PROCEEDINGS

OF SCIENCE

Event-by-event transverse momentum fluctuations
in nuclear collisions at CERN SPS.

Katarzyna Grebieszkow *for the NA49 Collaboration

Warsaw University of Technology
E-mail: kperl @ f . pw. edu. pl|

The NA49 Collaboration:

C. Al, T. Antici¢®, B. Baataf,D. Barnd', J. Bartké, L. Betev’, H. Biatkowska&’, C. Blumé,
B. Boimskad®, M. Botje", J. Bracinik, R. Bramm, P. Bun&ié®, V. Cerny, P. Christakoglog,
P. Chung?®, O. Chvald*, J.G. Cramet®, P. Csatd, P. Dinkelake?, V. Eckardt?, D. Flierl®,

Z. Fodof, P. Fokd, V. Fries€, J. GaF, M. Gazdzick!?, V. Genchel?, G. Georgopoulds

E. Gladys?, K. Grebieszko?#, S. Hegyt, C. Hohné, K. Kadija?3, A. Karev3, D. Kikola??,
M. Klieman®, S. Knieg&, V.. Kolesniko®, E. Korna$, R. Korus!, M. Kowalsk?, I. Kraus’,
M. Kreps, A. Laszld, R. Lacey®, M. van Leeuweh P. Lévaf, L. Litov!’, B. Lungwit?,

M. MakarieV’, A.l. Malakho¥, M. Mateev’, G.L. Melkumo¥, A. Mischké, M. Mitrovsk?,

J. Molnar*, St. Mrowczynskt, V. Nicolic?®, G. Palld*, A.D. Panagiotod, D. Panayotol’,

A. Petridi€ ™, W. Pery#2, M. Pikn&, J. Plut&2, D. Prindlet®, F. Piihlhofet?, R. Renfordt,

C. Roland, G. Roland, M. Rybczynskt, A. Rybick, A. Sandovdl, N. Schmit%, T. Schusté,
P. Seybotk®, F. Sikléf, B. Sita?, E. Skrzypczak, M. Slodkowsk?, G. Stefanek, R. Stock,
C. Strabel, H. Strébel&, T. Sus&?, I. Szentpétefy J. Sziklat, M. Szub&?, P. Szymanski20,
V. Trubniko¥®, D. Vargd"10, M. Vassiliod, G.I. Vere4®, G. Vesztergombj D. Vrani¢,

A. Wetzle?, Z. Wiodarczyk, A. Wojtasze¥, 1.K. Yod®, J. Zimanyt'

(© Copyright owned by the author(s) under the terms of the Cre&iymmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:kperl@if.pw.edu.pl

PROCEEDINGS

OF SCIENCE

INIKHEF, Amsterdam, Netherlands.

2Department of Physics, University of Athens, Athens, Greec

3Comenius University, Bratislava, Slovakia.

4KFKI Research Institute for Particle and Nuclear PhysicsgdBpest, Hungary.
SMIT, Cambridge, USA.

8Henryk Niewodniczanski Institute of Nuclear Physics,dPoficademy of Sciences, Cracow,
Poland.

’Gesellschaft fiir Schwerionenforschung (GSI), Darms@dtmany.

8Joint Institute for Nuclear Research, Dubna, Russia.

9Fachbereich Physik der Universitat, Frankfurt, Germany.

10CERN, Geneva, Switzerland.

Winstitute of Physic&wietokrzyska Academy, Kielce, Poland.

2Fachbereich Physik der Universitat, Marburg, Germany.

BMax-Planck-Institut fiir Physik, Munich, Germany.

14Charles University, Faculty of Mathematics and Physicstitate of Particle and Nuclear
Physics, Prague, Czech Republic.

15pepartment of Physics, Pusan National University, PusamuRlic of Korea.
16Nuclear Physics Laboratory, University of Washington,tSeaWVA, USA.
17Atomic Physics Department, Sofia University St. Klimenti@#i, Sofia, Bulgaria.
18Institute for Nuclear Research and Nuclear Energy, Sofidgaia.

19Department of Chemistry, Stony Brook Univ. (SUNYSB), Somyk, USA.
2OInstitute for Nuclear Studies, Warsaw, Poland.

