

The information from various beam detectors was used
off-line to reject events associated to a non-sulphur pro-
jectile, and pile-up events as well. The rejection of the
contamination due to interactions outside the target was
based on the information from the two ring multiplicity
detectors.

The muon reconstruction was done using a standard
procedure of point-track association and reconstruction.
For successfully reconstructed tracks, an overall minimum
χ2 probability of 1% was required. Requiring at least 2 re-
constructed tracks reduces the event sample to about 40%
of the original number. The correspondence of an H2/H3
coincidence with a charged track defines a muon. The re-
quirement that exactly 2 muons are identified reduces the

number of events by about a factor 10. This is largely due
to the fact that the chamber wires used in the trigger were
orthogonal to the muon-hodoscope slabs.

To suppress events with dimuons produced by the sec-
ondary particles in the absorber, reconstructed muon
tracks had to point to the target. The definition of this
cut took into account the uncertainty and the apparent
shift of the reconstructed production vertex due to mul-
tiple scattering. This phenomenon is well understood and
reproduced in simulation programs. For each muon track,
Z, the point of the closest approach to the beam axis, rel-
ative to the target, was calculated together with its error
σZ . Only tracks with Z < 250 cm and Z/σZ < 3 were
accepted.

The muon momentum reconstructed behind the had-
ron absorber had to be corrected for the average energy
loss and the multiple scattering. The energy loss correc-
tion was modeled by a Geant simulation. The muon polar
angle was calculated by combining the angle measured in
the spectrometer with an uncorrelated estimate which re-
quired that the track originated in the target as described
in [18]. The reconstruction method was verified for the φ
and J/Ψ mesons. The mass resolution at these masses,
82 and 90 MeV/c2, respectively, agreed with our Geant
simulation.

After all cuts were applied, there remained 2.7 × 105

dimuon events in the sulphur run, of which 68.4% were
µ+µ−, 14.4% µ+µ+ and 17.2% µ−µ−. Similar selection
resulted in 44200 dimuon events for the proton beam run
with 95.6% µ+µ−, 3.3% µ+µ+ and 1.1% µ−µ−. In the
1.35-2.5 GeV/c2 mass region, the corresponding numbers
were 8500 dimuons in the sulphur run, of which 57.3% were
µ+µ−, 23.3% µ+µ+ and 19.4% µ−µ− and, for protons, 339
dimuons with 285 µ+µ−, 45 µ+µ+ and 9 µ−µ−.

In most events only two muons were reconstructed.
The percentage of 3 or more identified muons was about
7% in the sulphur sample, and less in the proton sample.

The acceptance was calculated on a 19 × 17 × 13 grid
of mass m, transverse momentum pT , and laboratory ra-
pidity y using a full Geant simulation of the detector. 1

To reject events with very low acceptance while retaining
a maximal kinematic region for the analysis, we defined
the cuts as:

mT ≥ 4(7 − 2y)

mT ≥
√

(2mµ)2 +
(

2Pmin

cosh y

)2

(1)

where y is the dimuon rapidity and Pmin=7.5 GeV/c is
larger than the minimum momentum necessary to traverse
the spectrometer due to the energy loss in the absorber
and the strength of the magnetic field. For example, in
Fig. 5 of [18], we show the ρ acceptance in the y vs mT

1 The decay angular distribution of the dimuon was assumed
to be isotropic. This is consistent with the results of [25]. For
dimuons from charm decay, the distribution depends on the
mass of the dimuon[19]. The implications of these different dis-
tributions will be discussed in Sect. 5.
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plane. To investigate a possible dependence of dimuon pro-
duction on the transverse momentum and rapidity, the ac-
cepted kinematic region (1) was divided into the following
subregions

y < 3.9
3.9 ≤ y < 4.4

y ≥ 4.4
pT < 0.35 GeV/c (2)

0.35 ≤ pT < 0.6 GeV/c
pT ≥ 0.6 GeV/c

Note that, as will be explained subsequently, the rapid-
ity interval above y > 4.4 is not fully used in our contin-
uum analysis, due to uncertainties at very forward rapidity
of the remaining background at very low masses and due
to the lack of statistics in the higher mass region.

3.2 Multiplicity classes

The multiplicity of charged particles was measured in the
pseudo-rapidity region 3.5 < η < 5.2 and carefully cor-
rected for secondary interactions, mainly electron pair pro-
duction in the target as described in [18]. It was used to
group our S–W data according to their multiplicity into
six classes, requiring that the trigger samples contributing
to each class gave comparable average multiplicities. In ad-
dition, three other classes were defined using the fractions
determined from the interaction trigger with no muon re-
quirement: a special class of events, subsequently referred
to as the “minimum bias” class, was constructed from
all multiplicity classes, a second class containing predomi-
nantly peripheral collisions was constructed from the mul-
tiplicity classes 2–3, and a class of central collisions was
based on multiplicity classes 4–6. For the second analy-
sis of this paper concerning the intermediate mass region,
only the minimum bias class and individual classes 3–6
were used since the statistics in the classes 1–2 were not
sufficient for a detailed analysis in this mass region.

Table 1 contains the number of projectile participants
estimated for each multiplicity class using the Monte Carlo
code VENUS 3.11 [27]. We emphasize that the impact
parameter distributions corresponding to the more cen-
tral multiplicity classes have significant overlap with those
contributing to other multiplicity classes. This feature was
cross-checked using a different version (VENUS 4.12) [28]
of the program and further by the DTUNUC 1.02 model
[29] and the FRITIOF [30] code. All give qualitatively
similar results although the numerical values for the de-
duced range of impact parameters can differ by about one
fermi. This is important when specific models are used
to evaluate the yield of dimuon production. In that case,
it is of greater advantage to choose the generator which
describes best the experimental multiplicity distributions,
see the discussion in Sect. 4.2.2.

The mean multiplicity in the p–W data was 4.6 with
an RMS = 2.5.

3.3 Normalization to charged particle production

Together with the dimuon triggers, events with no muon
requirement but the same multiplicity thresholds were also
acquired. These events were used for the normalization of
the dimuon yield to the number of charged particles in
each multiplicity class. The µµ/charged ratios were cal-
culated at the trigger level, so that the multiplicity trigger
acceptances canceled. The various trigger contributions to
each multiplicity class were then combined using the sta-
tistical error for each trigger to weigh its contribution [18].

3.4 Combinatorial background

An important background for any dimuon continuum anal-
ysis in events with a high charged particle multiplicity is
that due to uncorrelated muon pairs originating from π,
K or other meson decays which are measured in the same
event as a dimuon. If we suppose that all like-sign muon
pairs were of this kind, the combinatorial background in
the unlike-sign samples, N+−

c , is proportional to the geo-
metric mean of the like-sign samples with the proportion-
ality constant defined as:

R ≡ N+−
c /2

√
N++N−− (3)

The constantR was studied extensively by a full Monte
Carlo simulation [31], using the VENUS 3.11 event gen-
erator to produce events in which particles with short
lifetimes (e.g. KS) decay. The decay probability of each
charged π and K meson (produced directly or via decay)
was calculated, assuming a potential decay path equal to
the distance between the target and the absorber front
face plus one interaction length in the absorber. The me-
sons were forced to decay within this decay path and the
resulting muons were tracked through the apparatus us-
ing a Geant 3.14 based program. Muons within the spec-
trometer acceptance were combined in all possible ways
to give pairs. Those pairs satisfying the hodoscope trig-
ger were then weighted with the appropriate decay prob-
abilities and used to calculate R = 1.14 ± 0.02 for the
sulphur runs in all multiplicity classes and 1.57 ± 0.10 for
the proton runs. The R-value for sulphur interactions does
not show a significant dependence on charged multiplic-
ity class (since even the lowest class has a relatively high
multiplicity relative to p–W interactions) nor on mass or
transverse mass.

Detailed comparisons were made between the data and
the Monte Carlo simulation, in particular the 1µ and 2µ
distributions; the results were quite similar. The compari-
son with the Monte Carlo prediction of the absolute value
of the like-sign data relative to the number of charged
particles grouped in the multiplicity classes, is relatively
satisfactory: the multiplicity dependence is similar in data
and in simulation, and the naively expected squared-mul-
tiplicity dependence is reached at high masses.

