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Abstract

We present central-to-peripheral nuclear modification fact®g¢g, for the p7 distributions of kg A, A, and negatively

charged particles, measured at central rapidity in Pb—Pb collisions at top SPS energy. The data cover the 55% most central

fraction of the inelastic cross section. Th% KndA Rcp(pr) are similar in shape to those measureq/agN = 200 GeV at

RHIC, though they are larger in absolute value. We have comparedg)ﬁrdé data to a theoretical calculation. The prediction
overestimates the datagj ~ 3—4 GeV/c, unless sizeable parton energy loss is included in the calculation.

0 2005 Elsevier B.V. All rights reserved.
PACS: 12.38.Mh; 25.75.Ng; 25.75.Dw
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1. Introduction

The quenching of high transverse momentym)
particles in central heavy-ion collisions is one of the
main discoveries at BNL-RHIC. The effect is quanti-
fied using the nuclear modification factor:

1 d2Ng, /dpr dy "
(Ncoll)c dszp/dPT dy ,
where (Ncoi)c is the average number of nucleon—
nucleon (NN) collisions for nucleus—nucleus (AA)
collisions in a given centrality class C. The nuclear

modification factor would be equal to unity if the
AA collision were a mere superposition 8t inde-

Raa (pr) =

pendent nucleon—nucleon collisions. In central Au—Au
collisions at a c.m.s. energy per nucleon—nucleon pair

of /snn = 200 GeV, the PHENIX and STAR exper-

iments have measured a suppression by a factor 4—

with respect to unity inRaa for pr =5 GeV/e, in-
dependent of the particle specidg. A similar sup-
pression at highpr is observed also in the central-to-

peripheral nuclear modification factor

(Neot)p &N /dpr dy
(Ncoll)c dzNEA/dPT dy,

where a class P of peripheral nucleus—nucleus colli-
sions replaces the pp reference (see, ¢3j), The
measured suppression is interpreted as being due to
energy loss of the hard partons traversing the high-
density QCD medium expected to be formed in high-
energy heavy-ion collision§3]. Parton energy loss
would predominantly occur via the mechanism of
medium-induced gluon radiatida,5].

Preliminary results[6] from the RHIC run at
/5NN = 62.4 GeV show aRaa suppression by about
a factor 3, not much smaller than that observed at
J/SNN = 200 GeV. This motivates the search for par-

Rep(pr) = (2

cton energy loss effects at even lower c.m.s. energy,

i.e., in Pb—Pb collisions with/syy = 17.3 GeV at
CERN-SPS. Possible indications of such effects were
found by the WA98 Collaboratiofi], who observed

a suppression of the® Rcp. In addition, a recent®
Raa analysig8], using the WA98 Pb—Pb dafd] and
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scenario of significant energy loss.
We investigate the presence of energy loss effects
in Pb—Pb collisions at/syy = 17.3 GeV by mea-
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suring Rcp(pr) for K2, A and A particles, and for Table 1

unidentified negatively charged particlés,. The rel- Average number of participants and of NN collisions with their sys-
ative behaviour of thé?cp(pT) patterns for @ andA tematic errors, as a function of centrality

particles is also expected to be sensitive to parton co- Class (%o 5" {Npart (Ncoll)
alescence effec{9] in the hadronization dynamics. It  0.0-50% 3453+17 7792+ 26,6
has been suggested that these effects occur at RHIC10.0-200% 2147+58 4217+261
energy (see, e.gi10]). 20.0-300% 1430+ 6.6 24774215

30.0-400% 926+6.4 1405+ 16.2

In Section2 the experimental setup, the data sets 40.0-550% 4951 5.0 6381 9.8

and the analysis procedures are described. Rbe
results are presented in SectiBrand they are com-
pared in Sectiod to other experimental results at SPS 1.0[13]. The inelastic cross-section extracted from the
and RHIC energies as well as with theoretical calcula- fit [12], using an inelastic non-diffractive NN cross
tions. sectionoNN = 30 mb [15,16] is 5P = 7.26 b.
Five centrality classes are defined, wiNi, limits cor-

responding to given fractions of % FP. For each class

2. Apparatus, data setsand analysis the average values a¥part and Neo are calculated
from the Glauber model, with Pb nucleus Woods—
The NA57 apparatus, described in detail[ir], Saxon density-profile parameters as giverilif. In

