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Abstract. The production of p, w and ¢ vector-mesons, detected through their pu decay channel, is studied
in p-W, S-S, S-Cu and S-U reactions at 200 GeV/c per nucleon incident momentum. Their inclusive
cross-sections are determined in various transverse momentum intervals and their dependence on the
projectile and target mass numbers is investigated. The relative yield B,;.04/(Buuop,~+ Buuow) is measured,
both as a function of the transverse momentum, pr, and of the collision centrality. While this ratio
exhibits no significant dependence with pr, it clearly increases with the centrality of the collision. Effective
temperatures deduced from the transverse mass spectra, do/dMr, lead to values of Ty, equal or slightly
higher than Ty. Both these effective temperatures smoothly increase from p-W to S-U reactions.

1 Introduction

The NA38 Experiment has studied the production of
muon pairs in ultra-relativistic heavy ion collisions.
The original motivation was the prediction that prompt
dimuons emitted from these collisions are a potential
probe for the phase transition from ordinary nuclear mat-
ter to a new state of deconfined quarks and gluons, the
so-called quark-gluon plasma or QGP [1]. Among other
QGP signatures, an over-production of s5 pairs is expected
in this new state, leading to an enhanced production of
strange particles [2], as a consequence of both (partial) chi-
ral symmetry restoration and Pauli blocking mechanism.
The ¢ meson, through its hidden strange quarks content,
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can also be considered as a potential probe of QGP for-
mation [3]. The experiment has, therefore, extended its
scope to the study of ¢ production which, making use of
the muon detection capabilities of the detector, is easily
identified through its decay into two muons. Moreover, the
¢ meson can be easily compared to similar vector-mesons
built up of only light quarks, like the p and the w, which
are detected under identical experimental conditions and
can be used as references.

2 Experimental apparatus and data collection

A detailed description of the NA38 detector can be found
in [4]. For the data collected during 1991 and reported
here, the experimental set-up was slightly modified in or-
der to achieve a better muon pair mass resolution in the ¢
meson mass range and below. With this purpose, the three
inner rings of the electromagnetic calorimeter, originally
made of scintillating fibers embedded in a Pb converter,
were replaced by a block of AlsO3, a good compromise for
minimizing the muon multiple scattering while maximiz-
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ing, at the same time, the interaction length (in order to
lower, as much as possible, the number of unwanted pion
and kaon decays in the acceptance of the muon spectrom-
eter). This modification induced a reduction of the orig-
inal rapidity acceptance of the calorimeter to the range
1.7 < p < 2.5, and led to a typical relative resolution
in the measured transverse energy, Er, of 4.2% for cen-
tral collisions, as compared to 3.9% with the fully active
calorimeter. The same material was used, instead of car-
bon, in the pre-absorber located upstream of the main ab-
sorber, in order to reduce the combinatorial background
due to muons from pion and kaon decays. Figure 1 shows a
schematic view of the target region, including the changes
introduced for the collection of the data analyzed in this
paper.

The spectrometer provides the muon pair trigger of the
experiment and all the needed information related to the
two muons. The electromagnetic calorimeter measures, on
an event-by-event basis, the neutral transverse energy, Fr,
released in the collision, which mainly originates from the
79’s produced in the projectile-target reaction and can be
used as an experimental estimator of the collision central-
ity.

The target was placed between two quartz detectors,
the “Beam In” (BI) and the “Beam Out” (BO) counters,
both traversed by the beam. The first one was used to
count the incident ions and to precisely center the beam
on the targets. The second separated in-target interactions
from non-interacting beam ions.

Sulphur-induced collisions are studied with this up-
graded set-up, using three different targets, namely S, Cu
and U. Only small samples of data were taken with the S
and Cu targets, whereas a significantly larger sample was
collected with the U target.

