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Abstract The NA60 experiment has studied low-mass muon
pair production in proton-nucleus collisions with a system
of Be, Cu, In, W, Pb and U targets, using a 400 GeV proton
beam at the CERN SPS. The transverse momentum spec-
tra of the p/® and ¢ mesons are measured in the full pr
range accessible, from pr = 0 up to 2 GeV/c. The nuclear
dependence of the production cross sections of the 17, @ and
¢ mesons has been found to be consistent with the power
law opa o< A%, with the o parameter increasing as a func-
tion of pr for all the particles, and an approximate hierarchy
Oy ~ 0y > O. The cross section ratios 6y /G, Op /O and
0y /0 have been studied as a function of the size A of the
production target, and an increase of the 1 and ¢ yields rel-
ative to the @ is observed from p-Be to p-U collisions.

* Corresponding authors: antonio.uras@cern.ch (A. Uras),
gianluca.usai @ca.infn.it (G. Usai)

1 Introduction

The study of the production of low-mass vector and pseu-
doscalar mesons in proton-nucleus (p-A) collisions repre-
sents a unique tool to understand the role of cold nuclear
matter in particle production mechanisms. The nuclear de-
pendence of both the transverse momentum spectra and the
total production cross sections is of special interest in this
context, with the observations usually interpreted in terms
of phenomenological models, since a first-principle descrip-
tion based on non-perturbative QCD is not yet available.
Proton-nucleus collisions have also become of special
interest in their own, as a tool to test the possible existence of
in-medium modifications of the vector meson spectral func-
tions in cold nuclear matter. The experimental evidence for
such effects is at the moment controversial, namely after the
KEK-PS E325 [1] and the CLAS [2, 3] experiments report-
ing contradicting observations on possible p-meson broad-
ening and mass-shift in cold nuclear matter. In this context,



a recent measurement in p-A collisions at 400 GeV by the
NAG60 experiment [4], exploiting the same data set consid-
ered in the present analysis, ruled out the existence of any
significant cold-nuclear matter effect at the SPS energies on
the line shapes of the light vector mesons p, ® and ¢, giv-
ing in particular, for the first time, a precise characterisation
of the p-meson line shape in p-A collisions. The aforemen-
tioned results from NAG60 represent the basis for the new
results presented in this letter.

Measurements in p-A collisions also provide a useful
cold-nuclear-matter reference for the observations in heavy-
ion collisions, allowing for the study of particle production
as a function of the size A of the nucleus.

Despite the points of interest mentioned above, there
is a general lack of high-precision and high-statistics mea-
surements of low-mass vector and pseudoscalar mesons in
proton-nucleus collisions at the SPS energies, in particular
for what concerns dilepton data. The nuclear dependence
of the production cross sections for 7°, 7 and @ mesons
was investigated at the energy of /sy = 29.1 GeV by the
CERES experiment [5] in p-Be and p-Au collisions, and
by the HELIOS experiment [6] in p-Be collisions. Results
from these experiments were compared to, or complemented
the measurements in proton-proton collisions, in particular
those performed by the NA27 experiment [7] relative to the
production of 7°, 17, @ and p mesons at VSNN = 27.5 GeV.
On the other hand, there are no accurate measurements on
the nuclear dependence of ¢ production in proton-nucleus
collisions at the SPS. At somehow higher energy, K*° and ¢
mesons have been recently measured in p-C, p-Ti and p-W
interactions at \/sxy = 41.6 GeV by HERA-B [8].

The NA60 experiment complemented its main In-In pro-
gramme with a high-luminosity proton-nucleus run, expos-
ing to a 400 GeV proton beam six target materials: Be, Cu,
In, W, Pb and U. This allowed for a comprehensive and de-
tailed study of the nuclear dependence of the 1, p, @ and
¢ meson production. The present letter is organised as fol-
lows. First, the pr spectra are presented for the p/® and
¢ mesons, for which the measurement could be performed
down to zero pr — while the acceptance coverage limited
the measurement of 17-meson production (via the n — upy
Dalitz decay channel) to pr > 0.6 GeV/c. The nuclear de-
pendence of the production cross sections of 17, ® and ¢
mesons, integrated over the pr regions available for each
particle, is then investigated in terms of the power law Opa o<
A%, The available statistics also allowed for a dedicated study
of the & parameters as a function of pr. Finally, particle pro-
duction is further discussed via the study of the cross section
ratios in the full phase space, with strangeness enhancement
being specifically addressed through the measurement of the
nuclear dependence of the cross section ratios 6y /0, and
On/0w.

2 Apparatus and event selection

During the 2004 run, the NA60 experiment collected data
with a system of nine sub-targets of different nuclear speci-
es — Be, Cu, In, W, Pb and U — simultaneously exposed
to an incident 400 GeV proton beam. The individual target
thickness was chosen to have approximately a similar sta-
tistical sample from each target. The total interaction length
was 7.5%. The beam intensity during the run was 4-5 x 108
protons per second.

A general description of the NA60 apparatus can be found
for example in [9], while in [4] some additional, specific de-
tails can be found, relevant to the setup used during the pro-
ton run of interest for the present analysis.