was designed to study the production of strange and Table 1we present the definitions of the five centrality
multi-strange particles in fixed-target heavy-ion col- classes along with the corresponding value&\yfar)
lisions by reconstructing their weak decays into final and (Ncoy) with their systematic errors, estimated by
states containing charged particles only. Tracks are re-varying thea parameter in the ranggl.0, 1.1], the
constructed in the 30 cm-long silicon telescope: an Woods—Saxon parameters within their tabulated un-
array of pixel detector planes with a cross section of certainties and the inelastic non-diffractive NN cross
5 x 5 cn? placed inside a 1.4 T magnetic field normal section at/s ~ 17 GeV within its systematic error es-
to the beam direction. The telescope is inclined in the timated to be 1.5%15,16]2 Note, however, that the
non-bending plane by a 40 mrad angle relative to the contribution due to the uncertainty Ofmll is negligi-
beam line and it points to the target located 60 cm from ble for (Npar), while for (Neoyi) it ranges from 1.5% in
the first detector plane. The acceptance covers aboutthe most central class to 1.1% in the most peripheral,
half a unit in rapidity at central rapidity and trans- but it cancels out in the ratiVcon)p/ (Ncoll)c Used for
verse momentum larger than aboui GeV/c. For the Rcp.
Pb—Pb runs, the centrality trigger, based on charged Strange particles are reconstructed using their de-
multiplicity, was set so as to select approximately the cay channels into charged particlesg% Ttn—,
most central 60% of the inelastic collisions. A — n~p, andA — 7. The selection procedure
The results presented in this Letter are based on theis described in detail ifil8,19] The main criteria are
analysis of data collected during the 1998 (abolit2 the following: (a) the two decay tracks are compatible
108 events) and 2000 (about32x 10° events) Pb—Pb  with the hypothesis of having a common origin point;
runs with beam momentum of 128GeV/c. (b) the reconstructed secondary vertex is well sepa-
The collision centrality is determined using the rated in space from the target; (c) the reconstructed
charged particle multiplicityVe¢y in the pseudorapid-  candidate points back to the primary vertex position.
ity range 2< n < 4, sampled by the microstrip silicon  For Kg, the two decay tracks are required to miss
detectors (MSD) as described[tt?,13] Nch is related the interaction vertex by applyinga--dependent cut
to the centrality assuminjch = g x N, (@ modified on the product of their impact parameters (distances
wounded nucleon modd) 2], whereNpatis the num-
be_r of participants, i.e., nUCIec.m.s parumpatmg in the = The (Npary values given inTable 1for the most central and
primary nucleon—nucleon collisions, estimated from the most peripheral classes differ slightly from those published in

the G_laner modellL4]. The Nch diStribUtion_ is We" [13] due to a refined treatment of the trigger effect in the fit of the
described by a wounded nucleon model fit with= multiplicity distribution done for the present analysis.



20 NAS57 Collaboration / Physics Letters B 623 (2005) 17-25

"2 20000[ 05 <Py <08 GV g 1000075, <76 Gevic % F25<p,<3GeVic
z - v 8000 M 2 - ¥
= : s i : R |
o~ 15000(— o~ B B o~ L |
.3 - .$ 6000[— .8 B M
2 10000{— ] £ : | £ B 0
6 i | | © 4000 | | ® 100 | Iﬂi
5000— | 2000 } B *}i %
B C - d Hhy,
| 1 L | | I | L1 |l | | e S S O T | | L IW"“W'MW
82 0.5 0.6 82 0.5 0.6 B4 0.5 0.6
M[r'T] (GeV/c?) M| (GeV/c?) Mir'T] (GeV/ic?)
“©10000—0.5<p;<0.6GeVic| o 8ooo-1.4<p;<1.6GeVic| ‘o - 25<p;<3GeVic
> = > - > L
s E Y s £y s [
S 7500 i ~ 6000 ' N 400 *
7 B 7 C 7 : b
k3 2 C k) i
£ 5000 £ 4000 £ B 5
o C o C 9] ;
= B 200(— 1
2500 2000(— ] B d
S ELE o i,
Co o= I N SR IR N
0 1.1 1.2 0 1.1 1.2 0 1.1 12
M[pr] (GeV/c?) M[pr] (GeV/c?) M[pr] (GeVic?)