In order to increase the number of interactions de-
tected by the experiment while, at the same time, avoiding
reinteractions and potential biases due to the use of a thick
target, several thin sub-targets were used, spaced 2.5cm
from each other. This target assembly was instrumented
with scintillator detectors which identify the precise sub-
target where the interaction takes place. In the case of S-S
collisions, 21 sub-targets were used, 1.5 mm thick each,
amounting to a total of 18% of an interaction length. For
the S-Cu data, 12 sub-targets of the same thickness were
used, corresponding to 30% of an interaction length, while
the S-U assembly was made of 10 sub-targets, correspond-
ing to 20% of an interaction length. Some preliminary
results on the S-U data collected in 1991 have been al-
ready reported in [5,6]; the corresponding cross-sections
are calculated and reported in the present paper. Results
obtained from an older S-U data sample collected in 1990
can be found in previous publications, together with p-W
results [7,8]. However, inappropriate acceptances and fit
procedure used in [8] affected the p+w and ¢ cross-section
and effective temperature values derived in those publica-
tions, both for the p-W and S-U data. Therefore, we have
updated those results in the present paper.
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3 Data analysis

The data samples collected with the three different tar-
gets were reconstructed for muon pairs and further cleaned
up with appropriate cuts which led to 35000, 74000 and
758 000 muon pair events available for the final analysis in
the S-S, S-Cu and S-U samples, respectively.

The cuts applied to the data include limiting the ac-
cepted events to the laboratory rapidity window 3 < y <
4, and to |cosf| < 0.5 (where 0 is the muon angle de-
fined in the Collins-Soper reference frame). A low Er cut
is also applied (15 GeV for S-Cu and S-U, 7 GeV for S-S),
in order to avoid spurious interactions in the BO detec-
tor located downstream from the last sub-target. Events
are further selected in the dimuon transverse momentum
region 0.6 < pr < 3.0 GeV/c, where the differential ac-
ceptances are larger than 1%.

The combinatorial background is estimated with the
usual formula [8]:

NP9 — Nwtut Nump= (1)
with R = 1, which applies provided that the parent 7 and
K mesons are charge uncorrelated and have Poissonian
multiplicity distributions. For low multiplicity events one
would expect R > 1. As will be explained later on, the
data favour R = 1.

In S-S collisions, the signal to background ratio varies
with the muon pair transverse momentum pr in the range
0.6 — 4.6 for the (p, w) mass region and 0.5 — 3.4 for the ¢
region. For S-Cu (S-U) reactions, the corresponding vari-
ation ranges are 0.4 — 3.7 (0.3 — 2.7) and 0.4 — 2.6 (0.3
— 2.0), respectively. Following the procedure used in pre-
vious analyses [5,8,10], a detailed Monte-Carlo program
is used to correct the signal event distributions for the
limited acceptance and resolution of the spectrometer.

The analysis is based on a multi-dimensional decon-
volution method. After generation of the dimuons mass,
transverse momentum, rapidity and cos 6 distributions, an
iterative procedure allows to adjust the generated distri-
butions. Weights are applied in each kinematical bin, so
that the modified distributions, tracked through the ap-
paratus, agree with those measured for the signal.

In order to determine the different components of the
dimuon invariant mass distribution (corrected for accep-
tance and smearing) a mass fit is performed, with the fol-
lowing features: three classical Breit-Wigner functions ac-
count for the vector-mesons p, w and ¢ (natural widths
and mean values given by the PDG [9]) and a decreasing
exponential function is used to describe the continuum
dominated by Dalitz decays, Drell-Yan dimuons and pairs
originating from open-charm decays. More details on this
method of analysis can be found in [5,8,10].

The dimuon invariant mass resolution of the spectrom-
eter is 8% in the ¢ mass region, and 10% in the p and w
mass regions. It is therefore not possible to disentangle
the p and w resonances and treat them separately. As a
consequence, all the results presented in this letter refer
always to the sum of the two resonances, noted as p + w.
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numerical values of these quantities are given in Table 1.

A correction accounting for the inefficiency of the sub-
target identification algorithm is also included [11]. This
correction is performed event-by-event and is particularly
severe at low Er (for S-S, for example, this efficiency is
lower than 50% for Ex < 10 GeV).