The produced dimuons are identified and measured by
the muon spectrometer, composed of a set of Multi-Wire
Proportional Chamber (MWPC) tracking stations, trigger scin-
tillator hodoscopes, a toroidal magnet and a hadron absorber.
The material which stops the hadrons also induces multi-
ple scattering and energy loss on the muons, degrading the
mass resolution of the measurement made in the spectrom-
eter. To overcome this problem, NA60 already measures the
muons before the absorber with a vertex spectrometer, made
of pixel silicon detectors. The muon tracks reconstructed in
the muon spectrometer are extrapolated back to the target
region and matched to the tracks reconstructed in the vertex
spectrometer. This is done comparing both their angles and
momenta, requiring a matching x> less than 3. Once iden-
tified, the muons are refitted using the joint information of
the muon and the vertex spectrometers. These tracks will
be referred to as matched muons. Muon pairs of opposite
charge are then selected. The matching technique improves
significantly the signal-to-background ratio and the dimuon
mass resolution. Because of the heavier absorber setup, the
mass resolution is slightly worse than during the In-In run:
30-35 MeV/c? (depending on target position) at the @ mass
(against 23 MeV/c? during the In-In run), and the pt cover-
age is reduced towards the dimuon mass threshold.

2.1 Target identification

In order to study the nuclear dependence of the yields and
the kinematics for the particles produced in the collisions,
the identification of the production target is mandatory. In
principle, one could consider the origin of the matched dimuon
alone, defined as the point of closest approach of its two
muon tracks. However, this origin has a limited spatial reso-
lution; in particular, the error associated to the z-position of
the dimuon’s origin becomes comparable or even larger than
the typical semi-distance between targets (5 mm) for masses
below 0.45 GeV/c?. In order to overcome these difficulties,
the vertices reconstructed by using all the tracks measured



in the silicon telescope (VT vertices) are considered, requir-
ing that the two muons are attached to the same VT vertex,
or to two different VT vertices falling within the same tar-
get. The loss of statistics, as studied by Monte Carlo simu-
lations, varies from ~ 40% for the ¢ mass region, to ~ 70%
in the dimuon mass region below 0.45 GeV/c?> dominated
by the Dalitz decay of the 1. After applying this selection,
~ 80000 muon pairs are left. The algorithm fails to associate
the correct target in ~ 2% of events at the ¢ mass, ~ 5% at
the w mass and ~ 15% in the 1 Dalitz region: this system-
atic effect has been studied by means of the same Monte
Carlo simulations, and corrected for in the final results.

2.2 Background treatment

The small amount of combinatorial background (originating
from 7 and K decays) is subtracted from the raw dimuon
sample: its shape is estimated with an event-mixing tech-
nique, while its normalization is established fixing the like-
sign (LS) component coming out from the mixing to the LS
component of the data (containing no signal from correlated
pairs at the SPS energies). In the considered proton-nucleus
data, the background accounts for less than 10% of the in-
tegrated mass spectrum below 1.4 GeV/ 2. The compari-
son between mixed and real sample, in turn, gives an aver-
age uncertainty of 10% at most, for both the (4++) and the
(——) components; because of the absolute low level of the
background and because of its smooth mass profile, this un-
certainty hardly affects the extraction of the signal from the
considered dimuon sources.

The background from fake track matches, which could
arise at high multiplicities from the association of a muon
track to more than one track in the vertex telescope with an
acceptable matching 2, is significantly lower than the com-
binatorial background. For this reason, its contribution is al-
most negligible in the proton-nucleus data — being in any
case taken automatically into account by the overlay Monte
Carlo technique adopted for the simulations.

3 Monte Carlo simulations, acceptance and
reconstruction efficiency

The electromagnetic decays of the light, neutral pseudoscalar
and vector mesons (1, 1/, p, ® and ¢) are the dominat-
ing processes at the lower end of the dimuon mass spectrum
(from the threshold to the ¢ mass region), adding to the con-
tinuum spectrum via their Dalitz decays and/or giving rise to
distinct peaks via their 2-body decays. This hadronic decay
cocktail was simulated with the NA60 Monte Carlo gener-
ator Genesis [10]. The input parameters for the kinematic
distributions of the generated processes have been tuned by

comparison with the real data, by means of an iterative pro-
cedure ensuring self-consistency to the analysis.

The transverse momentum spectra used in the simula-
tions are taken from the analysis itself. The rapidity dis-
tributions in the center of mass frame were generated ac-
cording to the expression dN /dy o< 1/cosh?(ay), similar to
a Gaussian of width o = 0.75/a, where a describes the em-
pirical functional mass dependence of the width with values
of about 0.5 and 0.75 at the masses of 0.14 GeV/c? (n0)
and 1 GeV/c?, respectively [10]. This simple parameterisa-
tion has been used by several experiments, since it describes
reasonably well existing measurements [11, 12].

