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Abstract The Fourier harmonics, v, and vs of neg-
ative pions are measured at center-of-mass energy per
nucleon pair of ,/syny= 17.3 GeV around midrapidity by
the CERES/NA45 experiment at the CERN SPS in 0-30%
central PbAu collisions with a mean centrality of 5.5%.
The analysis is performed in two centrality bins as a func-
tion of the transverse momentum pr from 0.05 GeV/c to
more than 2 GeV/c. This is the first measurement of the
1/3 12 .. .

/ v, ratio as a function of transverse momentum at
SPS energies, that reveals, independently of the hydrody-
namic models, hydrodynamic behavior of the formed sys-
tem. For pt above 0.5 GeV/c, the ratio is nearly flat in accor-
dance with the hydrodynamic prediction and as previously
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observed by the ATLAS and ALICE experiments at the much
higher LHC energies. The results are also compared with the
SMASH-vVHLLE hybrid model predictions, as well as with
the SMASH model applied alone.

1 Introduction

At sufficiently high energy density as achieved in ultra-
relativistic heavy-ion collisions, a dense and hot system
of strongly coupled quarks and gluons called quark-gluon-
plasma (QGP) is created [1-7]. Anisotropic pressure gradi-
ents, built early in the collision, cause a collective azimuthally
anisotropic expansion of the QGP that converts initial spatial
anisotropy into a momentum anisotropy that was observed
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first at the BNL AGS (E877) [8], then at the CERN SPS
(NA49, WA98, CERES) [9-11] and finally at Relativis-
tic Heavy Ion Collider (RHIC) and Large Hadron Collider
(LHC) experiments [12-22]. This azimuthal anisotropy of
particles emitted in the final state can be used to explore the
hydrodynamic behavior of the hot and dense systems created
in such collisions. The almond-like shape of the overlapping
region in a non-central nucleus-nucleus collision causes the
appearance of the elliptic flow (vy) anisotropy [23]. More-
over, the positions of nucleons in the colliding nuclei fluc-
tuate. These event-by-event fluctuations have a significant
influence on the QGP expansion [24] and cause the appear-
ance of higher-order anisotropies. The most pronounced is
the triangular flow (v3) that is measured at both RHIC [25-
29] and the LHC [13,17,21,22] in central and non-central
collisions.

At the high collision energies achieved at RHIC and LHC,
large v values are observed that agree well with predictions
of relativistic hydrodynamics [30] without dissipation, sug-
gesting that elliptic flow is built early in the evolution of the
QGP, and that the QGP behaves as a nearly perfect liquid,
see the reviews in [31,32]. The measured v, is also well
described with a hybrid calculation that treats the QGP by
ideal hydrodynamics [23] and the late stages of the collision
by a hadronic cascade model [33]. The description can be
refined by taking viscosity into account [34,35]. The viscos-
ity makes the vy magnitudes somewhat smaller with respect
to the ideal hydrodynamic limit. The viscous hydrodynamic
models like MUSIC [36,37] and VISHNU [38] have been
developed to describe azimuthal anisotropies. A very good
agreement between the IP Glasma+MUSIC [39], as well as
the VISHNU model predictions [40], and the experimen-
tally measured azimuthal anisotropies at RHIC and LHC are
obtained. Relativistic hydrodynamic models achieved to give
semiquantitative constraints on specific viscosity (1/s), but
with large uncertainties. Comprehensive model-data anal-
yses that use a Bayesian approach allow a temperature-
dependent specific viscosity [41]. The obtained values of n /s,
depending on the temperature, vary from 0.1 up to 0.2. Such
small values show that QGP is a strongly-coupled nearly
perfect fluid [31,42]. Contrary to the elliptic flow, the tri-
angular flow is nearly independent of centrality, and can be
described using viscous hydrodynamics and transport mod-
els too. Triangular flow is a sensitive probe of initial geometry
fluctuations and viscosity [43].