2lnstitute for Experimental Physics, University of Wars#arsaw, Poland.
22Faculty of Physics, Warsaw University of Technology, War$land.

23Rudjer Boskovic Institute, Zagreb, Croatia.

Tdeceased

The latest NA49 results on event-by-event transverse mamefuctuations are presented for
central Pb+Pb interactions over the whole SPS energy ra2@fe-(158A GeV). Two different
methods are applied: evaluating tig, fluctuation measure and studying two-particle trans-
verse momentum correlations. The obtained results are amdgo predictions of the UrQMD
model. The results on the energy dependence are comparéé 8449 data on the system
size dependence. The NA61 (SHINE, NA49-future) strateggeaafrching of the QCD critical
end-point is also discussed.

Critical Point and Onset of Deconfinement 4th Internatiovdrkshop
July 9-13 2007
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1. Motivation

One of the most important reasons to investigate ultra-relativistic heavy idisiaas is to
produce and understand the properties of quark-gluon plasma (Q&8tate of matter, with sub-
hadronic degrees of freedom, that is expected to appear when thensgssafficiently hot and
dense. The theoretical predictions within the Statistical Model of the EarlyeStaggested that
the energy threshold for deconfinement is localized between AGS an®®p$ergied]1]. Indeed,
the latest NA49 resultg][2] on dependencies of various quantities on Hisicoenergy seem to
confirm that the onset of deconfinement sets in at lower SPS energies.

The phase diagram of strongly interacting matter is commonly presentedTasug plot,
whereT is the temperature angk is a baryochemical potential. For large valuegigfone expects
a first order phase transition between hadron gas and QGP, which teemina critical point, and
for smaller values ofig turns into a so-called crossover. According to the recent lattice QCD cal-
culations, the end-point of the first-order phase transition is a criticat pbthe second-order and
should be located at a baryochemical potential characteristic of the CEfSNeSergy rang€][3].

Dynamical (non-statistical) fluctuations are very important observableseirstiidy of the
phase diagram. In this proceedings article, transverse momentum dyn#octations obtained
on the basis of event-by-event methods will be presentedocus will be put on the energy
dependence ofpr fluctuations over the whole SPS energy range The two most important
reasons of studying the energy dependence of event-by-pydhictuations are:

1. When the studied data sample consists of dynamically very similar eventd;Brevent
fluctuations are expected to be small. In contrast, when different clabsesnts are present,
the fluctuations from one event to another are obviously much higheioQgclasses of
events may exhibit different global characteristics). The latter situation ie probable for
energies close to the phase transition region because QGP may be créatedadraction
of the volume of strongly interacting matter and this fraction can vary fronmteteeevent.
Therefore, the energy dependence of event-by-eperiluctuations might exhibit enlarged
fluctuations at lower SPS energies, where the onset of deconfinenobaby occurs[[1]]2].

2. Significant transverse momentum and multiplicity fluctuations were predictegpear for
systems that hadronize and freeze-out near the second-order €@i@i€aend-point [4]. The
phase diagram can be scanned by varying both the energy and tha syzteand therefore
a non-monotonic dependencemf andN fluctuations on control parameters such as energy
or centrality (ion size) may provide evidence for the QCD critical point.

2. Measures of transverse momentum fluctuations

There are several methods that can be used to deteprifiectuations on event-by-event ba-
sis. In the NA49 experiment th@p, fluctuation/correlatiort measure, proposed iff [5], is studied

1Several effects may lead to non-zero valuedgf,. Among them are those which occur on an event-by-event
basis (event-by-event fluctuations of the inverse slope parametsterme of different event classes i.e. 'plasma’ and
'normal’ events), but also inter-particle correlations due to Bose-Eimstatistics, Coulomb effects, resonance decays,
flow, jet production etc.
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(for a complete definition o, see [b] and the publication of NA4D] [6]%,, quantifies a differ-
ence between event-by-event fluctuations of transverse momentum iardhthe corresponding
fluctuations in 'mixed’ events. There are two important properties ofithemeasure. When the
system consists of independently emitted particles (no inter-particle corredpdp, assumes a
value of zero. On the other hand, if A+A collisions can be treated as ahénent superposition
of independent N+N interactions (superposition model), #¥tgn has a constant value, the same
for A+A and N+N interactions.