The muon angular distributions also entering the sim-
ulations are assumed to be isotropic for the 2-body decays,
while the angular anisotropies of the Dalitz decays, expected
to be the same for the pseudo-scalar (17, ') and vector (®)
mesons [13], are described by the distribution:
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where M is the mass of the virtual photon, m, the mass of
the muon, and 0 the angle between the positive muon and
the momentum of the parent meson in the rest-frame of the
virtual photon [14]. As was explicitly verified, the dimuon
acceptance for the Dalitz decays is practically unaffected
by the character of the angular distribution, due to the fact
that the anisotropy is strongly smeared out in the laboratory
frame.

For the mass line shapes of the narrow resonances 7,
o and ¢, a modified relativistic Breit-Wigner parametriza-
tion was used, first proposed by G.J. Gounaris and J.J. Saku-
rai [15], with widths and masses taken from the Particle Data
Group (PDG) tables [16]. For the broad p meson the follow-
ing parameterisation was used [17]:
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The parameters of the p parameterisation were either fixed
to the PDG values [16], or extracted from the data them-
selves, as extensively discussed in [4].

The dimuon mass distributions of the 7 and @ Dalitz
decays are described by the QED expectations for point-like
particles [18], corrected by the form factors also extracted
from the data themselves [4].

The semimuonic simultaneous decays from DD mesons
produce a smooth open charm continuum with a maximum



at around 1 GeV/c?. They were simulated with PYTHIA 6.4 [19],and the vertex spectrometer (one tracking plane permanently

with the mass of charm quark set to m. = 1.5 GeV/c* and
the primordial momentum of the interacting partons gener-
ated according to a Gaussian distribution of variance k% =
1.0 (GeV/c)2.

The Monte Carlo simulations were performed using the over-
lay technique, which consists of superimposing a Monte-
Carlo-generated muon pair onto real events, in order to re-
alistically simulate the underlying hadronic event together
with the detector specific behaviour. A real event is read,
chosen among the reconstructed data collected by the ex-
periment, containing a high-mass matched dimuon (within
the J/y mass window, the two stiff muons guaranteeing an
unambiguous identification of the interaction target) whose
vertex is imposed to be the origin of the generated muon
pair. Alternatively, dimuons whose vertex has the z-coordinate
determined with an uncertainty smaller than 3 mm were also
used. This second choice, applying weaker conditions on
the vertex candidates, has been considered for systematic
checks in the analysis. The muon pair produced in the simu-

switched off and the others having much reduced efficien-
cies with respect to the In-In run, because of ageing effects),
as well as the selections imposed in the analysis for the iden-
tification of the production target.

4 Signal Extraction

The signal extraction for the dimuon sources of interest for
the present analysis is based on a fit of the dimuon mass
spectrum, after the subtraction of the combinatorial back-
ground. In the fit procedure, the data points are compared to
the superposition of the expected MC sources in the mass
region from the threshold up to 1.4 GeV/c?, as explained
in [4].

Any possible p /o interference effect is neglected in the
fits performed in the present analysis, as justified by the re-
sults discussed in [4]. The contribution of the Dalitz decay
N’ — uwT U~y accounts for a very small fraction of the total
dimuon yield; for this reason, and because of its continuum
shape having no dominant structure apart from the broad

lation is tracked through the NA60 apparatus, using GEANT3 [20[]eak at the p mass (due to the contribution of the p to the

Starting from the ensemble of simulated and real hits, the
events in which a muon pair gave rise to a trigger were re-
constructed using the same reconstruction settings used for
the real data. To make the MC simulation as realistic as pos-
sible, the MC tracks leave a signal in a given pixel plane
with a probability proportional to the plane efficiency as es-
timated from the analysis of the real data.

The pr dependence of the dimuon acceptance results from
a complex convolution of several factors: the geometric ac-
ceptance of the vertex telescope, the energy loss of muons in
the hadron absorber, the geometric requirements embedded
in the trigger logic of the muon spectrometer (which requires
two muons to belong to different sextants), the combination
of the magnetic fields provided by the dipole magnet in the
vertex region and the toroidal magnet in the muon spectrom-
eter after the absorber. An additional loss of factor up to
~ 2 is caused by the reconstruction efficiency. In Fig. 1 the
dimuon acceptance X reconstruction efficiency as a func-
tion of pr is shown for the three processes 1 — ut =y,
o — utu and ¢ — utu~, on which the extraction of the
N, ® and ¢ yields is based. For each process, the pt depen-
dence is shown for the Uranium, Indium and Lead targets,
respectively sitting in the initial, central and final part of the
target system. In the 2004 p-A run the acceptance was lower
than during the In-In run. This was due to a combination
of several factors, the most important being the replacement
of 40 cm of graphite with 40 cm of iron in the final part of
the hadron absorber. Other factors contributing to the loss
of acceptance were the reduced tracking efficiencies both
for the muon spectrometer (due to 5 MWPC broken planes)

1’ form factor), the fit to the reconstructed mass spectrum is
not sensitive to this contribution, and the ratio (o /Op was
fixed to 0.12 [10, 21]. The relative branching ratios BR(1 —
up)/BR(M — ppy) and BR(w — ppn’)/BR(0 — pp)
have been fixed to the PDG value [16] and to the value ob-
tained from the analysis of the target-integrated mass spec-
trum [4], respectively. The normalisation of the p-meson 2-
body decay has been left free in the pr-integrated fits, where
the available data samples were large enough to allow for a
robust extraction of the corresponding signal; it was other-
wise fixed to 6, /0, = 1, as justified by the pr-integrated re-
sults. All the other processes have their normalisations free.