The vy magnitudes measured at the Super Proton Syn-
chrotron (SPS) energy, ./sxn = 17.3 GeV, are significantly
lower than those measured at the top RHIC and LHC ener-
gies. Except for the most central collisions [44], the trans-
verse momentum flow data v, (pr) at SPS [45—47], although
very similar in shape to the RHIC and LHC data, are below
predictions of ideal hydrodynamics [48]. The inability of the
ideal hydrodynamics to describe the elliptic flow at the top
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SPS energy has been ascribed to insufficient number den-
sities at very early collision stages [49] and strong dissipa-
tive effects at the late hadronic stages [31,32,50,51]. The
flow measurements have been also performed within the
Beam Energy Scan (BES) program at the RHIC from the
top incident energy of ,/ssn = 200 GeV down up to the
JSNN = 7.7 GeV [52,53]. Also, at the RHIC have been
measured various correlations between the Fourier v,, har-
monics, among them the ratio v4/ v% as a function of pt and
centrality [54,55].

In this paper, we present the first result of negative pions
v;/ 3 /v,’” ratio as a function of transverse momentum in
PbAu collisions at the SPS at a nucleon-nucleon center-of-
mass energy of ./sny = 17.3 GeV. The analysis is based on
previously published v, and v3 data [44,56], where the v,
data have been rebinned. This reanalysis of the data provides
a novel way of highlighting similarities with the flow phe-
nomena seen at RHIC and LHC. The obtained results reveal,
independently of the hydrodynamic models, a new interpre-
tation of the SPS data which indicates hydrodynamic behav-
ior of the system formed in PbAu collisions already at top
SPS energy. The results are compared with the ATLAS and
the ALICE measurements and show a very similar behavior.
The results are also compared with predictions from a hybrid
model [58] consisting of SMASH (Simulating Many Accel-
erated Strongly-interacting Handrons) [57], a hadron trans-
port approach suitable for modelling heavy-ion collisions,
combined with the VHLLE 3+1D viscous hydrosolver [59]
that simulates the QGP expansion, as well as with predictions
from the SMASH model applied alone. The paper is orga-
nized as follows. Some details concerning the experiment and
the data sample are given in Sect. 2. The data analysis and the
obtained results are presented in Sect. 3. A short summary is
given in Sect. 4.

2 Experiment and data sample

In the year 2000, a sample of 30 - 10° mainly central PbAu
events was collected with the upgraded CERES/ NA45 spec-
trometer at the top SPS center-of-mass energy per nucleon
pair of ./snn = 17.3 GeV. The spectrometer covers the polar
angle acceptance of 7.7° < ¥ < 14.7°, corresponding to a
pseudorapidity range 2.05 < n < 2.70 located near midra-
pidity (ymia = 2.91). The CERES/NA45 spectrometer has
axial symmetry with respect to the beam direction. As it cov-
ers the full 27 azimuthal acceptance, it is very well suited for
measurements of the Fourier harmonics of azimuthal distri-
butions. A detailed description of the CERES/NA45 experi-
ment is given in [60].

Momentum determination is provided by the radial-drift
Time Projection Chamber (TPC) [61] that is operated inside
an axially symmetric magnetic field with a maximum radial
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Fig. 1 TPC track density for the trigger mix within (0-30%) central-
ity. The mix consists of three components: (a) minimum-bias (0.5%),
(b) semicentral (8.3%), and (c) central (91.2%), where the parentheses
represent the percentage fractions in the mix. The mix of all triggers,
with a resulting mean centrality of 5.5%, is labeled as ‘all triggers’ and
displayed by closed black circles. The vertical axis gives the differen-
tial cross-section expressed in barns (b). The (o /0y.,) axis on top gives
the fraction of the total inelastic cross section. The figure is taken from
Ref. [56]

component of 0.5 T. Negative pions are identified by the
differential energy loss dE/dx in the TPC. For vertex recon-
struction and tracking outside the magnetic field, two radial
silicon drift detectors (SDD) [62] are placed at 10 and 13 cm
downstream of a segmented Au target. Negative pions are
reconstructed by matching track segments in the SDD dou-
blet and in the TPC. Depending on pion momentum, the rel-
ative momentum resolution varies between 2% and 8% for
pion momenta of 0.05 to 2.0 GeV/c.