In each of the considered pr intervals, the p + w and
¢ cross-sections are calculated from the number of events
obtained from fits to the mass spectra, corrected for ac-
ceptance and smearing, with a function of five free param-
eters:

F = P,BW* + P, BW“ + Py BW? + Pye s Mun
(3)

The first three P parameters stand for the number of
p, w and ¢ events, while P, and P5 adjust to the shape
of the continuum. The results are presented in Tables 2
and 3 and displayed in Fig. 2, with their statistical errors
only.

It is important to note that all the cross-sections
quoted here are, in fact, the vector-meson production
cross-sections multiplied by the corresponding branching
ratios for the decay in the two muons channel, B,,,.

The systematic errors affecting these values originate
from the method of analysis, namely the background sub-
traction and the irreducible differences between Monte-
Carlo and data distributions. They also arise from uncer-
tainties on the calculated luminosities due to the measured
thickness and density of the target, the absorption of the
beam in the incident beam (BI) detector, uncertainties on

Fig. 2. Cross-sections for p + w and ¢, as a function of pr

the efficiencies and, for proton induced reactions, pion con-
tamination in the proton beam. These different contribu-
tions are added quadratically to obtain a total systematic
error for each of the systems, as presented in Table 4.

The background subtraction is expected to be affected
by an error that depends on the transverse energy. A
Monte-Carlo simulation of the background sources using
the VENUS code shows that, even for very peripheral S-U
collisions, the R factor in (1) is only slightly above unity,
R = 1.02, and is compatible with unity for central colli-
sions [12]. An experimental determination of R done by
leaving R as a free parameter in the fit to the mass spec-
trum leads to R = 1.06 4+ 0.03 in the most peripheral S-U
collisions [13]. A 6% increase in the R factor decreases the
p + w cross-section by only 2% and the ¢ cross-section by
3.5%, for the most peripheral Ep region.

We parameterize the cross-section dependence on the
mass numbers of the target and projectile, A and B, by
the power law:

o = o9 (Ax B)“ (4)

We obtain the following values for the exponents «
when integrating over the full pr range accessible to our
measurements:

i = 0.924 + 0.032(stat) + 0.033(syst)
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Table 1. Luminosities, efficiencies and corrections for p-W and sulphur induced reactions

(luminosities already include €rec)

p-W S-S S-Cu S-U
L (™Y (1.89 £ 0.05)-10"  (8.81 £ 0.77)-10°  (6.18 & 0.34)-10°  (1.40 £ 0.03)-10'°
Etrig 0.94 % 0.06 0.94 & 0.06 0.94 % 0.06 0.94 & 0.06
Mp.u. — 0.58 0.78 0.84
Treint — 0.91 0.92 0.91
NEr — 0.95 0.97 0.99

Table 2. Cross-sections for p + w production as a function of the transverse

momentum pr, with pr in GeV/c

Opt+w (ub) p-W S-S S-Cu S-U

0.6 <pr <09 2.66 £ 0.26 13.0+ 3.9 28.0£5.5 78.2 £8.3
09 <pr<1.15 1.14 +0.10 55+1.2 121+ 1.7 39.4+3.2
1.15 <pr <135 0444+0.039 3274050 5844073 17.74+14
1.35 <pr <1.65 0.3224+0.028 2.094+0.31 4.51+051 14.0£1.0
1.65 < pr < 3.0 0.175+£0.016 1.28+0.19 2.67+£0.32 8.66 4+ 0.64
0.6 <pr <30 4.92 +0.40 27.1£5.0 51.5£7.6 155.0 £13.0