To obtain a precise shape of the combinatorial back-
ground, reducing the bin-to-bin statistical errors, we used
muon pairs formed by muons of different like-sign events
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Table 1. Charged multiplicity classes in S–W interactions evaluated using the VENUS
3.11 program

Class Multiplicity in 〈MULT 〉 projectile impact
3.5 < η < 5.2 participants parameter (fm)

Average (RMS)
1 MULT ≤ 25 14.0 3.7 (3.0) 10.0 (1.4)
2 25 < MULT ≤ 70 43.5 14.5 (5.6) 7.3 (1.2)
3 70 < MULT ≤ 100 80.8 22.7 (5.5) 5.6 (1.5)
4 100 < MULT ≤ 130 115.8 26.6 (4.8) 4.3 (1.7)
5 130 < MULT ≤ 160 147.0 29.4 (2.6) 3.5 (1.5)
6 160 < MULT 165.1 30.6 (1.7) 2.9 (1.3)

minimum bias 67.7 16.7 (4.2) 6.8 (1.4)
periph. coll. 25 < MULT ≤ 100 54.1 16.8 (5.6) 6.8 (1.3)
central coll. 100 < MULT 134.6 28.2 (3.5) 3.8 (1.6)

Fig. 2. Comparison of mixed like-sign events with real like-sign
events for one of the classes. The event samples are relatively
normalized

belonging to the same multiplicity class [32]. The trig-
ger requiring two hits in the H2/H3 coincidence rejected
dimuons with both muons in the same slab of H2/H3.
The probability to detect a muon in a slab was estimated
from the accepted dimuons in each multiplicity class sep-
arately for µ+µ+ and µ−µ−. A weight was attributed to
each muon to remove the trigger bias. Dimuons of all sign
combinations were then randomly formed and only pairs
meeting the trigger conditions were accepted. In this pro-
cedure the same muon was used between 10 to 50 times to
form uncorrelated unlike-sign muon pairs. A check of the
method was made by comparing the dimuon mass, trans-
verse momentum and rapidity distributions for the mixed
like-sign sample with those of the measured like-sign sam-
ple; this leads to a χ2/degree of freedom = 1608/1579 =
1.02, combining the p–W and S–W data.

An example of the good precision of the method over
the entire mass range is demonstrated in Fig. 2 where the
real and mixed like-sign mass spectra are shown together

for multiplicity class five. The overall normalization for the
mixed unlike-sign combinatorial background was given by
the number of real like-sign events via equation (3). The
statistical errors of the mixed dimuon spectra, including
correlations due to the repeated use of the same muon,
are negligible with respect to the error of the constant R.

Note that the shape of the combinatorial background is
such that a higher normalization constant R would lead,
after subtraction of the combinatorial background from
the measured unlike-sign data, to some large negative bins
incompatible with the errors.

3.5 Absorber background

Another important background present in low transverse
mass dimuon measurements is that produced by interac-
tions of produced hadrons or of sulphur projectile frag-
ments in the absorber. A large part of this background is
rejected by the target cut.

We estimated the spectral shape and absolute rate of
the remaining background with the results of special runs
with π beams of 25, 50 and 100 GeV/c impinging on the
absorber front face, and 200 GeV/c protons impinging on
the absorber W plug, and used a physics generator for
interpolation [33].

In these runs, we weighted the accepted dimuons with
the reconstruction efficiency, subtracted the combinatorial
background, and obtained mass, transverse momentum,
rapidity and Z distributions which were normalized per
incoming particle interacting in the absorber. The latter
required a small subtraction of the beam muons.

In the generator, the production of charged hadrons
used the dN charged/dη distribution as measured by the
HELIOS/2 experiment [26], and an exponential pT distri-
bution with an average value of 0.365 GeV/c. The latter
is modulated by a y-dependent Gaussian centered at the
p–p center of mass rapidity with a width of 3 units. The
resulting hadron was tracked in Geant until its interac-
tion in the absorber, and its momentum determined the
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Fig. 3. Comparison of mass spectra between data (solid his-
togram) and the fitted mass-distributions used for the back-
ground subtraction (dashed histogram). The histograms are
normalized to each other

meson mix of η, ρ, ω, η′ and φ. The resulting µµ spectra
were composed of a sum of two- and three-body decays
of these mesons. The pT and xF distributions were taken
from [34] in which πC and pC interactions at 150 GeV/c
and 225 GeV/c were studied. The pC measurements were
rescaled to heavier target nuclei to describe the interac-
tion with the W plug. As in the acceptance calculation,
the decay angular distribution of the dimuon was assumed
to be isotropic. The muons were then tracked through the
apparatus. For each of the four beam momenta, we pro-
duced five data sets corresponding to the 5 resonances and
their branching ratios.

The relative production probabilities of the mesons
were determined at each momentum by a fit to the mass
spectrum. In principle, these fractions are unique at a
given momentum, but vary as a function of momentum. In
order to be able to interpolate, the momentum dependence
for the fraction of each resonance was fit to a quadratic
function of momentum. The η, ρ, ω, η′ and φ fractions at
200 GeV/c were fixed at 0.444, 0.084, 0.392, 0.062, 0.018,
respectively [25]. Since the amounts of η′ and φ were not
well-constrained, the ratios η′/ρ and φ/ρ were fixed at
their measured values at 200 GeV/c.

The pT and rapidity distributions required only a small
adjustment in shape and momentum dependence. The ab-
solute normalization for the Monte Carlo was determined
at each of the four momenta, and was fit to a quadratic
function of momentum. The final fit involved the normal-
ized m, pT , y, Z and Z/σZ spectra, as well as the absolute
normalization, with 559 degrees of freedom (DOF).

Fig. 4. The ratio µµ /(charged multiplicity) vs. mass in three
different rapidity intervals for p–W minimum bias interactions,
S–W peripheral interactions and S–W central interactions. The
charged multiplicity is measured in the pseudorapidity interval
of 3.5–5.2

The results of the comparison of the data with the fit
to the mass spectra are shown in Fig. 3.

Though the fit gives the general trend of the data, the
confidence level is very poor. The point-to-point relative
errors for the predictions were increased by adding a term
in quadrature to take into account systematic uncertain-
ties. To obtain a confidence level between 1% and 99%, the
additional relative error varied between 12% and 20%. We
chose to use 15%, roughly the value for χ2/DOF = 1.

In the case of sulphur projectiles, an extra background
is produced by non-interacting projectile nucleons (“frag-
ments”). The mean atomic weight of the fragments, ≡ A,
depends on the multiplicity class. For this background, we
have used the fits to the special proton run distributions,
multiplied by A2/3 [35].

Note that the reconstruction algorithm imposes the
dimuon vertex to coincide with the target position and
therefore shifts the effective mass and transverse momen-
tum of dimuons produced in the absorber towards lower
values, and the effective rapidity to higher values.

In the intermediate mass region, the absorber back-
ground plays a negligible role, however it limits the low
mass region at high y, in particular at low multiplicity
where the fragment production is most important and due
to the discussed uncertainties possibly inadequately mod-
eled.
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Fig. 5. The ratio µµ/(charged multiplicity) vs. transverse
mass for low and high mass regions for p–W minimum bias
interactions, S–W peripheral interactions and S–W central in-
teractions. The ratio is divided by MT to obtain an exponential
distribution

4 Results

The experimental results are expressed by the quantity
µµ/(charged multiplicity) which is given by the ratio of
the number of dimuons in a mass and rapidity interval
within the acceptance defined by expressions (1) and (2)
divided by the number of charged particles measured in
the interval of 3.5 < η < 5.2, given by the multiplicity
in the Silicon detectors. These ratios are presented as a
function of mass for a given rapidity region. For reasons
of statistical significance, we have adjusted the binning
to the low counting rate at higher masses. In Tables 2–4
and Fig. 4, we give the experimental results on dimuons
for p–W minimum bias interactions, S–W peripheral in-
teractions and S–W central interactions in three different
rapidity intervals, ranging from 3 to 7. The data for low
mass (mµµ < 0.65 GeV/c2) pairs in S–W peripheral inter-
actions are only shown for rapidities below 4.4 due to the
remaining uncertainty in the absorber background sub-
traction at large rapidities.

