Recent results from the search for the critical point
of strongly interacting matter at the CERN SPS

Introduction

The exploration of the phase diagram of strongly interacting matter,
particularly the search for a phase transition from hadronic to partonic
degrees of freedom and possibly a critical endpoint, is one of the most
challenging tasks in present heavy ion physics.

NA49 data on inclusive hadron production indicate that the onset of
deconfinement in central Pb+Pb collisions is located at about 30A GeV. It
IS mainly based on the observation of norrow structures in the energy
dependence of hadron production in central Pb+Pb collisions which are
not observed in elementary interactions [1,2].

The NAG61/SHINE experiment [3] continues the ion program of NA49
with the main aim of searching for the critical point and studying in details
the onset of deconfinement by performing a two dimensional scan of the
phase diagram in T and [ . This is achieved by varying collision energy
(13A-158A GeV) and size of the colliding systems (p+p, p+Pb, Be+Be,
Ar+Ca, Xe+La). The data sets recorded by the NA49 and NAG61/SHINE
experiments and those planned to be recorded by NA61/SHINE for the
ion program are presented in Fig.1 (left). The planned scan of the phase
diagramis shownin Fig.1 (right).
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Fig.1 Left: Data sets collected and planned to be recorded by NA61/SHINE within the
ion program and those recorded by NA49. Right:Scan of the phase diagram by varying
collision energy (Jg) and size of colliding nuclei (T). Chemical freeze-out points are

taken from [4] and parametrizations therein.
An ilustration of the impact of new measurements on the system size

dependence of the K'/it" (horn) is shown in Fig.2 (left). The presence of

the predicted critical point is expected to lead to an increase of event-by-

event fluctuations of many observables [5,6] provided that the freeze-out

of the measured hadrons occurs close to its location in the phase
diagram and the evolution of the final hadron phase does not erase the

fluctuation signals.The NA61/SHINE experiment looks for a maximum of

fluctuations as experimental signature for the critical point, Fig.2(right).
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Fig.2 Left: An ilustration of the impact of the NA61 measurements on clarifying the

system size dependence of the K'/11" (horn) observed in central Pb+Pb collisions at low

SPS energies. Right: The hill of fluctuations as a signature for the critical point.

Event-by-event fluctuations

In the NA49 and NAG1/SHINE experiments event-by-event
fluctuations of the particle multiplicity are measured by the scaled
variance w which is intensive measure (independent of volume) and
defined as
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The transverse momentum fluctuations are measured by the @ quantity
proposed in [7] which was also succesfully employed by the NA49
experiment to study charge and azimuthal angle fluctuations. Recently
new strongly intensive fluctuation measures (independent of volume and
volume fluctuations) A and 2 were proposed in [8]. Whereas 2[P,,N] is
closely related to ®., the quantity A[P,,N] is sensitive to fluctuations of p,

and N in a different combination thus these measures can be sensitive to
various physics effects. All mentioned measures are formulated below
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Fig.3 shows the dependence of multiplicity fluctuations quantified by
scaled variance w and fluctuations of the average transverse momentum
measured by @, as well as A[P,,N] and 2[P-,N] as a function of chemical
freeze-out temperatute T__ . (from statistical model fits [4]) in p+p
interactions and central C+C, Si+Si and Pb+Pb collisions. All quantities
show a possible maximum of fluctuations at T___=160-170 MeV reached
in collisions of medium-size nuclei. It agrees with expactations for the
critical point represented by curves for w and @, [9].

The dependence of all fluctuation measures on p; (from statistical model
fits [4]) in p+p interactions (NA61) and central Pb+Pb collisions (NA49) is
shown in Fig.4. Here the data don't support a maximum as might be
expected for the critical point (curves for w and ¢_.[9]).
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Fig.3 The dependence of the ® , A and Z measures and the scaled variance of
multiplicity fluctuations w on T, (system size) for charged hadrons in central A+A

collisions and p+p interactions. Curves indicate the estimated effects of the critical point
(T=178MeV, y; =250MeV) for two values of the correlation length €.
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Fig.4 The dependence of the @ , A and Z measures and the scaled variance of
multiplicity fluctuations w on y; (collision energy) for charged hadrons in central Pb+Pb

collisions and p+p interactions. Curves indicate the estimated effects of the critical point
(T=147MeV, u, =360MeV) for two values of the correlation length ¢.

A new identification procedure (identity method [10]) allowed to measure
the energy dependence of fluctuations of identified proton, kaon and pion
multiplicities in p+p and Pb+Pb collisions. As in the case of charged
particle multiplicites no indication of the critical point was found.

Chemical (particle type) fluctuations were analysed using ®ij measure
[11] defined as:
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and/, indicate two different particle types.