Table 3. Cross-sections for ¢ production as a function of the transverse

momentum pr (in GeV/c)

s (ub) p-W S-S S-Cu S-U

0.6 <pr <0.9 0.314 £0.032 2.10 £ 0.62 7.8+1.3 26.2+2.3
0.9 <pr<1.15 0.140 £0.016 1.59 +0.36 3.294+0.59 13.6+1.2
1.15 <pr <135 0.06240.008 0.76+0.17 1.39£0.27 5.78 £ 0.51
1.35 <pr <1.65 0.037+0.004 0.5140.10 1.30+0.18 5.27£0.41
1.65 < pr < 3.0 0.022 +0.002 0.289 £0.057 0.90£0.12 3.724+0.28
0.6 <pr <30 0.569 £0.048 5.38£0.89 145+ 1.8 54.0 £4.0

Table 4. Total cross-sections systematic errors evaluated for
proton and sulphur-induced reactions

Systematic errors (%) p+w ¢ o/(p+w)
p-W 10.6 109 3.2
S-S 5.8 6.5 2.8
S-Cu 5.9 6.3 3.4
S-U 5.2 5.7 3.0

and
ag = 1.218 £ 0.031(stat) £ 0.032(syst).

As shown in Fig. 3, the exponent « increases with pr.
While a1, exhibits values around 1 and an increasing
pattern very similar to that observed by Cronin et al. [14]
for hadrons produced at 300 GeV in the same pr range,
o is always bigger than unity, suggesting an enhanced
production of (hidden) strangeness.

5 Hidden strangeness production

The enhancement of hidden strangeness production can
also be studied through the ratio B,,04/(Bu.o, +

B,,0.), abbreviated to ¢/(p 4+ w) from now on. In order
to obtain this ratio, the dimuon mass spectra corrected
for acceptance and smearing effects are fitted with a five
free parameters function:

F = PLBW? 4+ PiP,BW* + P, P3(1 + P;)BW?
+P4€_P5M’“‘ (5)

where the parameters Py, P, and P3 stand for the cross-
section of the p, and for the cross-section ratios w/p and
®/(p + w) respectively. The last parameters Py and Pj
account for the non-resonant contributions, namely w, 7
and 7/ Dalitz decays, open charm decays and Drell-Yan
pairs.

As can be seen in Table 5 and Fig. 4, the ratio ¢/(p4w)
increases with the mass numbers of target and projectile,
but there is no significant dependence of the ratio with pr,
within the error bars, except for a slight increase observed
in S-U for the highest pr bin.

The ratio of cross-sections ¢/(p + w) has also been
studied as a function of centrality, with the same analysis
applied independently in each of the different transverse
energy bins defined in Table 6. It is worth noting that the
three reactions have the same transverse energy reference,
since they were taken in exactly the same experimental
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FEr bins used for the different reactions, and corre-
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Table 5. The ratio of cross-sections ¢/(p + w) as a function of the transverse mo-

mentum pr

@/ (p+w) p-W S-S S-Cu S-U

0.6 <pr<0.9 0.118 £ 0.011  0.162 £ 0.061  0.277 £ 0.060 0.335 £ 0.030
0.9 <pr <115 0.123 £ 0.012  0.287 £ 0.068 0.272 £ 0.051 0.346 £ 0.023
1.15 <pr <135 0.140 £ 0.016 0.233 £ 0.050 0.238 £ 0.045 0.326 £ 0.021
1.35 <pr <165 0.114 + 0.012 0.243 + 0.045 0.289 £ 0.037 0.376 £ 0.016
1.65 < pr < 3.0 0.123 £ 0.012  0.226 4+ 0.042 0.336 & 0.040 0.429 £+ 0.017
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Table 7. The ratio of cross-sections ¢/(p + w) for different