The evaluation of the systematics on the signal extrac-
tion is performed by repeating the fits on the dimuon mass
spectra, each time varying the following parameters of the
input configuration: (i) the cross section ratio 6,//0g was
varied by +£50% with respect to the nominal value 0.12;
(ii) the combinatorial background normalisation was varied
by £20%; (iii) the ratio o, /0w, when fixed, was varied by
+10% around the nominal value o, /0, = 1; (iv) the rela-
tive branching ratios between the 2-body and Dalitz decays
of the 11 and @ mesons were varied by the uncertainties as-
sociated to the existing measurements [4, 16]; (v) the cut on
the matching y for the single muons was varied in the inter-
val 2 to 3; (vi) two settings for the choice of the production
vertices in the overlay MC were used, as described in the
previous section.

A possible bias in the estimation of the open charm con-
tribution has also been considered, due to the fact that the
Drell-Yan process, which does not give any appreciable con-
tribution below 1 GeV/c? while contributing above, is ne-
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Fig. 1 Acceptance x reconstruction efficiency vs pr for the Uranium, Indium and Lead targets, for the three processes 1 — Uy~ y, @ — pu~

and — utu~.

glected in the fits. In order to study the corresponding sys-
tematic effect, each fit has been repeated scaling the open
charm process down to 80% and 60% of the level optimised
by the fit when the contribution is left free.

5 pr spectra of the p/® and ¢ mesons

In this section we present the analysis of the transverse mo-
mentum spectra for the p /@ and ¢ mesons. To build the raw
pr spectra we start by dividing the real data sample, target
by target, into pr intervals of 200 MeV/c, sufficiently larger
than the pr resolution of the apparatus in order for residual
smearing effects to be safely neglected. The same selection
is then applied to the MC spectra for all the signal sources,
as well as to the contribution accounting for the combina-
torial background. The available statistics is significant up
to pt ~ 2 GeV/c. For each target and pr interval, a fit is
then performed on the dimuon mass spectrum after the sub-
traction of the combinatorial background. In this way, the
contributions coming from the 2-body decays of the w and ¢
mesons can be evaluated, and a raw pt spectrum is extracted
for each particle. This is then corrected for the acceptance x
efficiency as a function of pr, estimated through the MC
simulations. For sufficiently narrow pr bins, this correction
is independent of the pr function used as input for the MC
simulations.

Dividing the total sample into several pr intervals strongly
reduces the statistics available for each mass spectrum fit,
making it impossible to properly disentangle the p contribu-
tion under the @ peak. For this reason, the constraint 6, /6 =
1 is imposed in these fits, as justified by the pr-integrated
analysis of the production cross section ratios as a function
of the target size A, discussed in the last section. Whenever
the 6, /0 = 1 constraint is imposed in the analysis, the re-
sults are referred to p /@ instead of p or @ separately.

The p/w and ¢ pr spectra resulting after the correction
for the acceptance x efficiency are shown in Figures 2-3 as
a function of the transverse mass mr and p%. The mt spectra
have been compared to the thermal-like function:

1 dN 1 dN dN mr
_ LAV (<MY

——— = =2 )
prdpr  mrdmr “dp} T

One can immediately appreciate how the thermal hypothesis
clearly fails in describing the spectra in the whole available
kinematic range, showing a systematic deviation from the
pure exponential trend. The fact that such a deviation was
not observed in peripheral In-In collisions at 158 AGeV [22],
resulting in a hardening of the spectra reported in the present
analysis, could be attributed to the larger collision energy in
the p-A data.

The fit with the exponential function has thus been limited
to (mr —my) < 0.8 GeV/c* and (mr —my) < 0.7 GeV/c?
for the p/® and the ¢ mesons, respectively, where the ther-
mal hypothesis is found to describe the data reasonably well
(solid, red line); the extrapolation of the resulting fit func-
tion up to the upper end of the available mr range is shown
as a dashed, blue line, helping to appreciate the contribution
of the hard tail at high pt. The T values found from the fits
are compiled in Table 1, where both statistical and system-
atic uncertainties are reported, the latter reflecting squared
sum of the systematic uncertainty on the signal extraction,
discussed in the previous Section. When evaluating the sys-
tematic uncertainty on the 7 parameter, the upper limit of
the fit range was also changed by the mt quantity equivalent
to 200 MeV/c in pr, since the limit of the range where the
thermal-like part of the distribution dominates over the hard
tail cannot be precisely established.

The superposition of a thermal-like distribution at low prt
and a hard tail at high pr, favored by the data, can be mod-
eled by means of the following power-law function, used
for example by the HERA-B Collaboration to describe the
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p% spectrum of the ¢ meson [8]:

2\ B
ﬂz o (1 + ”g) , 5)
de Py

a standard form where the (1+...) term dominates in the
limit of vanishing pr, and the p;ﬁ dependence is charac-
teristic of hard processes. The fits based on this power-law
function successfully extend up to the upper end of the avail-
able p% range, as it can be appreciated from the right panels
of Fig. 2-3. The  and p% parameters are listed in Table 1
with their statistical and systematic uncertainties, the latter
reflecting the squared sum of the systematic uncertainties on
the signal extraction, discussed in the previous Section.

