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The latest NA49 results on event-by-event transverse momentum uctuations are presented for

central Pb+Pb interactions over the whole SPS energy range (20A - 158A GeV). Two different
methods are applied: evaluating the @, uctuation measure and studying two-particle trans-

verse momentum correlations. The obtained results are compared to predictions of the UrQMD
model. The results on the energy dependence are compared to the NA49 data on the system
size dependence. The NA61 (SHINE, NA49-future) strategy of searching of the QCD critical
end-point is also discussed.
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1. Motivation

One of the most important reasons to investigate ultra-relativistic heavy ion collisions is to
produce and understand the properties of quark-gluon plasma (QGP) - a state of matter, with sub-
hadronic degrees of freedom, that is expected to appear when the system is suf ciently hot and
dense. The theoretical predictions within the Statistical Model of the Early Stage suggested that
the energy threshold for decon nement islocalized between AGSand top S PS energies|[l]. Indeed,
the latest NA49 results [B] on dependencies of various quantities on the collision energy seem to
con rm that the onset of decon nement setsin at lower SPS energies.

The phase diagram of strongly interacting matter is commonly presented as a (T; ug) plot,
where T isthe temperature and pg is abaryochemical potential. For large values of g one expects
a rst order phase transition between hadron gas and QGP, which termina tesin a critica point, and
for smaller values of g turnsinto a so-called crossover. According to the recent lattice QCD cal-
culations, the end-point of the rst-order phase transition isacritical poin t of the second-order and
should be located at a baryochemical potential characteristic of the CERN SPS energy range [[].

Dynamical (non-statistical) uctuations are very important observables in th e study of the
phase diagram. In this proceedings article, transverse momentum dynamical uctuations obtained
on the basis of event-by-event methods will be presented. A focus will be put on the energy
dependence of pr uctuations over the whole SPS energy range. The two most important
reasons of studying the energy dependence of event-by-event pt uctuations are:

1. When the studied data sample consists of dynamically very similar events, event-by-event
uctuations are expected to be small. In contrast, when different classes of eventsare present,
the uctuations from one event to another are obviously much higher (var ious classes of
events may exhibit different global characteristics). The latter situation is more probable for
energies close to the phase transition region because QGP may be created only in afraction
of the volume of strongly interacting matter and this fraction can vary from event to event.
Therefore, the energy dependence of event-by-event pr uctuations might exhibit enlarged
uctuations at lower SPS energies, where the onset of decon nement p robably occurs [l P .

2. Signi cant transverse momentum and multiplicity uctuations were predicted to  appear for
systems that hadronize and freeze-out near the second-order critical QCD end-point []. The
phase diagram can be scanned by varying both the energy and the system size and therefore
a non-monotonic dependence of pr and N uctuations on control parameters such as energy
or centrality (ion size) may provide evidence for the QCD critical point.

2. Measures of transver se momentum uctuations

There are several methods that can be used to determine pt uctuations on event-by-event ba
sis. Inthe NA49 experiment the ®p,,.  uctuation/correlation 1 measure, proposed in [Hl, is studied

1Severd effects may lead to non-zero value of ®p.. Among them are those which occur on an event-by-event
basis (event-by-event uctuations of the inverse slope parameter, ex istence of different event classesi.e. 'plasma and
"normal’ events), but also inter-particle correlations due to Bose-Einstein statistics, Coulomb effects, resonance decays,
ow, jet production etc.
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(for acomplete de nition of ®,. see [B] and the publication of NA49 [[]). @p, quanti es adiffer-
ence between event-by-event uctuations of transverse momentum in data and the corresponding
uctuations in *mixed’ events. There are two important properties of the ®,. measure. When the
system consists of independently emitted particles (no inter-particle correlations) @, assumes a
value of zero. On the other hand, if A+A collisions can be treated as an incoherent superposition
of independent N+N interactions (superposition model), then @, has a constant value, the same
for A+A and N+N interactions.

Although @, measures the magnitude of uctuations it does not provide information on the
source of underlying correlations. Therefore a more differential method (suggested in [[q]) is also
applied and two-particle correlation plots (X1;X2), using the cumulant py variable x, are prepared
(technical details can be found in [f]). Those two-dimensional plots are uniformly populated when
no inter-particle correlations are present in the system and a possible non-uniform structure signals
the presence of dynamica uctuations (for example, Bose-Einstein corr elations lead to a ridge
aong the diagonal of the (x1;%2) plot, which starts at (0;0) and ends at (1;1), whereas event-by-
event temperature uctuations produce a saddle shaped structure [T]4]]).