Fig. 1. Invariant mass distributions forOSK(upper row) andA (lower row) candidates in differeniz ranges. Arrows indicate the nominal
masses of the two particles and shaded areas indicate the ranges considered for the analysis. No centrality selection is applied.

of closest approach to the interaction vertex in the  Negatively charged particles;”, are selected from
bending plane). Ambiguities amonggKA andA are a sample of good-quality tracks (clusters in more than

eliminated by means of cuf48] on the Podolanski-  80% of the telescope planes, less than 30% of the clus-
Armenteros plot[20]. The final invariant mass dis- ters shared with other tracks) using an impact parame-
tributions for Kg and A candidates in differenpr ter cut to ensure they come from the interaction vertex.

ranges are shown iffig. 1L The shaded areas cor- The residual contamination of secondary tracks (decay
respond to the windows used for this analysis; the products of weakly-decaying particles) has been esti-
size of these windows is smaller at lopy, where mated to be of about 2%, independentygf, for the

the invariant mass resolution is better. The statistics most central class of events, and lower for the other
amounts to B x 10°K2, 0.7 x 106 A, and 01 x classes. The statistics amounts t& particles.

106 A. We have estimated and subtracted the com-  We calculateRcp(pr), Eq. (2), using pr distrib-
binatorial background using the event-mixing tech- utions which are unweighted, i.e., not corrected for
nigue on a subsample of events representative of thegeometrical acceptance and reconstruction/selection
full statistics[19]. The background fraction in the se- efficiency. For other analyses, in particular, for the
lected mass window is negligible for our most periph- measurement of the;-integrated strange particle
eral class (40-55%) and it increases going to more production yieldg21], we adopted a procedure, spe-
central classes, where it also increases from low to cifically developed for rarer signals liké and 2, in

high transverse momentum. In the worst case, in classwhich every selected particle was assigned a correc-
0-5%, the subtracted background fraction amounts to: tion weight, calculated on the basis of a Monte Carlo
(6 £ 2)% for Kg with pr > 2.5 GeV/c; (104 3)% simulation[19]. This correction is very time consum-
for A with pr > 2.5 GeV/c; (8 + 3)% for A with ing and, for the more abundant signals ( Kg and

pr > 2 GeVe. A), it was calculated only for a representative subsam-
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K3 0-5%/40-55% and smaller for the other ratios, has
h been added in quadrature to the ‘reconstruction’ sys-
A+A tematic error and to the systematic error due to back-
ground subtraction, which is also at most 3%.

J( { ﬁ + Fig. 3 shows ourRcp(pr) results for four dif-
t%+

1.4

°
&
A
1.2

+ + ferent ‘central’ classes (C). The error bars are ob-
+Jf RERERN tained as a quadratic sum of the statistical errors
and the py-dependent systematic erros< 7%).
The shaded bands centered Rgp=1 represent
I the pr-independent systematic error due to the un-
1 2 3 certainty in the ratio(Ncon)p/{Ncoll)c, While the
pr (GeVic) shaded bands at low; represent theRcp values
corresponding taVparrscaling, with the band indi-
Fig. 2. (Colour online.) Ratio of the average correction weights for a cating the systematic error due to the uncertainty
sample of central events (0—10%) and a sample of peripheral eventsin the ratio (N, N We first focus on the
(30-55%), as a function gf7 and of the particle species. 0—50/9/40—5é0/(‘))6:’r§t(i:(§< Ai'zalr(t))vTI})T (~ 0.5 GeV/c), the
. o h—, Kg and A patterns are compatible witlVparr
ple of the available statistics. For the present study, scaling, while theA points are clearly below. As
we have verified that these weights do not depend on or incr’eases,RCp for the K2 approaches oneRcp
the event centrality over the full transverse momentum ¢, 1o A behaves differently from that of the %
range cpvered (§<%_}éig. 2. Using unweighted spectra above pr ~ 1 GeV/ec, reaching a value of about
results in a negligible systematic error 8ap(pr) as 1.5, as does thé. For pr values below 2 Ge,
compared to the other contributions discussed in the the Rcp for negative particles is dominated by neg-
following. ative pions, and stays below the corresponding val-
ues for K. At higher pr the h~ Rcp lies between
those for kg and A; in this region there may be
3. Results significant K~ and p contributions in the sample of
. negative particles (note thgt/z~ ~ 0.8 for pr =
We use class 40-55% as the reference peripheraly GeV/c in central Au-Au collisions at,/syy =
class in the denominator akcp, see Eq.(2), and 500 Gev [22]). For less central collisions, the 2K
vary the ‘central’ class in the numerator from 0-5% Rcp exhibit a small enhancement in the range >
to 30-40%. We estimated possible residual systematic  » GeVc, while within errors theRcp for the othAér
effects by comparing th&cp results corresponding particles do not vary with respect to 0—386-55%
to the year 1998 sample and to the year 2000 sam-p o,
ple, which were also processed with different versions  "1ha difference between tha and theA at low
of the reconstruction software. We find compatible re- pr, already observed in the centrality dependence of
sults, with point-to-point differences smaller than 10% o pr-integrated yields in Pb—Pb collisiori23], is
— 0 A H ‘ H ’ ?
forh™, KsandA + A. We assign ‘reconstruction’ sys-  ,-5n6unced. On the basis of the symmetry of the ap-
tematic errors of 5% for all four species. For strange parats and of the signal extraction procedure, we are
particles, a small coptrlbutlon to the systematic er- ,nfident that the effect is not caused by an experi-
rors has been recognized as due to the procedure usegheng| pias. It may be due to a centrality-dependent
to remove fake tracks, which yield duplicated candi- 4psqrption effect oft in a nucleon-rich environment.
dates, particularly in central collisions that have higher |, ihis respect, note that at SPS energy A\ ratio
. 0 N . ’
track density’ For Kg, A ar(l)dA, the resulting error, s measured to be lower by a factor about 2 in lead—
estimated to be at most 3% at high for the ratio lead with respect to sulfur-induced collisiof2s!] and
the A yield per participant is measured to be lower by
3 For the h~ analysis, fake tracks were avoided by imposing @ factor 071+ 0.05 in p—Pl18] with respect to p—Be
tighter track-quality conditions. collisions[23].