No significant trend for the p% or 3 parameters, as a
function of the production target, can be inferred from the fit
results within the statistical and systematic uncertainties. To
get more insight into this aspect, in Table 1 we also compile
the mean value of pr for each target, as extracted from the
corresponding power-law fit function. The errors associated
to each value of (pr) reflect the statistical and systematic
uncertainties on the p(z) or 3 parameters. No definite trend as
a function of the target can be identified here, too. To com-
pare the p/® and ¢ pr spectra, then, the target-integrated
values are considered — profiting from a better statistical
accuracy. One finds (pﬂg;\cgo’ PA = 0.61 +0.03 (stat.) +

0.03 (syst) GeV/e, (pr)y *"P™ =070 £0.04 (stat.) £
0.02 (syst.) GeV/c.

The results obtained for the pr spectra of the p/® and ¢
mesons can be compared to the available experimental re-
sults. The NA27 Collaboration measured the 17, p, @ and ¢
production in p-p collisions at /s = 27.5 GeV [7]. No data
point is shown by the NA27 Collaboration for the pt spec-
tra of the @ and ¢ mesons, for which only the fit results are
given, relative to the function dN/dp% o exp(—8p3), with
the quoted values for the § parameter being: 6, = 2.25 +
0.16 (GeV/c) ™2, 8y = 2.98 +0.35 (GeV/c) 2. From these
parameters one finds (pr)NA?7 = (0.591 +£0.021) GeV/c
and (pr)p** = (0.513 +0.030) GeV/c. As one can see,
the (pr) for the @ meson extracted from the fit function
of NA27 agrees with the estimate obtained in the present
analysis, while for the (pr) of the ¢ meson a difference of
more than 4 (statistical) standard deviations is found. Fur-

thermore, the present NA60 results clearly indicate that (pr)y >

(PT)p/w»> While the NA27 results imply that (p1)y < (PT)e-

Concerning the pt measurement for the ¢-meson, the present
results can be also compared to the ones obtained by the
HERA-B Collaboration [8], which measured ¢-meson pro-
duction (in the K™K~ channel) in p-C, p-Ti and p-W col-
lisions at \/snN = 41.6 GeV. Keeping in mind the different
energies between the NA60 and the HERA-B data, the pr
distributions are well described in both cases by the power-
law function (5). As in the present analysis, no definite trend

for the (pr) as a function of the target is found by HERA-B.
The p(z,, B parameters and the mean py measured by HERA-
B are compatible with the NA60 measurements shown in Ta-
ble 1; in particular, for the Tungsten target common to both
the NA60 and HERA-B data, the following values are found:
p3(HERA-B) =1.65+0.14 (GeV/c)?, B(HERA-B) =4.20+
0.14, (pr)HERAB-PW — (972 40.09) GeV/c, to be com-

¢
pared to the NAG60 results listed in Table 1.

6 Nuclear dependence of the 17, ® and ¢ production
cross sections

6.1 pr-integrated analysis

The pr-integrated yields of the 17, ® and ¢ mesons are ex-
tracted from the fits shown in Fig. 4. As one can see, the
comparison between the sum of the MC sources and the
dimuon mass spectrum is satisfactory over the whole mass
range for each target. The yields are then corrected for the
acceptance x efficiency evaluated in the full phase space,
and normalised to the number of nuclear interaction lengths
of each target. The small beam attenuation seen by the down-
stream targets is also taken into account and corrected for.
In the case of the n-meson, the difference between the kine-
matics of the parent meson and the dimuon has been prop-
erly estimated by means of a MC simulation of the Dalitz
process, and the results properly corrected for.

In the following, the nuclear dependence of the production
cross-sections, normalised to the lightest target is presented.
The absolute cross-sections could not be determined because
of a malfunctioning of the argonium counter devoted the
beam luminosity measurement. The relative production cross
sections for the @, ¢ and 17 mesons, normalised to the Beryl-
lium target, are shown in the left panels of Fig. 5. The cross
section for the p-meson was found to be compatible with
the one of the w-meson within the errors, independent of the
target, and is not shown here (see Section 7). The nuclear de-
pendence of the production cross sections has been parame-
terised with the power law Gpa o< A% [23]: the fit functions
are shown as solid, red lines in Fig. 5, giving o, = 0.841 +
0.014 (stat.) =0.030 (syst.), oty = 0.906 = 0.011 (stat.) =
0.025 (syst.) and oy = 0.9354-0.048 (stat.) :-0.060 (syst.).