Assuming that the yield of muon pairs is dominated by
the decays of meson resonances in the low mass region, it
will scale with the charged particle multiplicity [25]. Any
additional dimuon source would lead to increased values
of the dimuon to charged particle ratio measured relative
to some reference. As such a reference, one could choose
either a Monte Carlo simulation taking into account all
known contributions and their dependence on rapidity and
transverse mass convoluted with the acceptance of our
spectrometer or our measured dilepton spectra of p–W
interactions where a priori no new source of dilepton pairs
is expected. We choose the second possibility as we have

Fig. 6. The ratio µµ/(charged multiplicity) vs. transverse
mass for ρ − ω and φ mass regions for p–W minimum bias
interactions, S–W peripheral interactions and S–W central in-
teractions. The ratio is divided by MT to obtain an exponential
distribution

not, up to now, found a fully satisfactory reproduction of
our proton tungsten data by any simulation program.

In the intermediate mass region the most dominant
dilepton sources in proton nucleus collisions are Drell Yan
and open charm production, which scale differently with
the charged particle multiplicities. However, our choice
of the dimuon normalization was motivated by the fact
that all models for enhanced dilepton production involve
a stronger than linear dependence on the charged multi-
plicity.

4.1 Direct comparison of S–W and p–W data

In our first analysis, we choose our proton tungsten data
as the reference to which we compare the sulphur data.

Figure 4 shows the mass spectra for p–W, S–W pe-
ripheral and S–W central interactions. The overall shape
of the dimuon mass distribution changes with rapidity due
to the rapidity dependent mT cut-off of the spectrometer
acceptance given by equation (1). We note that in the
mass region up to the J/Ψ resonance, the S–W data are
above the p–W data. The suppression of the J/Ψ reso-
nance is apparent in the S–W data. Figures 5 and 6 show
the transverse mass spectra in four different mass regions.
Together with a fit to the function dN/dM2

T = Ae−MT /T

characterized by the inverse slope parameter T , summa-
rized in Fig. 7. The centroid within each mT bin has been
re-calculated taking into account the exponential slope of
the distribution. The effect of this correction on the abso-
lute values of the inverse slope parameters varies by 5 and
10 MeV for the low and high mass regions, respectively.
We note that the inverse slopes in the different mass re-
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Table 2. The µµ/(charged multiplicity) ratio (≡ number of dimuons in
the given mass and rapidity interval integrated over pT normalized to the
charged particles measured in 3.5 < η < 5.2) for rapidities 3.0 ≤ y(mµµ) ≤
3.9. Note the variable mass bins. The results in the first bin are affected
by the dimuon threshold

Mass p–W S–W (periph. coll.) S–W (central coll.)
interval 109 × (µµ/0.05 GeV/c2) per charged particle

(GeV/c2) 3.0 ≤ y(mµµ) ≤ 3.9
0.20-0.25 210.±19. 389.±93. 267.±24.
0.25-0.30 336.±39. 535.± 156. 477.±43.
0.30-0.35 349.±47. 790.± 221. 458.±58.
0.35-0.40 371.±38. 961.± 292. 489.±64.
0.40-0.45 328.±35. 272.± 206. 672.±74.
0.45-0.50 252.±32. 277.± 238. 555.±76.
0.50-0.55 307.±37. 901.± 336. 612.±88.
0.55-0.60 319.±40. 679.± 340. 884.±96.
0.60-0.65 244.±43. 0.0± 278. 757.±95.
0.65-0.70 424.±45. 678.± 348. 913.±98.
0.70-0.75 500.±42. 1161.± 335. 1233.±98.
0.75-0.80 684.±47. 1306.± 332. 1305.±91.
0.80-0.85 680.±42. 792.± 258. 1134.±82.
0.85-0.90 578.±36. 858.± 236. 863.±72.
0.90-0.95 407.±31. 636.± 179. 778.±63.
0.95-1.00 252.±22. 435.± 167. 598.±53.
1.00-1.05 269.±21. 386.± 157. 515.±44.
1.05-1.10 209.±19. 494.± 145. 407.±38.
1.10-1.15 139.±15. 335.± 104. 377.±33.
1.15-1.20 75.±11. 563.± 132. 203.±27.
1.20-1.25 47.2±8.2 149.±77. 105.±22.
1.25-1.40 11.9±2.6 16.4±27. 97.±11.
1.40-1.55 10.2±2.0 98.3±26. 29.3±6.7
1.55-1.80 4.2±.98 39.7±14. 8.1±3.2
1.80-2.05 2.3±.73 12.8±7.6 8.2±2.0
2.05-2.30 1.5±.52 9.6±5.4 4.7±1.6
2.30-2.55 0.6±.26 0.0±0.5 1.0±0.7
2.55-2.80 1.5±.46 0.0±0.4 1.9±0.7
2.80-2.90 1.6±.64 3.8±4.0 2.6±1.0
2.90-3.00 5.6±1.6 1.5±1.1 6.3±2.2
3.00-3.10 17.7±2.5 10.4±4.9 11.6±1.9
3.10-3.20 21.1±2.9 10.9±5.5 10.4±1.8
3.20-3.30 10.9±2.9 7.7±6.0 3.0±1.2
3.30-4.00 0.6±.18 1.0±1.1 0.9±0.3
4.00-5.00 0.0±.03 0.0±0.0 0.1±0.1

gions are consistent within 10% with p–W, and periph-
eral and central S–W collisions, except in the ρ/ω region
where the mT distribution in p–W is characterized by a
15% larger inverse slope parameter.

We form the difference between the µµ/(charged mul-
tiplicity) in S–W and p–W minimum bias interactions;
a significant non-zero difference could indicate a possible
signal for new physics in S–W interactions.

The difference in S–W central and peripheral interac-
tions is plotted as a function of mass in Fig. 8 where the
overall rapidity interval is also subdivided into three. The
excess is clearly statistically significant. Except for the
ρ/ω/φ-resonance region where the enhancement of the φ
plays a role [18], the mass spectra of the dimuon excess are
continuous from very small to large values. The turnover
at low mass is due to acceptance cuts. The shape and ab-
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Table 3. The µµ/(charged multiplicity) ratio as defined in Table 2 but
for rapidities 3.9 ≤ y(mµµ) ≤ 4.4

Mass p–W S–W (periph. coll.) S–W (central coll.)
interval 109 × (µµ/0.05 GeV/c2) per charged particle

(GeV/c2) 3.9 ≤ y(mµµ) ≤ 4.4
0.20-0.25 327.±44. 564.±119. 486.±30.
0.25-0.30 647.±81. 843.±190. 972.±60.
0.30-0.35 798.±70. 1399.±340. 1072.±76.
0.35-0.40 671.±77. 959.±351. 1111.±93.
0.40-0.45 731.±57. 1049.±383. 1219.±102.
0.45-0.50 527.±47. 1802.±404. 1184.±101.
0.50-0.55 521.±45. 1353.±361. 1162.±93.
0.55-0.60 481.±38. 1492.±316. 1154.±79.
0.60-0.65 418.±36. 1112.±233. 908.±61.
0.65-0.70 387.±31. 945.±174. 844.±49.
0.70-0.75 542.±27. 876.±142. 796.±39.
0.75-0.80 546.±23. 867.±126. 617.±31.
0.80-0.85 475.±19. 640.±95. 550.±26.
0.85-0.90 329.±15. 590.±91. 384.±22.
0.90-0.95 203.±12. 308.±65. 240.±17.
0.95-1.00 121.±8.5 254.±54. 240.±15.
1.00-1.05 91.±7.2 146.±44. 198.±13.
1.05-1.10 71.0±6.2 178.±42. 140.±11.
1.10-1.15 46.8±5.1 38.0±25. 94.3±9.3
1.15-1.20 20.5±3.6 40.3±21. 49.4±7.4
1.20-1.25 10.4±2.4 37.8±23. 21.7±5.9
1.25-1.40 6.8±1.1 12.4±9.1 20.7±2.9
1.40-1.55 4.1±.85 17.3±7.8 9.1±2.0
1.55-1.80 1.4±.36 4.9±3.2 5.5±1.0
1.80-2.05 0.5±.20 0.6±1.6 1.8±.61
2.05-2.30 0.5±.19 0.9±1.1 0.5±.35
2.30-2.55 0.5±.18 0.9±1.1 0.4±.26
2.55-2.80 0.2±.12 0.7±.96 0.0±.13
2.80-2.90 0.7±.35 0.4±.47 0.2±.18
2.90-3.00 2.5±.66 4.5±2.5 1.4±.45
3.00-3.10 2.4±.62 0.3±.46 2.3±.57
3.10-3.20 2.1±.55 3.2±2.7 0.8±.29
3.20-3.30 0.1±.13 0.0±.05 0.5±.27
3.30-4.00 0.2±.06 0.0±.07 0.0±.03
4.00-5.00 0.0±.00 0.2±.21 0.0±.02