Although @, measures the magnitude of fluctuations it does not provide information on the
source of underlying correlations. Therefore a more differential nteteoggested in]7]) is also
applied and two-particle correlation plotg;,X2), using the cumulanpr variablex, are prepared
(technical details can be found ifj [6]). Those two-dimensional plotsimifermly populated when
no inter-particle correlations are present in the system and a possiblgnifonm structure signals
the presence of dynamical fluctuations (for example, Bose-Einsteielations lead to a ridge
along the diagonal of théx;,x2) plot, which starts af0,0) and ends af1,1), whereas event-by-
event temperature fluctuations produce a saddle shaped stri¢tfe [7, 6

3. NA49, data selection and analysis

The NA49 fixed target experiment is a large hadron spectrometer at tREIGEPS. The main
devices of the detector are four large volume Time Projection ChamberssjTPRe Vertex TPCs
(VTPC-1 and VTPC-2) are located in the magnetic field of two super-actimdudipole magnets.
Two other TPCs (MTPC-L and MTPC-R) are positioned downstream afidignets symmetrically
to the beam line. The NA49 TPCs allow precise measurements of particle momevith a
resolution ofo(p)/p? = (0.3—7)-10~* (GeV/c) L. Precise measurement of specific energy loss
(dE/dX) in the region of relativistic rise is possible in the TPCs, howedEy,dxinformation is not
used in this analysis. The centrality of the nuclear collisions is selected yf udermation from
a downstream calorimeter (VCAL), which measures the energy of thegpitejepectator nucleons.
Details of the NA49 detector set-up and performance of the tracking seftava described ifiJ9].

The data used for the analysis consists of samples of Pb+Pb collision&,88@) 40A, 80A
and 15& GeV energy (/syn = 6.27, 7.62, 8.73, 12.3 and 17.3 GeV, respectively). The fraction
of the total inelastic cross section of nucleus+nucleus collisionoi;) was set to 7.2%. The
fluctuation analysis presented in these proceedings is performed byf afiecbarged particles,
registered by the NA49 detector at forward rapidity. Additionally, the ltesare prepared for
negatively and positively charged particles, separately. In the an#éigsks with 0005< pt < 1.5
GeV/c are used. For all five energies the forward rapidity region is tlexs 11 < y;, < 2.6, where
y; is the particle rapidity calculated in the center-of-mass reference systetheAsack-by-track
identification is not always possible in the experiment, the rapidities are cedduidasuming pion
mass for all particles.

Fig. [3 presents examples of azimuthal angle versuge, pr) acceptance for all charged
particles? at 20 < yi, < 2.2. The regions of complete azimuthal acceptararemorfor all energies

are denoted by black solid lines and described by an analytical fornpylap) = % — B, where

2|n the NA49 detector positively charged particles are concentratedidrps: 0°, whereas negatively charged ones
close top = +18( (standard configuration of the magnetic field). Therefore in the plot, athiah angle of negatively
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__20AGeV _ __30AGeV 40A GeV 80A GeV 158A GeV

ol
Figure 1: NA49 (¢, pr) acceptance of all charged particles fod 2 y;, < 2.2. Additional cut oryy, (see the
text) not included. The solid lines represent the anall/peaametrization of the common acceptance.

| vy 1.012][12-14]14-16] 1.6-1.8| 1.8-2.0] 2.0-2.2] 2.2-2.4] 2.4-2.6]
A[9eeCeV) | 600 | 700 | 1000 | 2600 | 3000 | 2500 | 1800 | 1000
B[S 0.2 0.2 0.2 0.5 0.4 0.3 0.3 0.1

C
Table 1: The parametrization of the NA4@— pr acceptance common for all five energies.
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Figure 2: (y*, pr) plots of all accepted particles assuming pion (left), kéorddle) and proton (right) mass.
Additional cut onyj, (see the text) is not included. Top, middle and bottom paceisespond to 24, 30A
and 8\ GeV data, respectively. Black lines represent beam rapgdif; ..) in the center-of-mass reference
system.

the parameterd andB depend on the rapidity range as given in Tdble 1. Only particles within the
analytical curves are used in the analysis.