Fixing the reference for the relative cross sections to the
Beryllium nucleus could induce a bias in the analysis of the
nuclear dependence of particle production. Accounting for
9 nucleons only, indeed, the Be nucleus could behave more
as an incoherent superposition of single nucleons rather than
as a nuclear system having collective properties — as in the
case of the heavier nuclei. This could lead to a breaking of
the power-law dependence o, o< A® for the Be target, bi-
asing the extraction of the ¢ parameters. For this reason,
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Target T [MeV] P2 [GeV?/cH B {pr) [GeV/c]
Be 1794447 0.9840.11+0.13 4.07+0.24+0.27 0.57+0.04+0.05
Cu 185+4+10 0.79+0.10+0.12 3.45+40.22+0.24 0.60+0.05+0.06
In 184+447 0.6940.09 +0.08 3.27+40.20+0.15 0.62+0.05+0.03
p/o | W 185+4+11 0.6640.07 +£0.02 3.08+£0.16+0.12 0.62£0.05+£0.03
Pb 223410422 | 0.74+0.14+0.08 2.94+0.24+0.17 0.69+0.10+0.06
U 188+4410 0.8240.10+0.10 3.40+0.2140.23 0.62+£0.05+0.06
ALL | 1884249 0.76+£0.03+0.05 3.3140.07+0.13 0.61+£0.03+0.03
Be 183+6+6 1.8340.42+0.23 5.27+0.83+0.46 0.64+0.11+0.06
Cu 198+6+6 1.504+0.31+0.09 4.1340.55+0.16 0.70+0.11+0.03
In 188+6+13 1.21+£0.22+0.10 3.90+0.43+0.22 0.66+0.09 +0.04
o | W 2024645 1.7340.33+0.08 4.50+£0.56£0.19 0.70+£0.10£0.03
Pb 22249416 2.11+0.58+0.43 4.90+0.90+0.61 0.72+0.15+0.10
U 1924541 1.1440.21+0.19 3.4440.3940.41 0.7340.11+0.11
ALL | 1934245 1.2740.10+0.07 3.81£0.17+0.07 0.70+0.04 £0.02

Table 1 Results for the p/® and ¢ transverse momentum spectra as a function of A: T-values as obtained from thermal functions; p%, B and {(pr)

as obtained from the power-law fit functions.

the option to normalise the production cross sections to the
Cu target, excluding the Be point from the fit, was also con-
sidered as a cross-check: the corresponding results on the
o parameters, affected by larger statistical uncertainties be-
cause of the much reduced lever arm, and not shown here,
were found to be compatible within the uncertainties to the
ones presented above.

6.2 pr-differential analysis

The pr-dependence of the o parameters for the 17, @ and
¢ mesons has also been studied, considering pr intervals of
200 MeV/c and starting from pt = 0 for the @ and ¢ mesons
and from pt = 0.6 GeV/c for the 11 meson. For each slice of
P, the oy, 0y and oy parameters have been extracted, to-
gether with their statistical and systematic uncertainties, by
applying the same procedure discussed in the previous sec-
tion for the pr-integrated measurement. The o parameters
are shown in Table 2 and their pt dependence is summarised
on the right column of Fig. 5: in each plot, the error bars
and the shadowed boxes account for the statistical and sys-
tematic uncertainties, respectively. It was also verified (not
shown here) that the same trend of the o parameters as a
function of pr, although with significantly larger uncertain-

ties, could be found when excluding the Be target from the
analysis, setting the relative normalisation to the Cu target.

The o parameters increase as a function of pr for the three
considered particles, a behaviour which can be related to the
so-called “Cronin effect” originally observed by Cronin et
al. for charged kaons [24]. The trend of the o parameters
can also be interpreted as a consequence of the hardening of
the particle production mechanism with pr, with values of
o closer to the “black disk” limit o« = 2/3 for pr = 0, as
expected for soft production mechanisms scaling with the
surface of the target nucleus, and values closer to the o = 1
limit for pt = 1.5 GeV/c, as expected for hard production
mechanisms scaling with the number of available nucleons.
An additional hardening of the production mechanism could
be attributed to the s§ component in the quark wave function
of the measured hadrons: in absence of explicit theoretical
calculations for the ¢ parameters, this simple assumption
could still qualitatively explain the larger values measured
for oty and oy, with respect to Ot .

The nuclear dependence of the production cross sections for
the light neutral mesons has been studied by previous exper-
iments for the ¢ meson, although at energy regimes often
different from the one considered in the present analysis.



Apt [GeV/c] oy gy O
0.0-0.2 — 0.77+£0.03+0.01 0.87+£0.04+0.02
02-04 — 0.77+£0.024+0.02 0.85+0.02+0.01
04-0.6 — 0.82+£0.024+0.02 0.86+0.03+0.02
0.6—-0.8 0.85+£0.044+0.04 0.80£0.024+0.01 0.90+£0.03+0.02
0.8—1.0 0.91+£0.044+0.02 0.80+£0.024+0.02 0.93+0.03+0.03
1.0—-1.2 0.924+0.04+0.02 0.824+0.02+0.03 0.92+0.03+0.04
1.2-14 0.98+£0.03+0.02 0.89+£0.03+0.01 0.98+0.04 +0.02
14—1.6 1.014+0.044+0.02 0.914+0.03+0.04 1.02+£0.06 +£0.04
1.6—1.8 0.96+0.05+0.04 0.97+0.03+£0.01 1.04£0.07+£0.04
1.8-2.0 0.98£0.08 +0.04 0.98£0.05+0.02 1.09+£0.08 £0.02

Table 2 Results for the o parameter as a function of pr for the 17, @ and ¢ mesons.