solute size of the excess in our peripheral and central data
samples are nearly identical within our statistical and sys-
tematic errors except for a weak tendency for a somewhat
larger excess in the higher mass region for peripheral col-
lisions.

To investigate further the dependence on centrality,
Fig. 9 shows the integrated excess in two mass regions,
0.2–0.6 GeV/c2 and 1.35-2.4 GeV/c2, respectively, as a
function of the charged multiplicity. In this figure the ob-
served dimuon excess has been normalized to the dimuon
production in p–W collisions in order to give an indication

of its strength relative to p–W. The overall rapidity inter-
val is divided in three. The average values for the excess
in the two mass regions and the three rapidity intervals
are listed in Table 5.

Whereas the low mass interval exhibits an additional
contribution of (0.76 ± 0.04) times the p–W sources for
3.0 ≤ y ≤ 4.4, independent of multiplicity within 10%
falling to (0.26±0.05) at very forward rapidities, the higher
mass region is on average a factor of 2.4 ± 0.3 higher for
all rapidities. The weak indication (at the 2 sigma level)
for the higher mass region to decrease with centrality in
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Table 4. The µµ/(charged multiplicity) ratio as defined in Table 2 but for
rapidities 4.4 ≤ y(mµµ) ≤ 7.0. For this rapidity interval, the low mass
pairs (mµµ < 0.65 GeV/c2) of the peripheral collisions are affected by
the remaining uncertainty of the absorber background correction and are
therefore excluded from the table

Mass p–W S–W (periph. coll.) S–W (central coll.)
interval 109 × (µµ/0.05 GeV/c2) per charged particle

(GeV/c2) 4.4 ≤ y(mµµ) ≤ 7.0
0.20-0.25 732.±174. – 834.±121.
0.25-0.30 1416.±224. – 1560.±167.
0.30-0.35 1488.±147. – 1936.±127.
0.35-0.40 1212.±94. – 1472.±102.
0.40-0.45 875.±54. – 1293.±73.
0.45-0.50 639.±32. – 959.±49.
0.50-0.55 441.±23. – 675.±35.
0.55-0.60 341.±18. – 542.±27.
0.60-0.65 296.±15. – 389.±21.
0.65-0.70 296.±15. 444.±73. 344.±18.
0.70-0.75 371.±14. 463.±67. 325.±16.
0.75-0.80 379.±13. 311.±51. 320.±14.
0.80-0.85 301.±12. 234.±43. 241.±12.
0.85-0.90 174.±8.6 198.±39. 164.±9.7
0.90-0.95 106.±6.6 129.±31. 124.±8.2
0.95-1.00 62.9±5.1 131.±31. 101.±7.2
1.00-1.05 42.5±4.1 109.±26. 79.7±6.4
1.05-1.10 29.9±3.4 68.5±22. 56.3±5.3
1.10-1.15 13.6±2.3 26.2±15. 28.5±4.0
1.15-1.20 7.0±1.7 25.4±15. 13.5±3.2
1.20-1.25 3.1±1.1 22.2±12. 11.4±3.1
1.25-1.40 2.2±.54 0.0±2.9 5.2±1.2
1.40-1.55 0.9±.36 2.1±3.2 3.2±.94
1.55-1.80 0.3±.15 1.0±1.9 1.5±.47
1.80-2.05 0.2±.12 0.0±.48 0.5±.28
2.05-2.30 0.0±.01 0.0±.34 0.0±.16
2.30-2.55 0.0±.00 0.0±.25 0.0±.07
2.55-2.80 0.0±.00 0.0±.23 0.0±.07
2.80-2.90 0.0±.01 0.0±.00 0.0±.07
2.90-3.00 0.2±.16 0.0±.17 0.1±.10
3.00-3.10 0.2±.17 0.0±.06 0.2±.14
3.10-3.20 0.2±.16 0.0±.15 0.2±.14
3.20-3.30 0.0±.00 0.0±.00 0.0±.01
3.30-4.00 0.0±.00 0.0±.05 0.0±.00
4.00-5.00 0.0±.00 0.0±.00 0.0±.00

the most central rapidity interval might be related to the
acceptance cutoff and the shift of the peak of the rapid-
ity distribution to lower rapidities as the centrality of the
event increases.

The excess of µµ/(charged multiplicity) with respect
to p–W minimum bias interactions as a function of trans-
verse mass is presented in Fig. 10 for the lower and higher
mass continuum intervals, 0.2–0.6 GeV/c2 and 1.35–2.5

GeV/c2, respectively. The turnover in the first mT -bin
is due to acceptance cuts. The transverse mass spectrum
seems to scale with mT in yield and shape, with a similar
larger excess of low statistical significance at intermediate
mass for peripheral collisions. The fitted inverse slope pa-
rameter to the low mass mT distribution gives consistent
values for peripheral and central collisions within 12 MeV
and the statistical errors of the fit.
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Fig. 7. Inverse slope parameter fitted to transverse mass dis-
tributions of different mass regions for p–W minimum bias in-
teractions, S–W peripheral interactions and S–W central inter-
actions

Table 5. The multiplicity-averaged relative excess [(S–W) –
(p–W)]/p–W in different mass and rapidity intervals. The low
mass values in the forward region are based on central events
only

Rapidity 3.0 ≤ y ≤ 3.9 3.9 ≤ y ≤ 4.4 4.4 ≤ y ≤ 7.0
mass (GeV/c2)
0.20 ≤ Mµµ ≤ 0.6 0.75 ± 0.07 0.76 ± 0.05 0.26 ± 0.05
1.35 ≤ Mµµ ≤ 2.4 2.8 ± 0.4 1.8 ± 0.3 2.5 ± 0.6

Figure 11 shows the fitted inverse slopes of the trans-
verse mass distributions for the low mass interval vs. mul-
tiplicity. It is clear that with the exception of the lowest
multiplicity class the fitted slopes are independent of cen-
trality within the errors and have an average inverse slope
parameter of T = 190 ± 5 MeV/c2, typical for mT spec-
tra of relatively low mass mesons, like the ones plotted in
Fig. 6.

Summarizing this comparison of S–W and p–W data,
we observe an excess of dimuon pairs in S–W relative to
p–W collisions which does not increase with the charged
multiplicity. The inverse slope parameters describing the
transverse mass distributions of the muon pairs of S–W
and p–W collisions are consistent within the errors, with
the exception of a small deviation for the ρ/ω resonance.

4.2 The intermediate mass region (1.35 < mµµ < 2.5
GeV/c2)

In Table 6, we give the experimental results for dimuons in
the entire kinematic region (rapidities below 7.0) for p–W

Fig. 8. Excess of µµ/(charged multiplicity) between the S–
W central and peripheral interactions, and the p–W minimum
bias interactions as a function of mass. The excess is defined as
the difference between the S–W and p–W ratios at each mass
point. The complete rapidity interval 3.0–7.0 is divided in three
on the lower figure, omitting the low mass data for peripheral
collisions in the most forward rapidity bin

minimum bias interactions, and for individual classes 3–6
for S–W interactions.