Fig. @ presentsy(, pr) plots of all charged particles accepted in the analysis (additional cut
onyy, - see below - not included in the plots). It can be seen that at loweriesdtge NA49 TPC
acceptance extends to the projectile spectator domain. This domain waseekbludn additional
CUtYp < Ypeam— 0.5 (se€ below).

The methods of determining statistical and systematic errors can be foufjld Byfematic
errors have been determined froin,, stability for different event and track selection criteria.

charged particles is reflected: namely for particles with 0° the azimuthal angle is changed as follogrs: ¢+ 36,
and finallyg = ¢ — 18CP.
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Figure 3: NA49 results without additional cuf, < Ygeam— 0.5. ®p; versus energy (left) and two-particle
correlation plots(xy, x) using the cumulanpy variablex for 20A GeV interactions for pairs of negatively
charged particles (middle) and positively charged ongyi

The influence of random losses of particles (reconstruction ineffigigérack cuts) o, values
has been checked and found to be very small in the studied kinematic reffieninfluence of
the limited two-track resolution (TTR) of the NA49 detector has been deterntngle basis of
'mixed’ events and Geant simulations (details of the procedure can bd foyf]). In the studied
kinematic and acceptance region the values of those corrections arghet than 4 MeV/c (for
top SPS energy) and those additive corrections have been applied/tsPra values.

The preliminary analysis of the energy dependengerdfuctuations showed a strong increase
of @, for positively chargedparticles at lower SPS energies (Fig. 3 (left)). Also two-particle
correlation plots for the lowest SPS energy, exhibited an additional sgpeak at higtx) beyond
Bose-Einstein and Coulomb correlations on the diagonal, but for positivelsged particles only
(Fig. B (right)). The UrQMD model qualitatively confirmed the structuresesied in Fig[]3 (left).
Moreover, both the UrQMD model and the NA49 data (i 4) veth/dx identification agree
that onlyprotonsare responsible for the observed effect, wheregsfor newly produced particles
such as kaons, pions, anti-protons is consistent with zero. Finally, ifouasl that this surprising
effect can be explained by event-by-event impact parameter fluctgatiomore precisely by a
correlation between the number of protons in the forward hemisphere antuthber of protons
in the production region. One can eliminate this trivial source of correlagtther by centrality
restriction (Fig[Jp) or by rejection of the beam spectator region (fig.réhe analysis of the NA49
data the rejection method is employed by applying a cugpat each energy, i.e. the rapidiyy
calculated with the proton mass is required to be lower tjan,— 0.5, wherey; . ,is the beam
rapidity in the center-of-mass reference system.

4. Results and discussion, comparison to the UrQMD model

The fluctuation measur®,,, as a function of energy, is shown in Fig] 7. Three panels
represent all charged, negatively charged and positively chargditles, respectively. Points
correspond to data (with statistical and systematic errors) and lines to fiwadiof the UrQMD
model [1D[I}1] with the same centrality, kinematic and acceptance restriciomsree data. For all
three charge combinations no significant energy dependence ®f,theeasure can be observed,
both for data and for the UrQMD events. Moreov@y,, values are consistent with the hypothesis
of independent particle production (close to zero). The energy diepee of theb,. measure
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Figure 4. @, as a function of energy calculated foot identified particles without two-track resolution
corrections (open points) and with two-track resolutiorrections (full points) compared to identified pions
(solid curves) and (anti-)protons (dashed curves). Redaoitidentified particleslo notinclude two-track
resolution corrections. Additional cuts dic/dxvalues and the total momentump¥ 3 GeV/c) were applied
for proton and pion identification. The panels represeitla@rged, negatively charged, positively charged

particles, respectively.
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Figure 5: @, for the most central 28 GeV Pb+Pb interactions as a function of the fraction of thalto
inelastic cross section of nucleus+nucleus collisiansctot). Points represent NA49 data with kinematic
and acceptance cuts as described above (wityjpctit). Black lines correspond to the UrQMD model with
the acceptance restrictions the same as for data. Dataspari@not corrected for the limited two-track
resolution. The panels represent: all charged, negataledyged, positively charged particles, respectively.
Note: the values and their errors are correlated.

does not show any anomalies which might appear when approaching dse pbundary or the
critical point.