sponding mean Npart values Er bins
S-S S-Cu S-U o/(p+w) S-S S-Cu S-U
ABEr, 7.<Er<22. 15.< Br <30. 15.< Ep <46.  ABEr, 0.121 + 0.017 0.192 + 0.031  0.271 = 0.020
(Npart)1 19.3 28.2 40.1 AFET 2 0.194 £ 0.035 0.376 £ 0.070 0.352 £ 0.034
AEr o 22.<Er<32 30.<Er<44. 46.<Er <69.5 AEr3 0.272 £ 0.054 0.206 £ 0.033 0.367 £ 0.044
(Npart)2 32.6 44.8 70.2 AET 4 — — 0.471 £ 0.063
AET 3 32. < Er <50. 44. < Er < 80. 69.5 < Er < 89.
(Npart)s  46.5 66.3 96.3
AEr 4 — — 89. < Er < 150. ~ 0.7
(Npart)s — — 126.7 3 © W S+U
Q06 A S+Cu
N .
~ 18 A i S*S
e [ 04 L "
L r u ‘
14 v ¢ 0.3 [ . t
: y : |
12 + + f 02 F *
i +w i |
1 ' H * p 01 O
r a " r
F ‘ o T B E U DU B
0.8 N 0608 1 12141618 2 22
o i pr (GeV/c)
) TN Fig. 4. The ratio ¢/(p + w) as a function of pr

05075 1 12515175 2 22525
Pr (GeV/ C)

Fig. 3. A-B dependence: « as a function of pr (obtained from
p-W, S-S, S-Cu and S-U data). Statistical and systematical
errors are included

conditions and in the same data taking period. Since the
FEr scale is experiment dependent, the ratio is given as
a function of the number of participant nucleons in the
collision, Npart, used here as the centrality estimator of
the collision. Results are shown in Fig. 5 and Table 7.
The mean Ny, value corresponding to each Er bin is
calculated from an implementation of the Glauber model
[15] for each collision system, which takes into account
the calorimeter resolution. In the case of p-W collisions,
no electromagnetic calorimeter is used; thus the value

Npart = 4.5 used here is a theoretical one, obtained from
the Glauber model alone.

As already reported [5], the results obtained for the
two independent S-U data sets, collected first in 1990 and
later in 1991 with a modified set-up, are compatible. They
show a clear increase of the ratio ¢/(p + w) with the cen-
trality of the collision. The S-S and S-Cu results follow a
similar dependence with Npar (Fig. 5). The errors quoted
in Tables 5 and 7 are purely statistical. The estimated

systematic errors are detailed in Table 4.

6 Inverse slopes of M distributions

The transverse mass spectra of p, w and ¢ mesons, if pro-
duced in a locally equilibrated thermal medium (see [16]),
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/5 0.7 ¢ where K is the modified Bessel function. If the mass of the
+ LY SU studied resonance is significantly higher than the inverse
06 M S-Cu slope parameter, T, and its pr not too low (as is the case
S [a SS followi imati .
r here), the following approximation can be used:
> r® p-W
0.5 -
L do 3/2 M
r — o M? e Mr/T 7
L dMrp T ( )
04 [
x + The number of p + w and ¢ events in each of the five
o3 [ pr bins is extracted from the five free parameter fit to the
ot A mass spectra (equation 3). Dividing them by the widths
r | ‘ of the corresponding My regions, it is then possible to
0.2 - 1 + perform a two free parameter fit as a function of Mr ac-
F A cording to
01 - F = P M}/ e M0/ (8)
E The value M to be considered for bin i is such that:
0 0 20 40 60 80 100 120 140 160 180 200

Npurt

Fig. 5. The ratio of cross-sections ¢/(p + w) as a function of
the number of participant nucleons in the collision, Npart

do
. [ g4 dMr
=7 () = M
dMp T M, — M,

are expected to follow the expression:

do

My

— o M2 K (—)

dMr

T

Results are presented in Tables 8 and 9 and in Fig. 6.
The systematic errors are taken into account in these fits,
since they affect differently each My point. The temper-
ature increases with A-B, as expected. T4, is equal or

(6)

slightly higher than Tj.