Figure 12 shows the p–W minimum bias dimuon mass
spectrum in the whole kinematic region, as well as in indi-
vidual pT and y bins, whereas in Fig. 13 the S–W dimuon
spectrum is shown for multiplicity classes 3-6 in the whole
kinematic region. Estimates of the known dimuon sources
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Table 6. The µµ/(charged multiplicity) ratio (≡ number of dimuons in the given mass
bin integrated over all pT and normalized to the number of charged particles measured in
3.5 < η < 5.2), as a function of mass for rapidities y ≤ 7. Note the variable mass bins. The
results in the first bin are affected by the dimuon threshold

Mass interval p–W S–W class 3 S–W class 4 S–W class 5 S–W class 6
(GeV/c2) 109 × (µµ/0.05 GeV/c2) per charged particle

0.20-0.25 1268.±217. 1846.±551. 1933.±239. 1189.±177. 1486.±166.
0.25-0.30 2398.±313. 3422.±865. 3131.±343. 2972.±250. 2695.±259.
0.30-0.35 2634.±228. 3116.±653. 3729.±292. 3193.±206. 3305.±244.
0.35-0.40 2254.±168. 4091.±657. 3182.±278. 2986.±199. 2934.±247.
0.40-0.45 1933.±102. 2595.±560. 3592.±263. 2828.±182. 2760.±230.
0.45-0.50 1419.±74. 3785.±564. 2966.±241. 2421.±171. 2538.±226.
0.50-0.55 1269.±70. 2820.±518. 2544.±235. 2381.±167. 2315.±218.
0.55-0.60 1140.±63. 2107.±470. 2565.±222. 2559.±166. 2694.±221.
0.60-0.65 958.±67. 1799.±464. 2125.±201. 1978.±149. 2028.±204.
0.65-0.70 1106.±64. 2181.±420. 2322.±194. 1950.±144. 1759.±185.
0.70-0.75 1413.±56. 2913.±416. 2496.±185. 2154.±139. 2410.±190.
0.75-0.80 1609.±55. 1959.±353. 2165.±167. 2368.±131. 2174.±167.
0.80-0.85 1456.±48. 1639.±278. 2149.±152. 1624.±110. 1980.±152.
0.85-0.90 1081.±41. 1455.±283. 1709.±136. 1142.±92. 1130.±124.
0.90-0.95 716.±34. 1389.±263. 1160.±112. 1205.±90. 917.±112.
0.95-1.00 436.±24. 871.±214. 874.±93. 1009.±79. 975.±99.
1.00-1.05 402.±23. 674.±172. 760.±77. 827.±66. 809.±89.
1.05-1.10 309.±20. 567.±158. 551.±69. 600.±53. 790.±76.
1.10-1.15 200.±16. 593.±133. 523.±60. 490.±46. 448.±63.
1.15-1.20 102.±12. 249.±96. 304.±49. 214.±35. 276.±50.
1.20-1.25 60.6±8.6 125.±80. 128.±40. 143.±31. 163.±42.
1.25-1.40 20.8±2.9 79.4±39. 145.±20. 110.±14. 84.±18.
1.40-1.55 15.2±2.2 47.8±24. 42.6±12. 34.1±8.8 58.7±13.
1.55-1.80 5.9±1.1 45.5±15. 12.0±5.8 17.3±4.6 19.6±6.3
1.80-2.05 3.0±.77 11.9±7.7 10.4±3.6 9.9±2.8 12.8±4.2
2.05-2.30 2.0±.56 9.0±5.8 6.1±2.9 5.4±1.9 2.1±2.3
2.30-2.55 1.0±.31 0.0±2.0 0.7±1.3 2.6±1.2 0.0±1.3
2.55-2.80 1.7±.48 0.7±1.7 2.6±1.4 0.8±.65 2.2±1.2
2.80-2.90 2.3±.73 0.8±1.7 1.6±1.8 5.1±1.6 1.0±1.0
2.90-3.00 8.3±1.8 13.3±5.7 11.1±4.6 5.1±1.4 4.1±1.5
3.00-3.10 20.4±2.6 25.1±12. 12.6±3.0 13.8±2.5 19.7±6.7
3.10-3.20 23.4±3.0 23.5±9.6 8.5±2.6 14.5±3.2 12.7±4.0
3.20-3.30 11.0±2.9 6.8±7.0 4.2±2.5 2.9±1.1 2.7±1.2
3.30-4.00 0.8±.19 0.0±.37 1.3±.53 0.6±.23 0.7±.44
4.00-5.00 0.1±.03 0.0±.00 0.2±.10 0.1±.13 0.0±.01

contributing to the mass region between the φ and J/ψ
vector mesons are superimposed and will be discussed in
the next subsection.

4.2.1 Known contributions

In the mass region 1.35 < mµµ < 2.5 GeV/c2, three
sources are expected to contribute to the dimuon contin-
uum:

a) tails of the lower lying vector mesons (ρ, ω, φ),
b) simultaneous semileptonic decays of charmed particles,
c) the Drell-Yan process.

In this mass region, the mesons can contribute due to the
mass resolution of the apparatus and the ρ, in addition,
due to its decay width; nonetheless sources b) and c) are
dominant.

Since none of the aforementioned processes was mea-
sured under the same conditions as the HELIOS/3 data
(beam, target, energy, kinematic window etc.) it was nec-
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Fig. 9. Significance of the excess of µµ/(charged multiplicity) between the S–W interactions and the p–W minimum bias
interactions as a function of charged particle multiplicity in S–W interactions for two continuum mass regions. The data are
divided into three rapidity intervals. The significance is defined as the difference between the S–W and p–W data integrated
over the relevant mass interval, and normalized to p–W. Note that a significance of 1, for example, indicates an excess equal to
the p–W contribution

essary to extrapolate all known cross sections and to use
Monte Carlo models where no appropriate information
was available. Estimations of the different contributions
were done as follows:

Mesons: the ρ meson shape in the dimuon mass spec-
trum was taken as in [37,38]

Bρ(m) = σ(m)
π−1m2Γρ→µµ(m)

(m2 −m2
ρ)2 +m2Γ 2

ρ→ππ(m)
(4)

where

Γρ→µµ(m) =
k

k0

(2m2
µ +m2)

(2m2
µ +m2

ρ)
m6

ρ

m6Γ
0
ρ→µµ and

Γρ→ππ(m) =

(
k

k0

)3(
mρ

m

)2

Γ 0
ρ→ππ

k =
√

0.25m2 −m2
µ and k0 =

√
0.25m2

ρ −m2
µ

and σ(m) is the cross section for the production of a par-
ticle with mass m (summed over all spin states). Its func-
tional form was found in analogy with the approach used
for ρ meson searches in the ππ channel, where it is as-
sumed to behave like the non-resonant background under
the meson. Since the spectroscopy of produced hadrons
was not possible in HELIOS/3, the QGSM model [39] for
p-p interactions at 200 GeV/c was used. We parameter-
ized the uncorrelated ππ phase space spectrum PS(m)

Fig. 10. Excess of µµ/(charged multiplicity) between the S–
W central and peripheral interactions, and the p–W minimum
bias interactions as a function of transverse mass for two con-
tinuum mass bins. The excess is defined as the difference be-
tween the S–W and p–W ratios at each mass point. The ratio
is divided by MT to obtain an exponential distribution
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Fig. 11. Fitted inverse transverse mass slope vs. multiplicity
for the excess of muon pairs µµ/(charged multiplicity) with
respect to p–W minimum bias interactions in all S–W multi-
plicity classes

as

PS(m) =
(
kπ

m

)β

exp(akπ + bk2
π)

kπ =
√

0.25m2 −m2
π

with β = 0.5725, a = −4.5729 and b = 0.3130. In order to
define PS(m) also below the ππ threshold mass, the pion
mass was replaced with the muon mass. Finally, to avoid
counting the phase space of the final state twice (see e.g.
[37]), we used

σ(m) = PS(m)
m

kπ
(5)

The cross sections for ρ and ω production were chosen
according to the relation Bρσρ/Bωσω = 0.6, correspond-
ing to σρ/σω = 1 as known from p-p experiments [25].
This choice hardly influences the results of this paper.