A mix of three triggers designed to enhance central events
was used for data collection in the range 0-30% of o /0geo
with an average centrality of 5.5% in the data sample. The
multiplicity distribution for all triggers combined (‘all trig-
gers’) is shown in Fig. 1 by the closed black symbols. At
low multiplicities, it strongly deviates from the minimum-
bias distribution labeled with (a). Beside minimum-bias data,
which contribute with only 0.5% of all events, a semi-central
trigger, labeled with (b), contributes 8.3% to the total. The
biggest share of data, 91.2%), is collected with a most central
trigger labeled with (c) in Fig. 1. The results presented in this
paper correspond to ‘top-central’ and ‘mid-central’ triggers
by selecting N¢yqcx > 159 and Nypqcr < 159, with weighted
mean centralities of 2.4% and 9.8%, respectively.

3 Analysis and results

The performed analysis uses the event-plane method [63,64].
The event plane is defined experimentally at high energies by
the beam direction and the direction of maximum outgoing
particle density, and it is characterized by the event-plane

angle W,,. Each Fourier harmonic order n has its own event
plane. The angle W, is calculated as:

Yoito wipri) sin(ngy)
S wi(pri) cos(ngy)
where ¢; is the azimuthal angle of the ith particle out of
M particles, with transverse momentum pr;, used for event-
plane reconstruction, and w; (pT;) are weights used to opti-
mize the event-plane resolution. In order to avoid a trivial
autocorrelation effect, and some contribution from short-
range correlations, the ¢ coordinate is divided into 100 adja-
cent equal slices spanning the whole ¢ range. A set made
from the each fourth slice forms a ’sliced subevent’. So, the
whole event is divided into 4 sliced subevents each consist-
ing of 25 slices. These four subevents are denoted as a, b, ¢
and d. The nth order event plane is reconstructed by employ-
ing tracks that belong to a given sliced subevent. In order
to correct for local detector inefficiency, a shifting and flat-
tening procedure is applied (for more details see [65]) to
ensure an azimuthally isotropic event-plane distribution. The
anistropy is measured by correlating particles from a given
sliced subevent with the event plane obtained from the non-
adjacent sliced subevent, i.e @ — ¢ and b — d combinations.
The v, coefficients are then measured with respect to the n'”
order event plane. The raw v, coefficients are corrected for
the finite event-plane resolution.

The analysis is performed for negative pions.! Asidentical
bosons, they are correlated due to the Hanbury Brown and
Twiss (HBT) effect [66]. This correlation results in a spurious
flow [67]. A standard procedure, that uses the Bertsch-Pratt
parametrization described in [67], is applied to suppress the
non-flow contribution coming from the HBT effect. Details
about the procedure can be found in [44,56,65].

The most important source of systematic uncertainty
stems from the event plane determination. To contrast to the
process analysis, we reduce and estimate this uncertainty
by employing two methods. Beside the ’sliced subevent’
method, the data have been analized using the subevent
method too. In the subevent method, the event is divided into
two subevents, one formed from negative pion, and another
one from positive pion candidates selected using a band that
corresponds to +1.5¢ confidence level around the nominal
d E /dx energy loss for negative, and for positive pions calcu-
lated by using the Bethe-Bloch formula respectively. Again,
the autocorrelation effect is removed by correlating the pions
from one subevent to the event plane constructed from the
other one. The advantage of this approach with respect to the
‘sliced subevent” method is that the event-plane resolution is
better by a factor of about /2 due to the twice larger mul-
tiplicity used for the event-plane reconstruction [65]. Then,