3. NA49, data selection and analysis

The NA49 xed target experiment is alarge hadron spectrometer at the CE RN SPS. The main
devices of the detector are four large volume Time Projection Chambers (TPCs). The Vertex TPCs
(VTPC-1 and VTPC-2) are located in the magnetic eld of two super-condu cting dipole magnets.
Two other TPCs(MTPC-L and MTPC-R) are positioned downstream of the magnets symmetrically
to the beam line. The NA49 TPCs allow precise measurements of particle momenta p with a
resolution of o(p)=p? = (0:3 7) 10 4 (GeV/c) 1. Precise measurement of speci ¢ energy loss
(dE=dX) intheregion of relativistic riseis possiblein the TPCs, however, dE=dx information is not
used inthisanalysis. The centrality of the nuclear collisionsis selected by use of information from
adownstream calorimeter (V CAL), which measuresthe energy of the projectile spectator nucleons.
Details of the NA49 detector set-up and performance of the tracking software are described in [H].

The data used for the analysis consists of samples of Pb+Pb collisions at 20A, 30A, 40A, 80A

and 158A GeV energy (pﬁ =6.27, 7.62, 8.73, 12.3 and 17.3 GeV, respectively). The fraction
of the total inelastic cross section of nucleustnucleus collisions (0=0q) Was set to 7.2%. The
uctuation analysis presented in these proceedings is performed by use o f al charged particles,
registered by the NA49 detector at forward rapidity. Additionally, the results are prepared for
negatively and positively charged particles, separately. Inthe analysistrackswith 0:005< pr < 1.5
GeV/careused. For all veenergiestheforward rapidity regionisselec tedas1:1 <y, < 2:6, where
Y, IS the particle rapidity calculated in the center-of-mass reference system. As the track-by-track
identi cation is not always possible in the experiment, the rapidities are calcula ted assuming pion
mass for all particles.

Fig. [ presents examples of azimuthal angle versus pr (¢; pr) acceptance for al charged
particles? at 2:0 <y,, < 2:2. Theregions of complete azimuthal acceptance common for all energies

are denoted by black solid lines and described by an analytical formula: pr(¢) = % B, where

2In the NA49 detector positively charged particles are concentrated around ¢ = 0°, whereas negatively charged ones
closeto o= 180° (standard con guration of the magnetic eld). Therefore in the plot, azim uthal angle of negatively
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Figure 1: NA49 (¢; pr) acceptance of all charged particlesfor 2:0 <y,, < 2:2. Additional cut ony,, (seethe
text) not included. The solid lines represent the analytical parametrization of the common acceptance.
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Table 1: The parametrization of the NA49 ¢  pr acceptance common for al ve energies.
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Figure2: (y ; pr) plotsof al accepted particles assuming pion (left), kaon (middle) and proton (right) mass.
Additional cut ony, (see the text) is not included. Top, middle and bottom panels correspond to 20A, 30A
and 80A GeV data, respectively. Black lines represent beam rapidities (Y, in the center-of-mass reference

system.
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the parameters A and B depend on the rapidity range as given in Tablefl. Only particles within the
analytical curves are used in the analysis.

Fig. @ presents (y ; pr) plots of al charged particles accepted in the analysis (additional cut
ony, - see below - not included in the plots). It can be seen that at lower energies the NA49 TPC
acceptance extends to the projectile spectator domain. This domain was excluded by an additional
CUt Yp < Ypeam 0:5 (See below).

The methods of determining statistical and systematic errors can be found in [g]. Systematic
errors have been determined from @, stability for different event and track selection criteria.

charged particlesis re ected: namely for particleswith @ < 0° the azimuthal angle is changed as follows.p = ¢+ 360°,
and ndly ¢=¢ 180°.
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Figure 3: NA49 results without additional cut: y, < Yyem 0:5. ®p; versus energy (left) and two-particle
correlation plots (X1;%2) using the cumulant py variable x for 20A GeV interactions for pairs of negatively
charged particles (middie) and positively charged ones (right).