The ω and φ mesons (Γ tot
ω = 8.41 MeV/c2 and Γ tot

φ

=4.43 MeV/c2 [40]) are very narrow and in the dimuon
mass spectrum they appear as Gaussian peaks with the
widths given by the mass resolution (82 MeV/c2) of the
spectrometer. The contributions of the vector mesons were
determined by fitting the data in the mass interval 0.3 ≤
m ≤ 2 GeV/c2 by the function

F (m) = P1[0.6Bρ(m) +Gω(m) + P2Gφ(m)] + C(m)

where Gi were Gaussians describing the ω and φ meson
peaks, the Bρ is the rho meson shape described by (4),
and

C(m) = (P3e
P4m +

P5

m3 e
P6m)(1 − 2mµ

m
)P7

p-W

All

p-W

Pt≤0.35 GeV/c

p-W

Y≤3.9

p-W

0.35≤Pt≤0.6 GeV/c

p-W

3.9≤Y≤4.4

p-W

Pt≥0.6 GeV/c

Fig. 12. Measured µ+µ− mass spectra for different kine-
matic regions for p–W interactions with superimposed ex-
pected sources contributing to the intermediate mass region.
The overall systematic error of the calculation is indicated by
the band between the two lines. The restricted pT regions are
for all y, and vice versa

represents the continuum parameterization chosen to de-
scribe its behavior at threshold and high mass (i.e. Drell-
Yan-like) [18]. P1 . . . P7 are the parameters determined by
the fit.

Semileptonic charm decays: Charm is produced in
hadronic collisions mainly via gluon-gluon fusion, which
is a hard process and can be treated using perturbative
QCD. The mass spectrum of the muon pairs created in
simultaneous decays of the particles with open charm was
estimated in the framework of the Pythia 5.6 and Jet-
set 7.3 models tuned to reproduce the measured DD̄ dif-
ferential distributions [41]. pp → cc̄ events at 200 GeV/c
were generated and the muon pairs were processed through
the spectrometer response simulation using the Geant
Monte Carlo program. All dimuons processed by Geant
were reconstructed in the same way as the data. Although
the dimuon decay angular distribution depends on the
dimuon mass, varying from an approximate isotropy at
masses around 1 GeV/c2 to forward–backward peaking at
higher masses [19], this procedure correctly mimics our
data analysis.

The experiments measuring charm production in inter-
actions of protons with nuclear targets are somewhat con-
tradictory with respect to the A dependence of the cross
sections, some experiments being compatible with an Aα

dependence with α = 2/3 and others with α ≈ 1 [42]. But
recent experiments utilizing precise vertex detectors for
the detection of the charm decays [43,44] report results
compatible with α = 1. No experiment reported α > 1.
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Therefore we assumed a linear A dependence expected for
hard processes.

For the prediction of the dimuon contribution from
charm decays in p–W and S–W interactions, the cross
section per nucleon-nucleon collision obtained from the
indirect measurement performed by the NA38 collabora-
tion [23] in p–W collisions at 200 GeV/c was used. They
reported the value σcc̄ = (9.5 ± 2.0)µb/nucleon.

One must notice the higher value of σcc̄ obtained by
this indirect method compared to the cross section from
direct charm measurements by NA25 and NA32 [41,45].
However, the indirect measurement uses the Pythia mod-
el which underestimates D± yield relative to D0, while
describing the charm meson correlations, relevant for the
shape of the dimuon mass spectrum from semileptonic
decays, quite well (for details see [46]). Taking into ac-
count the fact that the branching ratio BR(D± → eX) =
(17.2±1.9)% is larger than BR(D0 → eX) = (6.75±0.29)%
(µX = (6.6±0.8)%) [40], it is not surprising that one needs
systematically larger charm production cross section to
match the dilepton yield with Pythia predictions.

Since our estimation of the dimuon yield from semilep-
tonic charm decays starts with the NA38 cross section,
determined by an adjustment of their data to the Pythia
predictions, we remove systematic errors of this model to
a large extent.

In order to take into account the variations of the in-
directly obtained value of σ(cc̄) which depends on various
inputs used in the NA38 analysis, we added a 30% system-
atic error to our predictions (this makes our choice con-
sistent also with the more recent value of 6.4µb/nucleon
reported in [47]).

Drell-Yan process: the differential cross section and
mass spectrum of the lepton pairs produced in the anni-
hilation of the quarks and anti-quarks from the projectile
and target nucleons (or nuclei), a hard process, can be
calculated using perturbative QCD [48,49]

d2σ

dm2dxF
=
(

4πα2

9m4

)
1

x1 + x2
× (6)∑

q=u,d,s

e2q
(
fP

q (x1)fT
q̄ (x2) + fP

q̄ (x1)fT
q (x2)

)

x1 =
1
2

(√
x2

F + 4τ + xF

)

x2 =
1
2

(√
x2

F + 4τ − xF

)

P and T denote the projectile and target, respectively,
eq is the quark electric charge, α the fine structure con-
stant, x1 and x2 are the fractions of the projectile and
target momenta, respectively, carried by colliding partons,
xF = x1 − x2 is the Feynman variable calculated in the
center of mass system and τ = m2/s = x1x2. Our data in
the kinematic window (1) are sensitive to x1 ≈ 0.06 − 0.9
and x2 ≈ 0.003−0.2. The structure functions fq(x) are the
same as those measured in deep inelastic scattering (DIS).
This formula, sometimes referred to as the “näıve Drell–
Yan model”, says nothing about the dilepton transverse
momentum distribution which in Monte Carlo models like

Pythia is mostly generated via the intrinsic parton mo-
menta inside hadrons.

The expression (6) for the cross section has to be mul-
tiplied by a K-factor ≈ 2, i.e.

σexperiment
DY = Kσnaive

DY

to take into account higher order graphs in perturbative
QCD. The value ofK is almost independent of the incident
particles,

√
s and dilepton mass [48,49]. Since our data

sample did not contain sufficient dimuons with masses
above the J/Ψ meson, it was impossible for us to obtain
the K value directly from our experiment. We chose the
valueK = 2.5±0.5 based on previous dimuon experiments
[50], where the error bar reflects our uncertainty. Compar-
ison of the different structure function sets from Pdflib
[51] showed 20% variations of the cross section predictions,
caused by the differences in the parameterizations of the
sea quark distributions at small x.

Measurements of the Drell-Yan production in the col-
lisions of hadrons with nuclear targets showed a linear A
dependence of the cross section. Since our data samples
were taken with a heavy target, we investigated also the
influence of the changes in the parton distributions in the
nuclear medium known from DIS experiments [52]. These
measurements revealed that the nuclear medium affects
mostly the sea quark/anti-quark distributions at small x.
According to our rough estimations, a similar decrease of
the cross sections of about 25% could be expected in the
p–W and S–W collisions, almost independent of the se-
lected kinematic subregion (2).

Since the effect was found to be of a similar magnitude
as the uncertainty coming from different structure func-
tion parameterizations and no important changes in the
calculated dimuon mass distributions were found, it was
decided to fix the cross section (per nucleon-nucleon colli-
sion) by selecting the set which leads to the best descrip-
tion of the p–W data without including any scheme for the
description of nuclear effects in the analysis [19]. In our
case it was the Morfin-Tung set 1 (MS) [53]. We obtained
the following cross sections integrated over −1 ≤ xF ≤ 1
and 1 ≤ mµµ ≤ 4 GeV/c2: σpW

DY = K × 4.7 nb/nucleon
and σSW

DY = K × 4.3 nb/nucleon for p–W and S–W colli-
sions, respectively. A 30% systematic error reflecting the
theoretical uncertainties was added to the predictions.