¥, = — arctan n=273, (1)
n

1 Using the dE/dx, positive pions could not be well enough separated
from protons.

@ Springer



1090 Page 4 of 8

the systematic uncertainty is calculated as an absolute dif-
ference between the v, (n = 2, 3) magnitudes calculated
from the two methods: the ’sliced subevent’ method and the
subevent method. At pt smaller than 0.8 GeV/c, a signifi-
cant contribution to the systematic uncertainty comes from
the correction of the HBT effect too. That part of system-
atic uncertainty is calculated in the same way as it was done
in [44] and in [56]. The maximal absolute systematic uncer-
tainty is about 0.4% at pt around 0.3 GeV/c, where the HBT
effect is largest [56]. For pt above 0.8 GeV/c, this effect is
negligible. The final systematic uncertainty is obtained by
summing up in quadrature the uncertainties from the differ-
ence between the two methods and the one that comes from
the HBT effect. As the uncertainties are uncorrelated, based
on the error Propagation, the systematic uncertainties for the
ratio vé/ 3 / v2/ 2 are calculated from the corresponding values
for the v, and v3 coefficients. The relative systematic uncer-
tainties are large for the ratio vé/ 3 / vé/ 2, especially for the
‘top-central’ events class, due to the fact that at lowest pr
the flow magnitudes are close to zero. Corresponding values
go from 13% at pt around 1.0 GeV/c up to about 100% at
the lowest pr bin. Thus, the relative systematic uncertainties
of the ratio v;/ 3 / v;/ % dominate over the statistical ones in the
low pr bins and become about 10% in higher pt bins for the
"top-central’ events class. The overall absolute uncertainties
are rather tiny.

Figure 2 displays the HBT-corrected v, values of nega-
tive pions for two centrality classes in PbAu collisions at
/3NN = 17.3 GeV. The v, values of negative pions are taken
from [44] and rebinned. In the same figure results from a
hybrid model [58] combining the VHLLE viscous hydro-
solver [59] with the hadronic transport model SMASH [57]
are plotted. The v, coefficients are calculated using the event-
plane method. The centrality ranges for the hydrodynamic
calculation are comparable with the experimental ones. The
model predictions are calculated for negative pions within
—1 < n < 1 that is close to the experimental acceptance.
The value of the specific viscosity used in the VHLLE model
is 0.15. For pt above about 0.6 GeV/c, in both centrality
classes the hydrodynamic prediction overestimates the data.
The SMASH model data are analyzed using the same event-
plane method as in the case of the SMASH-vHLLE model,
as well as the same acceptance. In difference to SMASH-
vHLLE, the SMASH model alone predicts that v, is some-
what below the experimental data for pr < 1 GeV/c. At
high pr, due to the limited statistics in the simulations, vy
fluctuates a lot.

Figure 3 shows the HBT corrected v3 values of negative
pions for the same two centrality classes in PbAu collisions
at \/snN = 17.3 GeV. The v3 values of negative pions are
taken from [56]. As in Fig. 2, the results obtained from the
above mentioned hybrid model are plotted together with the
experimental data. In contrast to the case of the elliptic flow,
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Fig. 2 The transverse momentum dependence of the elliptic flow coef-
ficient, v, for negative pions in PbAu collisions at «/SI‘TN =17.3 GeV
in two centrality classes. The statistical uncertainties are represented
with the vertical bars, while systematic ones are indicated by red and
gray rectangles. Also shown are model predictions with their statistical
uncertainties as a yellow and green bands (SMASH-vHLLE) and the
vertical bars (SMASH)
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Fig. 3 The transverse momentum dependence of the triangular flow
coefficient, v3, for negative pions in PbAu collisions at /sN\y =
17.3 GeV in two centrality classes. The statistical uncertainties are rep-
resented with the vertical bars, while systematic ones are indicated by
red and gray rectangles. Also shown are model predictions with their
statistical uncertainties as a yellow and green bands (SMASH-vHLLE)
and the vertical bars (SMASH)