The in uence of random losses of particles (reconstruction inef cienc y, track cuts) on ®p,. values
has been checked and found to be very small in the studied kinematic region. The in uence of
the limited two-track resolution (TTR) of the NA49 detector has been determined on the basis of
"mixed’ events and Geant simulations (details of the procedure can be found in [f]). In the studied
kinematic and acceptance region the values of those corrections are not higher than 4 MeV/c (for
top SPS energy) and those additive corrections have been applied to 'raw’ ®,, values.

The preliminary analysis of the energy dependence of pr uctuations showed a strong increase
of @, for positively charged particles at lower SPS energies (Fig. [ (left)). Also two-particle
correlation plots for the lowest SPS energy, exhibited an additional source (peak at high x) beyond
Bose-Einstein and Coulomb correlations on the diagonal, but for positively charged particles only
(Fig. B (right)). The UrQMD model qualitatively con rmed the structures ob served in Fig. § (Ieft).
Moreover, both the UrQMD model and the NA49 data (Fig. M) with dE=dx identi cation agree
that only protons are responsible for the observed effect, whereas @, for newly produced particles
such as kaons, pions, anti-protons is consistent with zero. Finally, it was found that this surprising
effect can be explained by event-by-event impact parameter uctuation s or more precisely by a
correlation between the number of protons in the forward hemisphere and the number of protons
in the production region. One can eliminate this trivial source of correlations either by centrality
restriction (Fig. B) or by rejection of the beam spectator region (Fig. B). I n the analysis of the NA49
data the rejection method is employed by applying a cut ony,, at each energy, i.e. the rapidity y,
calculated with the proton mass is required to be lower than y,..., 0:5, where y, ., is the beam
rapidity in the center-of-mass reference system.

4. Resultsand discussion, comparison to the UrQM D model

The uctuation measure ®;,, as a function of energy, is shown in Fig. [{. Three panels
represent all charged, negatively charged and positively charged particles, respectively. Points
correspond to data (with statistical and systematic errors) and lines to predictions of the UrQMD
model [[LQ, [3] with the same centrality, kinematic and acceptance restrictions asin the data. For all
three charge combinations no signi cant energy dependence of the ®p,, measure can be observed,
both for data and for the UrQMD events. Moreover, ®,,. values are consistent with the hypothesis
of independent particle production (close to zero). The energy dependence of the ®p,. measure
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Figure 4. ®p, as afunction of energy calculated for not identi ed particles without two-track resolution

corrections (open points) and with two-track resolution corrections (full points) compared to identi ed pions

(solid curves) and (anti-)protons (dashed curves). Results for identi ed particles do not include two-track
resolution corrections. Additional cuts on dE=dx values and thetotal momentum (p 3 GeV/c) were applied
for proton and pion identi cation. The panels represent: a | charged, negatively charged, positively charged
particles, respectively.
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Figure 5. @, for the most central 20A GeV Ph+Pb interactions as a function of the fraction of the total
inelastic cross section of nucleus+nucleus collisions (0=0x;). Points represent NA49 data with kinematic
and acceptance cuts as described above (without y,, cut). Black lines correspond to the UrQMD mode! with
the acceptance restrictions the same as for data. Data points are not corrected for the limited two-track
resolution. The panels represent: all charged, negatively charged, positively charged particles, respectively.
Note: the values and their errors are correlated.

does not show any anomalies which might appear when approaching the phase boundary or the
critical point.

Two-particle correlation plots (for all charged particles) of the cumulant transverse momentum
variable x are presented in Fig. E for 20A, 30A, 40A, 80A and 158A GeV central Pb+Pb collisions.
The plots are not uniformly populated but the same structure can be observed for all SPS energies.
The enhancement of the point density in the region close to the diagonal is attributed to short range
(Bose-Einstein and Coulomb) correlations.

It was suggested in [H] that uctuations due to the criticall QCD point should b e dominated
by uctuations of pions with low transverse momenta (approximately below 500 M eV/c). Fig.
shows the dependence of ®,, on energy for several choices of an upper pr cut. One can see that
no signi cant energy dependence of the ®p,, measure can be observed, also when low transverse
momenta are selected. There are no anomalies exhibited and the measured ®,, values are not
signi cantly increased as it might be expected when the freeze-out takes place in the vicinity of
the critical point. It should be pointed out that the predicted uctuations at th e critical point should
resultin ®,. 20 MeV/c, but the effect of limited acceptance of NA49 (forward rapidity) reduces
themto ®,, 10 MeV/c [H].
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