Two-particle correlation plots (for all charged particles) of the cumulansivarse momentum
variablex are presented in Fiil 8 for 2030A, 40A, 80A and 158\ GeV central Pb+Pb collisions.
The plots are not uniformly populated but the same structure can be elddenall SPS energies.
The enhancement of the point density in the region close to the diagonaibsiteiti to short range
(Bose-Einstein and Coulomb) correlations.

It was suggested irf][4] that fluctuations due to the critical QCD point shozlidominated
by fluctuations of pions with low transverse momenta (approximately below 50@/é). Fig.[9
shows the dependence @f, on energy for several choices of an upjercut. One can see that
no significant energy dependence of thg, measure can be observed, also when low transverse
momenta are selected. There are no anomalies exhibited and the medgyurealues are not
significantly increased as it might be expected when the freeze-out pédess in the vicinity of
the critical point. It should be pointed out that the predicted fluctuationsatritical point should
resultin®,, ~ 20 MeV/c, but the effect of limited acceptance of NA49 (forward rapidigguces

them to®,, ~ 10 MeV/c [4].
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Figure 6: ®; as a function of an uppef, cut, obtained for 28 GeV interactions. Points represent NA49
data with kinematic and acceptance cuts as described abatf®(t y;, cut). Black lines correspond to
the UrQMD model with the acceptance restrictions the sanferagata. Data points aneot corrected for
the limited two-track resolution. The panels represenitcladrged, negatively charged, positively charged
particles, respectively. For 20GeV interactionsy,,=1.88. Note: the values and their errors are correlated.
The dashed lines indicate tlyg cuts used in the analysis of 2GeV data.
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Figure 7: @, as a function of energy for the 7.2% most central Pb+Pb intinas for all charged particles

(left) and for negatively charged (middle) and positivehamed ones (right). Data points are corrected for
the limited two-track resolution. Points are shown withtistical and systematic errors. NA49 results are

compared to the UrQMD predictions (lines) with the acceptarestrictions.
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Figure 8: Two-particle correlation plotéx;, x) using the cumulanpy variablex. The bin contents are nor-
malized by dividing with the average number of entries per Bilots are for all charged particles produced

in central Pb+Pb collisions at 20- 158A GeV.
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Figure 9: @, as a function of energy for the 7.2% most central Pb+Pb iotenas. Results with additional
cuts pr < 750 MeV/c (left), pr < 500 MeV/c (middle) andotr < 250 MeV/c (right). Data points are
corrected for the limited two-track resolution. Errors atatistical only.
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Figure 10: ®y,; as a function of energy measured for all charged particlédA¥9 and CERES experiments.
The NA49 points are obtained for the forward rapidity regiora limited azimuthal angle acceptance; the
CERES datam2] are calculated for the mid-rapidity regiathim a complete azimuthal acceptance.

5. Comparison with other experiments

Event-by-event transverse momentum fluctuations have been studietthdryexperiments
both at SPS and at RHIC energies. Fig] 10 shows the comparison of BAdTERES([12]
results on the energy dependence of ¢hg measure. One can observe only very weak (if any)
energy dependence df,. over the whole SPS energy range. It should be however stressed that
quantitative comparison @b, values in NA49 and CERES is obscured by different acceptances
of both experiments (NA49 - forward rapidity and limited azimuthal angle, CEREid-rapidity
and complete azimuthal acceptance).