The o parameter for the ¢ meson has been measured by the
NAT11 Collaboration, at the CERN-SPS, studying collisions
of 120 GeV protons on beryllium and tantalum targets, in
the ¢ — KTK~ decay channel [25]. They obtained a value
0y = 0.86+0.02 (with a systematic uncertainty estimated
to be around three times smaller than the statistical one) for
¢ mesons produced in the phase space window 0 < xg < 0.3
and pt < 1 GeV/c. The BIS-2 Collaboration, at Serpukhov,
measured the o value of the ¢ mesons produced in collisions
induced by neutrons of energies between 30 and 70 GeV col-
liding on carbon, aluminum and copper targets, considering
the ¢ — K"K~ decay channel [26], obtaining oy = 0.81 +
0.06 for ¢ mesons produced with xg > 0 and pt < 1 GeV/c
(without mentioning systematic errors). More recently, as al-
ready mentioned in the the analysis of the pr spectra, the
HERA-B experiment at DESY studied ¢-meson production
in p-C, p-Ti and p-W collisions at \/snn = 41.6 GeV [8].
HERA-B found a value oty = 0.96£0.02 in the phase space
covered by the detector, —0.7 < yems < 0.25 and 0.3 < p% <
12 (GeV/c)?. Extrapolating the measurements to zero pr,
the value for oty decreases to @y = 0.910.02 (where the
error includes the systematic uncertainty). The HERA-B re-
sults also suggest an increase of the oty parameter with pr
(also reported for the K*© and for the K** mesons), with val-
ues of oy as large as 1.1 for p% ~ 10 (GeV/c)?. A remarkable
agreement is observed between the pr-dependence of o
measured in the present analysis and the results of HERA-
B, as shown in the right-top panel of Fig. 5. The KEK-PS
E325 experiment [1] also measured the ¢ parameter for the
¢ meson, studying its e"e~ decay in p-C and p-Cu colli-
sions at \/sNnn = 5.1 GeV. In the region of 0.9 <y < 1.7 and
pr < 0.75 GeV/c they found oy = 0.937 £0.049 £0.018,

larger than the NA60 measurement in the same pr range, but
still compatible within the uncertainties. Summarising, de-
spite the different collision systems, energies and also kine-
matic regions, there is a substantial agreement between the
oy value extracted from the present analysis and the values
from previous measurements.

A comparison of the results on the o parameter can be
established with the data published by the CERES-TAPS
Collaboration [5]: good agreement is observed between the
two sets of data points, as shown in the right-bottom panel
of Fig. 5. No similar comparison is possible for the @, due
to the lack of available measurements. The only available
value for the @ meson is reported by the KEK-PS E325 Col-
laboration, already cited for the ¢ meson, which measured
0y =0.71040.0214+0.037, compatible with the value of ¢
for the total inelastic p-A cross section and somehow smaller
than our result.

7 Particle cross-section ratios in full phase space

We finally consider the nuclear dependence of the particle
cross-section ratios in full phase space, assuming the @ me-
son as the reference. The results are compiled in Table 3.

The 0, /0 ratio — shown in the left panel of Fig. 6
— appears to be flat with A. The ratio averaged over the
different targets, indicated by a horizontal line, is 6, /0e =
1.00 £0.04 (stat.) £0.04 (syst.), in agreement with the ra-
tio p/® = 0.98 + 0.08 measured in p-p collisions at /s =
27.5 GeV by the NA27 experiment [7], also shown in the
figure.
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The 6 /0, ratio is shown in the right panel of Fig. 6. The
trend of the NA60 data points points to a ~ 20 % increase
of the 0y/0 ratio from Beryllium to Uranium, as to be
expected from the difference between the pr-integrated o,
and o coefficients, see section 6.1. The oy /O ratio in p-
p collisions can be derived from the data of the NA27 [7],
NA49[11,27] and NA61/SHINE [28] experiments. The cor-
responding values are also reported in Fig. 6. Given the low
atomic number of the Be nucleus (with p-Be often histori-
cally taken as a proxy of p-p collisions) one might expect
the 6 /0, ratio to show similar values in p-Be and p-p: this
scenario is, however, not favoured by the data presented in
Fig. 6, which suggest instead a discontinuity in the evolution
of the 6 /0, ratio from pp to p-A. The origin of this be-
haviour, should it be attributed to a genuine physical mech-
anism, cannot be further investigated on the basis of the cur-
rently available data.