0.08| M@ NA61: p+p 0.08F
C ¢ NA61: p+p (com acc) C

0.06 'W NA49: 3.5% Pb+Pb (NA49 acc) 0.06 = . NAG61: p+p

0.04F -/\ NA49: 3.5% Pb+Pb (com acc) 0.04F

— — EPOS: p+p (NA61 acc)

- — EPOS: p+p (NA61 acc)
0.02 :_ === UrQMD: P+pP (NA61 acc) 0-02 :

of
$ -0.02;
-0.04f
-0.06F
0.08F
0.08F
0.06f Ml NA61: p+p
0.04f
0.02F
of

—— EPOS: p+p (NA61 acc)

-0.021= g NA61: p+p (NA61 acc) -0.02¢
T [-] NA61: p+p (com acc) -
-0.04= .y NA49: 3.5% Pb+Pb (NA49 acc) -0.04¢
- /\ NA49: 3.5% Pb+Pb (com acc) -0.06F
VP — EPOS: p+p (NA61 acc) M
A nal. === UrQMD: p+p (NA61 acc) -0.08F

0.08;
0.06; ‘@ NA61: p+p
0.04;

—— EPOS: p+p (NA61 acc)
+
X o
a 0

S/ . ——

- “@' NA61: p+p (NA61 acc) -

.04 =5 NA61: p+p (com acc)

- "W NA49: 3.5% Pb+Pb (NA49 acc)
-0.06 - -A NA49: 3.5% Pb+Pb (com acc)
- — EPOS: p+p (NA61 acc)

-0. E----UrQMD:p+p(IIIA61 acc) | | P

8 10 12 14
| Sy [GeV]

1 1 I 1 1 1 I
16 18

Fig.5 shows two particle chemical fluctuations as a function of
interaction energy. The fluctuations cannot be corrected for the limited
acceptance thus the results are presented both for the NA49, NAG1
acceptance and a common NA49/NA61 phase space region. The left
panel of Fig.5 shows combinations of both charges, the right panel only of
positively charged particles. The values of ® for pions and protons plus
anti-protons are negative for all studied energies. This is most probably
due to charge conservation and resonance decays. In p+p collisions ¢ _,
IS higher than zero probably due to strangeness conservation. It slightly
increases with interactions energy for p+p interactions which is not
observed for Pb+Pb collisions. Forboth systems ® . crosses zero at
medium SPS energies. Finally, we observe no significant energy
dependence of ® ., in the NA61 data. The EPOS and UrQMD model
predictions reproduce p+p data resonably well.

Density fluctuations of protons and low-mass
T 1T pairs.

Theoretical investigation [14] predict near the critical point the
appearance of local density fluctuations for protons[15] and low-mass
T 11 pairs of power-law nature with known critical exponents [16]. This

can be studied by the intermittency analysis method in transverse
momentum space using second factorial moments F, (M), where M is the

number of subdivisions in each p, direction. After combinatorial
background subtraction the exponents ¢, are obtained from a power-law

fit to the corrected moments AF, (M) = M?®:  The resulting values of o,

obtained for central C+C, Si+Si and Pb+Pb collisions at 158GeV are
plotted in Fig.6. Remarkably, ¢, seems to reach a maximum for Si+ Si

collisions which is consistent with the theoretical expectations for the
critical point.
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Fig.6 Exponent ¢, obtained from power-law fits to second scaled factorial moments of

protons (left) and low-mass 1 " pairs (right) for several collision systems at
158AGeV.

Spectra of T mesons.

Transverse mass spectra of 1 were obtained by so called h- method. The
method exctracts the non-identified hadron spectrum and subtracks the

small (= 10%) contribution of particles other than pions based on Monte-

Carlo model simulations. The transverse mass spectra of 1 in p+p,
Be+Be and central Pb+Pb collisions at 158A GeV are shown on Fig.7
(left). Spectra of 1" in Be+Be collisions exhibit similar concave shape as
iIn Pb+Pb while spectrain p+p interactions show exponential behavior.
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Fig.7 Left: Transverse mass spectra of 11" in p+p, Be+Be and central Pb+Pb collisions.
Right: Energy dependence of the inverse slope parameter.

The inverse slope parameter T exhibits strong energy dependence. At
lower collision energy T behaves similarly in pp and Be+Be collisions,
while at high energies Berylium data lie between p+p and Pb+Pb results.

References

C.Altetal., Phys.Rev.C77,024903 (2008).

M.Gazdzicki et al., J.Phys. G30,S701 (2004).

see https://na61.web.cern.ch/na61/.
F.Beccatini,J.Manninen,M.Gazdzicki, Phys. Rev. C73, 044905 (2006).
M.A.Stephanov,K.Rajagopal,E.V.Shuryak, Phys.Rev. D60, 114028 (1999).
B.Berdnikov,K.Rajagopal, Phys. Rev. D61, 105017 (2000).
M.Gazdzicki, S.Mrowczynski, Z.Phys. C54, 127, (1992).
M.l.Gorenstein, M.Gazdzicki, Phys. Rev. C88, 2,024907 (2013).
K.Grebieszkow, Nucl. Phys. ,A830, 547¢ (2009) (and ref. therein).

0] M.Gazdzicki et al. ,Phys. Rev. C83, 054907 (2011);

M.Gorentein, Phys. Rev. C84, 024902 (2011).

] M.l.Gorenstein, M.Gazdzicki, Phys. Rev. C84,014904 (2011).
]A.Rustamov, PoS CPOD2013, 005, (2013).

] https://edms.cern.ch/document/1237791/1.

] N.Antoniou etal.. ,Nucl. Phys. A693, 799 (2001); A761, 149 (2005).
] Y.Hatta and M.Stephanov, Phys. Rev. Lett. 91, 102003 (2003).

] N.Antoniou etal. ,Phys. Rev.Lett. 97,032002 (2006).

20 XN OB WN

J<

Jan Hochanowsky

[12]. See [13] for NA49, NAG1 acceptance and common phase space region. Universitu

Fig5. Chemical (particle type) fluctuations in inelastic p+p interactions at 30, 40, 80, and
158GeV/c. NA61 p+p data are compared to those obtained by NA49 in Pb+Pb collisions