0.8

<weight>, o, / <weight>,, o5,

o
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Fig. 3. (Colour online.) Centrality dependenceRép(pr) for h—, Kg, A and A in Pb—Pb collisions af/syN = 17.3 GeV. Shaded bands
centered aRcp = 1 represent the systematic error due to the uncertainty in the ratio of the val(ig@f in each class; shaded bands at low
pr represent the values expected for scaling with the number of participants, together with their systematic error.

4. Comparisonsand discussion

In Fig. 4 we compare our results tRcp measure-
ments at the SPS and at RHIC. In the left-hand panel,
the WA9870 data[7] for the ratio 1-6%22—43% in
Pb—Pb collisions a{/snn = 17.3 GeV are plotted to-
gether with the NA57:~ and Kg data for the same
centrality classe$.Using these classes, the‘S’Kch
is approximately constant at 0.9 fer; > 1 GeV/c
and is significantly larger than that measured by the
WA98 Collaboration forr® (Rcp ~ 0.6), even when
taking into account the normalization systematic er-
rors, independent for the two experiments. Thie
data from NA57 are compatible, within the system-

4 In the WA98 publicatior{7], the centrality classes are defined
using percentiles of the measured minimum bias cross section,
GVF\)/RZ)FE’%bm.b. ~ 6.3 b. Here, we rename the classes in terms of per-
centiles of the inelastic cross sectioxi{;grpb. The values used by
the two experiments for the inelastic cross section are very similar:
7.26 b for NA57 and 7.41 b for WA98.

atic errors, with ther® data from WA98 forpr <

1.5 GeV/c, where theh™ sample is expected to be
dominated byr~. For higherpr, h~ have a larger
Rcp thanz9; this may be due to increasing contribu-
tions from K~ and p in the A~ sample. At top RHIC
energy,./snn = 200 GeV, the kaoRcp (as measured
by PHENIX [25] and STAR[2]) is larger than that
of neutral pions (PHENIX25]) for pr < 2 GeV/c,
while they are similar for higher transverse momenta.
The observed difference iRcp between kaons and pi-
ons at SPS energy, and at RHIC energy for jow is
reminiscent of the ‘Cronin enhancement’ abavigy-
scaling originally observed for 3 pr < 6 GeV/c in
proton—nucleus (pA) collisions gfsnn values up to
38.8 GeV][26]. This enhancement, commonly inter-
preted as due to initial-state multiple scattering (par-
tonic intrinsic transverse momentum broadening), was
in fact found to increase according to the hierarchy
pions—kaons—protor{26]. At RHIC energy, owing to
the hardening of they distributions, the effect would
be reduced compared to lower energies, as confirmed
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Fig. 4. (Colour online.) LeftRcp(p7) for h~ and Kg from NA57 andr© from WA98 [7] in Pb—Pb collisions at/syN = 17.3 GeV. Right:

Rcp(pr) for Kg andA in Pb—Pb at /syn = 17.3 GeV (NA57) and in Au-Au at/syn = 200 GeV (STAR)2]; slightly different peripheral
classes are employed for the comparison. The bars cente®gpat 1 represent the normalization errors; the point-by-point bars are the

guadratic sum of statistical and systematic errors.

by preliminary results on the particle-species depen-
dence of the d—Au (similar to proton—nucleug)p at
/5NN = 200 GeV[27].