Table 8. p + w differential cross-section as a function of M7, in p-W, S-S, S-Cu and S-U systems

ptw p-W
My (GeV/c?) 1.08 1.28 1.47 1.68 2.23
do/dMy (ub- c?/GeV) 12.88 +£ 1.84 5.72 £ 0.80 2.61 £ 0.36 1.21 £ 0.16 | 0.14 £ 0.02
S-S
My (GeV/c?) 1.08 1.28 1.47 1.68 2.24
do/dMy (ub-c?/GeV) | 62.59 £ 18.95 27.82 + 5.97 19.24 £+ 2.93 7.87 £ 1.16 | 1.00 £ 0.15
S-Cu
My (GeV/c?) 1.08 1.28 1.47 1.68 2.25
do/dMy (ub-c*/GeV) | 135.36 % 26.62 60.85 + 8.64 34.37 £ 431 | 16.94 £1.93 | 2.09 + 0.25
S-U
Mz (GeV/c?) 1.08 1.28 1.47 1.68 2.25
do/dMr (ub-c®/GeV) | 77.72 £ 40.22 | 198.08 & 16.23 | 104.26 + 8.07 | 52.64 + 3.89 | 6.79 £ 0.50
Table 9. Same as previous table, for the ¢ meson
o p-W
My (GeV/c?) 1.27 1.44 1.61 1.80 2.32
do/dMyt (ub- c?/GeV) 1.76 + 0.29 0.80 £ 0.13 0.40 £ 0.07 0.15 £ 0.02 | 0.02 £ 0.00
S-S
My (GeV/c?) 1.27 1.44 1.61 1.81 2.34
do/dMy (ub- c?/GeV) 11.80 £ 3.49 9.02 £+ 2.03 4.93 + 1.11 2.05 £ 041 | 0.24 £ 0.05
S-Cu
My (GeV/c?) 1.27 1.44 1.61 1.81 2.35
do/dMr (ub - c*/GeV) 43.55 + 7.23 18.72 £ 3.36 | 8.97 £ 1.76 5.26 £ 0.74 | 0.73 £ 0.09
S-U
My (GeV/c?) 1.27 1.44 1.61 1.81 2.35
do/dMr (ub-c*/GeV) | 147.36 & 13.08 | 77.50 £+ 6.73 | 37.29 + 3.30 | 21.26 + 1.64 | 3.02 + 0.22
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In the non-relativistic domain, where pr < mgr (mg
being the resonance mass), the inverse slope parameter de-
pends both on the freeze-out temperature, T, and on the
collective motion velocity, vr, according to (see [17], for

example): T = Ty + mp <”CTQ>2 , while in the relativistic

domain (pr > mpg) there is a blue-shifted dependence on
Ty and the inverse slope parameter, expected to be the

Tf 1+<vpr> .
\/ 1—<vpr>
In our case, the py region studied is somewhere between
these two extreme limits (0.6 < pr < 3.0 GeV/c). Tem-
peratures for p+w and for ¢ are already very similar, and
their rise when going from proton to sulphur induced reac-
tions is probably due both to an increase of the produced
energy density and to the collective transverse motion of
the source.

same for all particles, is given by: T =

7 Conclusions

We have studied p, w and ¢ production in p-W, S-S, S-Cu
and S-U reactions at 200 GeV /nucleon incident momen-
tum, as a function of the transverse momentum and of
the centrality. The ratio of cross sections ¢/(p + w) in-
creases by a factor of 5 from p-W up to the most cen-
tral S-U collisions. When the cross-sections are parame-
terized as a function of the mass numbers of projectile
and target according to (A - B)® we find, in the trans-
verse momentum range 0.6 — 3.0 GeV/c, exponent aver-
age values of a4, = 0.924 % 0.032(stat)40.033(syst) and
ag = 1.218 £ 0.031(stat)£0.032(syst) and, in both cases,
a clear increase with increasing transverse momentum.
The inverse slopes of the dimuon transverse mass distri-
butions (effective temperatures) are similar for the p + w

T=190+8 MeV Fig. 6. Differential cross-sections for p+w and
¢ as a function of the transverse mass, in the
p-W, S-S, S-Cu and S-U collision systems
3

M; (GeV/c?)

and for the ¢ vector-mesons and smoothly rise from ~
200 MeV in p-W up to 230 MeV in S-U collisions.
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