Although the®,, measure seems to be close to zero at SPS energies, the latest[STAR [13]
results show strong increase®f, from top SPS to RHIC energies (up to 50 MeV/c at top RHIC
energy). This effect, however, can be related to increased contnibfroon (mini-)jet produc-
tion. A non-monotonic behavior gt fluctuations with collision energy (the probable effect of
approaching the phase boundary or indication of the hadronizatiorthrearitical point) have not

been observed neither at SPS nor at RHIC energy.
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Figure 11: Left: Hypothetical positions of the chemical freeze-outnp® in the NA61 calculated using
parametrization in|EI8]. Predictions for Inln, SS, CC, pmf(h bottom to top) and for 158A, 80A, 40A,
30A, 20A, 10A GeV (from left to right). Open squares correspado existing NA49 data. Position of the
critical point (E) taken from |D3]. Right: Outline of the ddal point search strategy in NA49 and NA61
experiments. The scaled variarme{@] represents multiplicity fluctuations.

6. Looking for the critical point in the NA61 experiment

The latest NA49 results on the energy dependengerdiuctuations in central Pb+Pb colli-
sions seem to leave no place for anomalies suggestive of an approaetptade boundary and for
effects of the critical point. However, the NA49 experiment measuredfi&gnt non-monotonic
evolution of ®,, with the system size at top SPS enerfly [6]. This tendency was also cotfirme
by the CERES experimerit [[14]. Moreover, an increase of multiplicity fluioa for peripheral
Pb+Pb interactions (when compared to p+p and central Pb+Pb collisiassneasured by NA49
[L3]. Both observationd might be the first indication of the critical point.

The above results provided powerful arguments for a new experim&EBN SPS - NA61
(SHINE), which is an already approved successor of the NA4B[[TB, The NA61 experiment
plans to study collisions of light and intermediate mass nuclei in order to cdweiaa range of the
phase diagram (Fid. JL1 (left)). Fi§.]11 (right) shows schematically criicait search strategy.
Critical point can lead to an increase Mfand pr fluctuations provided the freeze-out takes place
in its vicinity (AT ~ 10 MeV,Aug ~ 50 MeV [19]) and therefore the results from NA49 and NA61
may show a 'hill’ of fluctuations over the smoothly varying background.

Fig.|12 presents the current status of the NA49 analysis, where thersgizie dependence at
the top SPS energy is shown, as well as the energy dependence fordheemioal interactions over
the whole SPS energy range. The analysis of the system size deperd® GeV is currently
in progress. In Fig[ 13 the UrQMD predictions for the NA61 data are shohe computation
has been prepared for negatively charged particles at forwaiditiep. The right panel of Fid. 13
demonstrates simplified expectations for the presence of the critical end-po

The latest promising results from SPS experiments motivated also RHIC teadecenergies
down to the valueg/Sun = 5-15 GeV [20]. Suitably to the RHIC project the JINR and GSI labo-
ratories intend to increase their energies that would allow for a formatiorstbagly interacting
mixed quark-hadron phasg [41] 22]. The full review of heavy-iailitées, of course, should men-
tion the LHC machine which will provide heavy-ion interactions at nearly datfyee region i.e.
at very low g values. The future results, together with the existing data, would allow ta eove

3Simultaneous observation of fluctuationsga and multiplicity with a maximum at similafNy) (mean number
of wounded nucleons) as predicted for the critical point.
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Figure 12: @, as a function of energy and number of wounded nucleons fahaliged (left), negatively
charged (middle) and positively charged (right) particEEgors are not shown. Note: different color scales;
different azimuthal angle acceptance for the energy scdriarthe system size dependence atA&®V.

@, [MeVic] (neg.)
N

@, [MeV/c] (neg.)
N

wpr [MeV/c] (neg.)

Figure 13: @, as a function of energy and atomic number (A) for forward détyinegatively charged
particles obtained from the UrQMD model. Statistical esrgnot shown) are on the level of 0.5 - 1.0
MeV/c. Left: Calculations for common (for all energies anygtems), limited azimuthal angle acceptance
(the same as described in this paper). Middle: Calculatiatisno azimuthal angle restrictions. Right: the
samedy,; values as in the left panel, but value for 80A GeV S+S intépastis artificially increased by 10
MeV/c - a magnitude predicted by theorists for the NA49 ataepe (forward rapidity)|]4].

broad range in theT{, ug) plane and may help to confirm, discover or rule out the existence of the
critical point in the SPS domain.
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