The comparison for gandA at SPS and RHIC
(STAR data for Au-Au at,/sny = 200 GeV[2]) is
presented in the right-hand panelffy. 4. In the pr
range covered by our data, up to 4 GeVtherela-
tive pattern for I@ and A is similar at the two ener-

In Fig. 5 we compare our gdata to predic-
tions provided by X.N. Wand29], obtained from a
perturbative-QCD-based calculati¢h 30], including
(thick line) or excluding (thin line) in-medium par-
ton energy loss. The initial gluonic rapidity density
of the medium, &/y/dy, was scaled down from that
needed to describe RHIC data, according to the de-
crease by about a factor 2 in the charged multiplicity

gies, while absolute values are higher at SPS than atper unit of rapidity from RHIC to SPS energy. For
RHIC, where parton energy loss is believed to have a the 0-5%40-55% Rcp, the curve without energy

strong effect. Part of the difference between e

values at the two energies may be due to different nu-

clear modification of the parton distribution functions
(PDFs). In fact, in thergjorken range relevant for par-
ton production at a givepy at the SPS, e.gx, ~ 0.3

for pr ~ 3 GeV/c, nuclear PDFs are expected to be
enhanced by about 10-20% (anti-shadowing), while
almost no effect is expected for the smaller values,
x =~ 0.03, relevant for the samgy values at RHIC
energy (see, e.g[28]). At RHIC, the largerRcp for

A with respect to kaon§2] or, more generally, for
baryons with respect to mesof#5], in the interme-
diate pr range, 2-4 GeYc, has been interpreted as
due to parton coalescend®,10] in a high-density
medium with partonic degrees of freedom. Our data
show that a similarA—K pattern is present also at
J/SNN = 17.3 GeV. We note that such a pattern may
also be explained in terms of larger Cronin effect for
A with respect to kaons.

loss shows a large enhancement, increasing with

In the calculation this enhancement arises principally
from initial-state partonic intrinsic transverse momen-
tum broadening, which is assumed to be proportional
to the number of scatterings that the two colliding
partons suffer inside the nuclei before the hard scat-
tering, and thus larger for central than for peripheral
collisions [30]. The magnitude of the broadening is
tuned on the basis of the original Cronin effect data
[26]. A ‘Cronin-like’ enhancement is observed in the
d—-Au central-to-peripheral nuclear modification fac-
tor for charged kaons at RHIC enerfg7], while it

is not present in our nucleus—nucleu% Kata. The
curve that includes energy loss, scaled down from
RHIC as explained above, describes the data better.
Moving to less central collisions the predictions with
and without energy loss get closer to one another, and
both are compatible with the data. As a cross-check,
we compare thekRcp value predicted by X.N. Wang
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Fig. 5. (Colour onIine.)RCp(;_)T? for Kg in Pb—Pb collisions af/syn = 17.3 GeV, compared to predictiofi29,31]with and without the effect
of parton energy loss (details in the text).

with energy loss to the prediction of an independent to that observed in Au—Au collisions at top RHIC en-
model of parton energy loss, the parton quenching ergy, although th&kcp values are found to be larger
model (PQM), based on the BDMPS formaligh], at SPS. At RHIC, this pattern has been interpreted
that describes several energy-loss-related observablesn the framework of models that combine parton en-
at RHIC energieg31]. Since the PQM model does ergy loss with hadronization via coalescence, at in-
not include initial-state effects, the predict®dp was termediatepr, and via fragmentation, at higherr.
rescaled using the Wang baseline without energy loss The measured g(O—S%/40—55%ch is not repro-
(thin line). The PQM result has an uncertainty due duced by a theoretical calculation that includes only
to the fact that the medium-induced energy loss be- initial-state nuclear effects. The data can be better

comes of the order of the initial parton enef@i]; described by including final-state parton energy loss
since this uncertainty is larger for low-energy partons, as predicted for SPS energy on the basis of RHIC
the calculation result is meaningful fpr = 4 GeV/c data.

only. The PQM result, shown iRig. 5by the hatched

areas, agrees with the Wang calculation with energy

loss (thick line). The two models predict a similar en-  Acknowledgements
ergy loss effect at SPS energy, i.e., a reduction of the

0-5%/40-55%Rcp (for pr 2 4 GeV/c) by about a We thank V. Greco, X.N. Wang and U.A. Wiede-
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