The shape of the mass spectrum produced in the pro-
cess of the quark-antiquark annihilation and the fraction
of the phase space corresponding to the kinematic region
(1) was estimated using Pythia 5.6 with the Morfin-Tung
set 1 structure functions, taking into account the nuclear
composition (see [51,53,54]). The slope of the intrinsic
parton transverse momentum distribution was tuned, so
that the mean value of the generated dimuon pT was 0.8
GeV/c which is close to the experimentally observed value
[48]. All generated pairs were further processed by the
Geant simulation of the detector and reconstructed in
the same way as the data.
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4.2.2 Normalization of predictions

Since our data are presented as µµ/charged the predic-
tions were normalized in the same way. The A dependence
for the Drell-Yan and charm production processes was ex-
pressed as:

(
µµ

charged

)P

i

=
ÃσP

KR

σinelFi〈ncharged〉 (7)

where P denotes the Drell-Yan or charm production pro-
cess, i the multiplicity class, σP

KR is the cross section of a
given process in the kinematic window (1) or (2), σinel is
the inelastic cross section in p–W or S–W collisions, Fi is
the fraction of the inelastic cross section corresponding to
the given multiplicity class i, and 〈ncharged〉 is the mean
charged particle multiplicity. Ã is AW = 184 for p–W col-
lisions and

Ã =
∫
TSW (b)wi(b)d2b (8)

for S–W collisions where TSW (b) is the thickness function
normalized by ∫

TSW (b)d2b = ASAW

and wi(b) is the probability that an inelastic event pro-
duced at the impact parameter b fulfills the trigger crite-
ria for i-th multiplicity class. We can only estimate the
wi(b) functions using a physics generator. After compar-
isons of the predictions of various models with the experi-
mental charged particle multiplicity distributions [55], we
decided to use for this analysis the Dtunuc 1.02 model
[29] which gave the most satisfactory results (more details
are given in [19]). The fractions Fi are estimated with the
same model, using the impact parameters for each class.

The p–W and S–W inelastic cross sections were calcu-
lated using the procedure described in [28]. The cross sec-
tions obtained in that way were σpW

inel = (1634±10±37)mb
for p–W collisions and σSW

inel = (3872 ± 28 ± 68) mb for S–
W collisions. The first error reflects the uncertainty of the
nucleon-nucleon inelastic cross section and the second er-
ror is our estimation due to the uncertainties of the nuclear
density parameterization.

4.2.3 Error Analysis

The contributions to the error of (7), later shown as bands
on the figures, are:

- measurement errors of the charm production cross sec-
tion,

- uncertainty of K-factor for the Drell-Yan process,
- uncertainty due to different structure function sets,
- estimated systematic errors for Drell-Yan and charm

production,
- uncertainties of the calculation of the inelastic p–W

and S–W cross sections,

SW
Class 3

SW
Class 4

SW
Class 5

SW
Class 6

Fig. 13. Measured µ+µ− mass spectra for different S–W mul-
tiplicity classes with superimposed expected sources contribut-
ing to the intermediate mass region

- uncertainties of the ρ, ω and φ contributions obtained
by fitting the measured dimuon spectra,

- uncertainty of ncharged,
- estimated uncertainties of Ã and F .

The relative errors of the predicted yield from the
known sources for the mass region 1.35 - 2.5 GeV/c2 for
p–W (S–W minimum bias class) are about 41% (41%) for
the Drell-Yan contribution, about 36% (36%) for charm
production, about 6 × 10−4 (3 × 10−3) for ρ production
and about 9×10−6 (4.9×10−5) for the φ production. The
choice of a different mass region will result in somewhat
different error contributions, reflecting the differences in
the relative composition of the sources under considera-
tion. The total relative error for the predicted sources is
about 30% dominated by uncertainties for predicted yields
from Drell-Yan and charm production.

4.2.4 Comparison with known sources

Figure 12 shows the measured p–W dimuon mass spec-
trum in different kinematic windows with the three con-
tributing sources superimposed; no fit or adjustment was
performed. Since one does not expect a new source in this
sample, the comparison can serve as a “measure” of the
correctness of the underlying assumptions, in particular
for the different pT and y kinematic regions.

The same operations were performed with S–W data;
see Fig. 13 for the results in different multiplicity classes.
The expected sources do not describe the S–W measured
dimuon mass spectra in the intermediate mass region, and
the presence of an additional source of dimuons is clearly
visible.
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p-W

S-W Minimum Bias

1.35≤m≤2.5 GeV/c2

p-W

S-W Minimum Bias

1.6≤m≤2.5 GeV/c2

Fig. 14. The excess defined as the integral of the data divided
by the integral of the expected dimuon sources as a function of
the charged multiplicity in the pseudorapidity interval between
3.5 and 5.2. The shaded area corresponds to 5.91±1.95 and
4.13±1.68

As a quantitative measure of the observed “excess” we
use for this analysis the ratio

D

S
=

Integral contents of data histogram
Integral sum of predicted sources

(9)

which corresponds to the definition of the excess used in
Sect. 4.1 and in Fig. 9 shifted by +1.

We evaluated the D/S ratio in two mass intervals:

– interval I: 1.35 < m < 2.5 GeV /c2

– interval II: 1.6 < m < 2.5 GeV /c2

Relative errors for the mass interval I for p–W (S–W
minimum bias) are about 30% (30%) for the predicted
sources and about 10–20% (20–40%) for our data. The er-
ror of D/S contains these errors added in quadrature. It
can be seen that the error in p–W data is slightly domi-
nated by uncertainties in predicted contributions, while in
S–W data the errors for predicted yields and fluctuations
in data are comparable.

The results for the p–W and S–W collisions of the
minimum bias class in the kinematic window (1) as well as
in all subregions (2) are summarized in Table 7. A similar
level of excess in S–W interactions is seen in all kinematic
regions, as well as in all multiplicity classes, Fig. 14.

The minimum bias results are the least dependent on
the Monte Carlo model used for the estimation of the wi(b)
functions (8) [19]. Therefore the systematic uncertainties
of the predictions in this class are reduced.

The D/S dependence on the centrality of the S–W
collisions is summarized in Table 8.

5 Discussion and conclusions

Our analysis consists of two different approaches: (1) a
direct experimental comparison between the S–W and p–
W results for the ratio µµ/charged particles and (2) a
comparison of the results above the φ meson with the
expected sources.

For the first approach, the conclusions are summarized
as follows:

1. There is a clear excess in µµ production relative to
charged particle production in S–W interactions com-
pared to p–W interactions as a function of mass from
the 2mµ threshold to the J/Ψ mass. The excess is de-
fined as the difference between S–W and p–W spectra.
This excess presents no apparent resonance structure
(cf. Fig. 8) and is greater for the intermediate mass re-
gion when normalized to the p–W dimuon spectrum.
(cf. Fig. 9).

2. The excess appears to be unchanged over a wide range
of rapidity and does not increase with multiplicity (cf.
Fig. 9).

3. The inverse slopes of the dimuon transverse mass dis-
tributions in S–W and p–W interactions are consistent
within 10%, the only exception being the ρ/ω reso-
nance region which appears steeper in S–W collisions
(cf. Fig. 7).

4. The inverse slope parameter for the transverse mass
distribution of low mass excess dimuon pairs appears
to be independent of centrality after an onset at low
multiplicity (cf. Fig. 11).

The numerical results for this approach depend obvi-
ously on the acceptance corrections. As already stated in
Sect. 3.1, these were obtained by assuming that the de-
cay angular distribution of the dimuon was isotropic. For
the low mass region, this is an adequate representation
at least for the standard sources [25]. In the intermediate
mass region, the two additional sources, Drell-Yan and
charm decays, have different decay angular distributions.
The former source has a 1 + cos2θ distribution while the
latter varies from approximate isotropy at a dimuon mass
= 1 GeV/c2 to strongly forward-backward peaking at 2.5
GeV/c2 [19]. We obtain an estimate of the correction that
is necessary from the studies in reference [19]. There is
essentially no correction (at the few percent level) for the
Drell-Yan source while the correction for charm decays in-
creases as the dimuon mass increases beyond 1 GeV/c2.
We have estimated this correction to the standard sources
as R(m) = 1 + δR with δR changing from zero to 1.5 for
the mass region from 1.0 to about 2.5 GeV/c2 with a 25%
error on δR. We do not know if this correction is to be
applied to the source responsible for the excess since its
decay distribution is not known. Care should be taken with
respect to the decay angular distribution of the new source
of dimuons in models which attempt to explain the excess.