Special care must be taken when considering the oy /0
ratio. Indeed, since the 71 is measured in the present anal-
ysis via its Dalitz decay, and only for pt > 0.6 GeV/c of
the muon pair, an extrapolation of the 1 pr spectrum down
to zero pr was needed, to recover the M cross section in
the full phase space. This full phase space extrapolation is
based on a variety of available measurements, compiled in
the plot shown on the left side of Fig. 7 (see [5-7, 29-33]).
On these data, a fit is performed with the power-law func-
tion given by Eq. (5), providing an excellent description of
the points in the whole pr range. The o5, /0, ratio extrap-
olated to the full phase space is shown in the right panel of
Fig. 7. The systematic uncertainty from the extrapolation of
the n measurement to full phase space amounts to ~10 %,
point-to-point fully correlated. It should be remarked that
the considered extrapolation factor does not depend on the
nuclear target, and it is mainly based on measurements in el-
ementary collisions (pp, pp or p-Be). As a consequence, the
NAG60 results for the pr-integrated oy, /0 ratio are prop-
erly normalised at the p-Be point, while the trend versus A
should be ascribed to the nuclear dependence of the ratio in
the range pt > 0.6 GeV/c, where particles are measured, as
to be expected from the difference between the o, and o
coefficients in this same kinematic range, see section 6.1.

The 0y, /0 cross-section ratio was also measured by NA27
in p-p collisions at 4/s = 27.5 GeV [7], by HELIOS in p-Be
collisions at /sy = 29.1 GeV [34] and by CERES-TAPS
in p-Be and p-Au collisions at /sy = 29.1 GeV [5]. The
corresponding measurements are shown in the right panel
of Fig. 7 together with the NA60 results. The measurement
of oy /6 by the HELIOS experiment was derived from the
0y /(0p + 0) ratio measured in p-Be collisions through the
detection of both dielectrons and dimuons, exploiting the
capability to fully reconstruct the Dalitz decays. Neglecting

possible p /@ interference effects, HELIOS obtained oy, /(0 +

Op) = 0.5440.05 from the ete™ data and 0.52 +0.06 from

the ™ u~ data. These results were based on a (1 -+ cos” )
decay angle distribution to extrapolate the p and ® mea-
surements to full phase space. If HELIOS had assumed a
uniform dimuon decay angle distribution for the p and @
mesons, as done in the present analysis, the full phase space
p and o cross sections would have been ~ 20 % larger, re-
sulting in a Gy /0 ratio around 1.28 £0.12, in agreement
with the NA60 value. Finally, the CERES-TAPS oy /O mea
surements in p-Be and p-Au are based on the n — yy and
® — ©'y decay channels for pr > 0, resulting in the two
points also shown in the right panel of Fig. 7.

The comparison between the p-A results from NA60 and the
p-p point from NA27 suggests a discontinuity in the evolu-
tion of the oy, /0 ratio from p-p to p-A, similar to what
remarked for the 0y /0, ratio. The HELIOS measurement
in p-Be collisions agrees with the NA60 data, while the p-
Be measurement of CERES-TAPS looks compatible with
the p-p point from NA27. At large A, the NA60 data can-
not be directly compared to the CERES-TAPS point in p-
Au, because of the different range of pr covered by the two
measurements in evaluating the nuclear dependence of the n
cross section. The CERES-TAPS data, taken alone, are not
conclusive about the nuclear dependence of the ¢, /0 ra-
tio, because of the only two nuclear targets available and the
rather large statistical uncertainties.

8 Conclusions

In this letter we reported on a comprehensive study of low-
mass dimuon production in p-A interactions at 400 GeV,
ranging from p-Be to p-U, measured with the NA60 appa-
ratus at the CERN SPS. The analysis of the pt spectra for
the p/® and ¢ mesons has shown that the observed distri-
butions cannot be explained by a thermal-like exponential
function in the full pr range accessed, while a good de-
scription of the whole observed spectrum is provided by the
power-law parametrisation dN/dp% o< (1+ p%/ p%)fﬁ . The
nuclear dependence of the cross sections of the 1, ® and
¢ mesons has been found to be compatible with the power
law opa o< A%, with a clear rising trend of the o parameters
observed as a function of pr. The observed, approximate
hierarchy o ~ oy > oty could be attributed to the s§ com-
ponent in the quark wave function of the ¢ and n mesons,
resulting in a harder production mechanism with respect to
the @ meson. The measurement of the nuclear dependence
of the production cross section ratios points to a moderate
rising trend as a function of A of both the 6, /0 and 6 /0
— reflecting the observed difference in the ¢ parameters of
the 1, ® and ¢ mesons — while the o), /0, ratio has been
found to be almost independent of the production target, and
compatible with unity, in agreement with the available mea-
surement in p-p.



A o /0w 0p /0w Cy/00

Be 1.42+£0.08£0.17 0.94+0.10£0.09 0.086 £ 0.004 +0.003
Cu 1.514+0.07£0.16 0.91+0.08+0.07 0.083 £0.004 £0.003
In 1.89£0.094+0.21 1.17£0.10+£0.09 0.097 £0.004 £0.003
w 1.87£0.08£0.25 0.97+£0.08£0.14 0.097 £0.004 +0.003
Pb 2.344+0.12£0.20 0.95+0.02+0.11 0.108 £0.006 £ 0.003
U 2.044+0.09+£0.27 1.08+0.09+0.11 0.100+0.004 £ 0.004

Table 3 Results for the cross section ratios 6y /G, 0p /0w and G /0, as a function of the production target.
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