the hydrodynamic calculations are in a good agreement with
the data also for pt above about 0.8 GeV/c. For pt < 0.8
GeV/c, data tend to be above the hydrodynamic prediction for
both centrality classes. In difference to the SMASH-vHLLE
and the experimental results, the SMASH model alone gives
small but negative v3 that prevents calculation of the ratio
13, 1/2o . ) . . .
vy /v," 7. So, a positive v3 is obtained only in a combina-
tion of hydrodynamics vVHLLE calculations and the SMASH

2 For clarity of the figure, the points for vz values for both centrality
bins at p = 1.9 GeV/c are not included in the figure. Their values are
—0.15840.048 and —0.142£0.053 for (0/0g.0) = 9.8% and (0 /0ge0)
= 2.4% respectively.



Eur. Phys. J. C (2024) 84:1090

Page 50f 8 1090

E T e (0/c, )=9.8% CERES/INA4S |5 = 17.3 GeV
3.5 O (0/o,,)=24% CERES/INA4S {5 = 17.3 GeV
E = (o/o, )= 125% ATLAS {5 =2.76 TeV
3 0 (ols,,)=25% ATLAS |5y =276 TeV
g = (olc. )=12.5%, ALICE {fy =276 TeV
. 25E o (c/Gw):Z.S%, ALICE sy = 2.76 TeV
2 2
e HfERse-a ﬁ:ﬁfﬁﬂ:
E - +hl- S
1=
0.5
S AR PN RPN RN PRI B U R RPN AP BT B
0 02 04 06 08 1 12 14 16 18 2 22
r. (GeVlc)

Fig. 4 The ratio v / vl/ 2 for negative pions as a function of trans-

verse momentum in PbAu collisions at /sy = 17.3 GeV in two cen-
trality classes: ‘top-central’ and ‘mid-central’ events presented with
open and closed circles respectively. The statistical uncertainties are
represented as the vertical bars, while systematic ones are indicated by
red and gray rectangles. The blue and green squares represent corre-
sponding ATLAS [17] and ALICE [69] results. Open boxes represent
corresponding systematic uncertainties

model (SMASH-vHLLE). A long hydrodynamic evolution
of the QGP dominates the collision dynamics.

In the hydrodynamics, at pr < 2 GeV/e, the v, (pr)
behave as power-law functions of pt [43,68]. This can be
expressed as

va(pr) = cap", n=2,3,..., )

where ¢, is a coefficient of proportionality that depends on
the order n, and m 1s a fixed number> independent of n. In this
case, the ratio v / v2/ becomes a pt independent number
1/ 3 /cl/ 2. The ratio depends on centrality. Similar scaling
ratlos v,ll/ " / vl/ 2 n > 2, as a function of centrality, have
been already measured at RHIC [55] and the LHC [17].
Figure 4 shows the ratio vé/ 3 / vé/ % as a function of PT
for two centrality classes. The ratio is calculated for nega-
tive pions after suppression of the contribution of the HBT
effect to the measured v,, coefficients. The figure also shows
the same ratio for PbPb collisions at ./syn= 2.76 TeV from
the ATLAS [17] and ALICE [69] experiment. The central-
ity classes are similar to those used by the CERES/NA45
experiment. The ATLAS and ALICE analyses have been
performed on charged particles emitted within || < 2.5
and |n| < 0.8, respectively. There is a very good agree-
ment between the ATLAS (blue squares) and ALICE (green
squares) data. Despite the huge difference in incident ener-
gies between the top SPS energy and the LHC energy, for pr
above 0.5 GeV/c, the CERES/NA45 data are in a rather good
agreement with the ATLAS and ALICE data, especially for
the ‘top-central’ events. In the case of ‘mid-central’ events