We also caution the reader that this approach is not
easy to interpret without a model in that the fixed rapidity
intervals for the µµ selection and the fixed pseudo-rapidity
intervals for the charged particle selection do not sample
exactly the same part of phase space for S–W and p–W in-
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Table 7. D/S values in various kinematic subregions for p–W and S–W minimum bias interac-
tions. (Dimuon transverse momentum pT in GeV/c)

p–W S–W minimum bias
Mass Interval I II I II

GeV/c2 1.35 < m < 2.5 1.6 < m < 2.5 1.35 < m < 2.5 1.6 < m < 2.5
Whole kinematic 1.13 ± 0.33 1.01 ± 0.31 5.91 ± 1.95 4.13 ± 1.68

region equation (1)
y < 3.9, all pT 1.25 ± 0.37 1.17 ± 0.37 7.65 ± 2.63 5.30 ± 2.29

3.9 < y < 4.4, all pT 1.20 ± 0.39 0.96 ± 0.35 3.08 ± 1.33 2.38 ± 1.35
pT < 0.35, all y 1.13 ± 0.37 0.98 ± 0.38 3.68 ± 1.87 1.80 ± 1.21

0.35 < pT < 0.60, all y 1.21 ± 0.38 1.20 ± 0.44 3.84 ± 1.56 3.30 ± 1.48
pT > 0.60, all y 1.10 ± 0.34 0.93 ± 0.31 7.37 ± 2.68 5.07 ± 2.46

teractions. However, the differences are somewhat reduced
in the double ratio, µµ/charged.

The second approach does not have these difficulties,
but it involves the comparison to models of Drell-Yan and
charm production. However, no arbitrary parameters are
fitted. The conclusions are summarized as follows:

5. The shape and absolute value of the dimuon signal in
the mass range between φ and J/Ψ masses, observed in
the kinematic windows (1) and (2) in p–W interactions
at 200 GeV/c (cf. Table 7), is described using only
three sources:
a) tail of the mass spectra of the ρ, ω and φ mesons,
b) semileptonic decays of charmed particles,
c) Drell-Yan process.

6. The extrapolation of these three contributions to cen-
tral S–W interactions cannot describe the observed sig-
nal (cf. Table 8).

7. Quantitatively, the D/S value defined by (9) found in
p–W data is compatible with one. For S–W data, D/S
differs from unity by about 3σ for each of the four
multiplicity classes considered, and is also about 3σ
for the minimum bias class (cf. Table 7-8, Fig. 15).

8. The comparison of the D/S values for the S–W mini-
mum bias in the kinematic region (1) with those in the
four central S–W classes shows no significant change of
the observed excess as a function of collision centrality
(cf. Table 8, Fig. 14).

It should be noted that a weaker A dependence of charm
production in hadronic interactions as measured in some
experiments would increase the observed excess. No ex-
periment has reported an Aα dependence with α > 1.

For the intermediate mass region, the evaluation of an
excess by normalizing the data to the expected contri-
butions from Drell-Yan, open charm and the tail of the
meson-resonances, i.e. D/S, gives quantitatively compat-
ible results with the direct comparison between p–W and
S–W data as performed in the first part of the analysis.

The NA38/50 collaboration has presented a similar
analysis giving a value D/S = 1.26 ± 0.1 for the mass
range of 1.5 < Mµµ < 2.5 [23]. This result is in qualita-
tive agreement with our measurement. They also found
a negligible multiplicity dependence of the observed ex-

Table 8. D/S values in different S–W multiplicity classes in
the HELIOS/3 dimuon kinematic region

S–W collisions
Multiplicity Interval I (GeV/c2) Interval II (GeV/c2)

class 1.35 < m < 2.5 1.6 < m < 2.5
3 5.43 ± 1.94 5.62 ± 2.24
4 3.92 ± 1.20 2.38 ± 0.89
5 3.77 ± 1.12 2.96 ± 0.97
6 4.34 ± 1.31 3.06 ± 1.10

cess. Since their data are not corrected for the acceptance
which decreases rapidly for masses below 2.5 GeV/c2, the
quantitative comparison has to be judged with care. In a
more recent paper[56] the same authors discuss the ob-
served excess of dimuon pairs in terms of an abnormally
enhanced open charm component and claim an increase
of the enhancement factor with centrality.

An excess of lepton pairs has also been reported in the
low mass region by the CERES collaboration, but with
lower statistics and worse signal to background ratio. The
φ and ρ–ω are at best poorly resolved from the continuum
in S–Au interactions [24]. The excess in S-Au interactions
is determined by a comparison with all known hadronic
sources. The ratio of the data to the sources integrated
from 0.2 to 1.5 GeV/c2 is 5.0±0.7(stat)±2.0(syst).

Since the excess reported in this paper spans in a
smooth fashion the low and intermediate mass regions,
it seems economical to seek a unique origin. Studies based
on a quark-gluon phase transition followed by a mixed
phase and a hadronic gas [57–59], or on open charm pro-
duction [46] cannot account for the excess dimuons easily.
As discussed in [15,36] the shape of the data (HELIOS-3
and CERES) cannot be reproduced in the low mass region
by such a scenario. A different contribution, π–π annihi-
lation, leads to a pronounced peak in the dilepton mass
spectrum around the ρ resonance but falls below the data
around 400 MeV/c2.

It has been proposed [59–61] that π–π and other me-
son–meson annihilation processes are enhanced by the
achieved high particle densities and can account for at
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least the low mass part, if the ρ effective mass and width
change due to in-medium effects. Such models can repro-
duce the low mass region [15,36] as well as the mass spec-
trum above the φ-resonance [16,17]. On the other hand,
attempts to interpret the enhancement of lepton pairs in
terms of many-body effects also yield good agreement with
the low mass data [62,63]. For a recent discussion see [64].

It has to be seen which scenarios reproduce all data
over the entire kinematic region, low and intermediate
masses including the observed transverse mass distribu-
tions and the (in)dependence on rapidity from central to
forward (3.0–7.0).

The scenarios which reproduce the mass andmT distri-
butions must also be consistent with the measured mul-
tiplicity dependences. For example, lepton pair produc-
tion from a QGP or a hadronic gas via π–π annihilation
should have approximately a squared-multiplicity depen-
dence as it relies on the combinatorics of the elementary
constituents.

The CERES collaboration has published [65] their elec-
tron pair data in a central rapidity interval for Pb-Au col-
lisions: they claim an indication for a stronger than linear
dependence on the charged multiplicity. However, it is in-
teresting to note that on average the number of lepton
pairs produced per charged multiplicity is similar in S–Au
and Pb–Au collisions [24,65] despite the different multi-
plicities of the two reactions.

A claim for a stronger than linear dependence on the
charged multiplicity is deduced in [36] from the analy-
sis of different rapidity bins of our data. However, as ex-
plained in Sect. 3.1, the lower limit of transverse mass
varies strongly with rapidity and must be treated with
care. The effect of the acceptance cuts is demonstrated in
Fig. s 8 and 9 where data are compared for three rapidity
intervals.

In contrast, the data presented in this paper on the ex-
cess of dimuon pairs give no indication for a stronger than
linear multiplicity dependence. In the rapidity interval of
this experiment, the observed multiplicity dependence is
linear (cf. Figs. 14 and 9). The relative importance of the
underlying physics processes can vary over the accepted
kinematic region. We emphasize that the dependence on
multiplicity is an important indicator of these processes
and could be used to distinguish theoretical models in
dilepton production.
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Z. Phys. C52 (1991) 643 and I. Kawrakow, H.-J. Möhring,
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