3 The coefficient ¢, and number m can be found from the corresponding
fit to the v, (pr) distribution.

E [ ] (c/c_)=9.8%
3.5 g
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Fig. 5 Theratiov;"” /v,"~ for negative pions as a function of transverse
momentum in PbAu colhslons at \/snn = 17.3 GeV in two centrality
classes: ‘top-central’ and ‘mid-central’ events presented with open and
closed circles respectively. The statistical uncertainties are represented
with the vertical bars, while systematic ones are indicated by red and
gray rectangles. Statistical uncertainties are represented with the vertical
bars. The statistical uncertainties of the model predictions are shown as
a yellow and green band

for pt > 1.2 GeV/c, the CERES/NAA45 results are somewhat
above the ATLAS and ALICE data. Universally, there is a
trend that the ratio for semicentral collisions is smaller. For
the present data, there is a rising trend below 500 MeV/c,
although not very significant within errors. The uncertain-
ties are significantly larger for the current SPS data due to
very small values of v; 3 at the lower energy. In the low-pr
range 0.05-0.5 GeV/c, where the HBT influence is largest,
it may be that the HBT effect on the measured v3 harmonic
is not completely suppressed, thus producmg lar%er values
of the vé / Uz/ % ratio. A pr-independent v3 / v, " ratiois a
hydrodynamic prediction [43,68]. The CERES/NA45 results
imply that the system formed in PbAu collisions at the top
SPS energy exhibits hydrodynamic behavior as already sug-
gested in [44].

Figure 5 shows a comparison of the CERES v
data with the corresponding ratio calculated by the SMASH-
VHLLE model. As expected, for pt > 0.7 GeV/c, where the
statistical uncertainties of the model are small enough, the
model gives a rather flat ratio for both centrality classes. For
pt < 0.5 GeV/c, the statistical uncertainties of the model are
very large. The SMASH-vHLLE model prediction tends to
stay slightly below the experimental data. This is due to the
fact that the model overestimates the experimentally mea-
sured v, somewhat for pt > 0.7 GeV/c, while it reproduces
v3 harmonics, as shown in Figs. 2 and 3.

This possibility was already discussed in our first pub-
lication of elliptic flow coefficients for pions where data
were compared to ideal hydrodynamics calculations [46]
as well as in [44]. Then we found that data could be well
described using ideal hydrodynamics, and a freeze-out tem-
perature of 160 MeV, while for 120 MeV the flow was over-

1/3 1/2
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predicted for semicentral data. At the time we concluded
that a suppression mechanism should be at work not present
in ideal hydrodynamic calculations. This is confirmed by
the rather good description of the data presented in the cur-
rent publication with a viscous hydrodynamics calculation.
Albeit the comparison presented here is to results of a more
recent hydrodynamics code, the suppression is in magni-
tude entirely consistent with the value of /s = 0.15 used
here.

These predictions of the hybrid model at SPS tend to be
a little below data. In particular, the choice of initial state
and n/s value for hydrodynamic evolution is very important.
This measurement could help to better constrain the initial
conditions and specific viscosity.

4 Summary

The ratio v;/ 3 / v;/ Zof negative pions has been measured as a
function of pt using the data collected by the CERES/NA45
experiment for PbAu collisions at ./ssy = 17.3 GeV. This
ratio, measured in two centrality classes, shows rather simi-
lar as the LHC results from the ATLAS and ALICE experi-
ments. The SMASH-vHLLE hybrid model calculations rea-
sonably well represent the data. Only for pt above about
0.6 GeV/c, the SMASH-vHLLE hybrid model overestimates
the experimentally measured v,. The results give a new
interpretation of the SPS data at its top energy which indi-
cates hydrodynamic behavior of the system formed in PbAu
collisions. These results shed some light on the dynamics
of the system created in heavy-ion collisions at top SPS
energy. The moderate deviations between data and the cur-
rent hybrid hydrodynamics calculation could be used in
future investigations to fine-tune the initial condition and
transport parameters so far rather little explained at SPS
energy.
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