PROCEEDINGS

OF SCIENCE

Critical fluctuations in QCD matter

N. G. Antoniou*
Faculty of Physics, University of Athens, Greece
E-mail: nantonio@phys.uoa.gr

The Ising-QCD effective action is introduced in order to study critical fluctuations in high-energy
nuclear collisions. The order parameter in this description is the baryon-number density, a con-
served quantity, compatible with the slow mode of the QCD critical point dynamics. We argue
that finite-size scaling is the origin of critical fluctuations in the form of a fractal structure in the
finite system. As a result, critical intermittency in nuclear collisions is a finite-size scaling phe-
nomenon, linked to the QCD critical point, and may provide us with a route to observation of

critical fluctuations in QCD matter.
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1. The QCD critical point (universality class; order parameter)

In the QCD phase diagram, the critical point (CP) is the endpoint of a first-order critical line
(1 > U.) and the starting point of an analytical crossover for pt < .

The value of the critical temperature, 7 ~ 160 MeV, is suggested by lattice QCD studies but
the critical value of the chemical potential (u.) is very uncertain.

There is no consensus for the existence and location of the critical point, based on first-
principle calculations (IQCD), therefore the role of the experimental search for critical fluctuations
based on universality and scaling may become decisive. Complementary, crucial measurements
of critical fluctuations are performed at present, in high-energy nuclear collisions, at BNL-RHIC
(BES program) [1] and CERN-SPS (NA61 experiment) [2].

The phase transition at the QCD CP (if it exists) is of second order and belongs to the 3d Ising
_3, ~ 3,v:§, ~5).

The order parameter is a mixing between the chiral condensate (o-field) and the baryon-

universality class (o ~ 0, B ~

number density ny, [3].

The dynamics of the critical point selects the baryon density, the slow component of the order
parameter, as the only thermodynamic quantity which may provide a self consistent description of
critical fluctuations in QCD matter [4].

2. The Ising-QCD effective action

An effective potential for a scalar field theory in 3d has been established on the basis of a
Monte Carlo simulation of 3d Ising system in an external field & [5].

Z(Ising) = Y exp [BZcp,rp] +hZ<pl] = (2.1)

{oi}

Serf(scalar) Z/d%[ Vol*+ m @*+ gamo* +g60® ! —ho (2.2)

The effective action S,z is universal (g4 ~ 1, g¢ =~ 2) and describes the critical properties of
any system belonging to 3d Ising universality class, in terms of the scalar order parameter ¢. The
index & is the isotherm critical exponent (& ~ 5).

The QCD critical point is described by S, 7/(Ising-QCD) with ¢ = B3n, and h = (u — ) B
The mass m is linked to the correlation length & and the corresponding critical exponent v ~ %

m=p& = (175)".
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The partition function Z = [ [6¢]exp (—S.yy) in the ensemble of constant configurations (V¢ =
0) takes the form of a grand-canonical expansion:

1 N2 N4 N5+1
_ N, 2viYp vi'h b .

V' the volume in units 82, { = exp (“;—f’c) 1= T%LT‘ and N, the global baryon-number multiplicity
[6].

In the Ising-QCD partition function one has incorporated the ingredients needed in order to
describe dynamical fluctuations near the QCD critical point on the basis of scaling theory and
universality. In particular, the universal form of Z with the involvement of two fundamental indices
(v, q= ‘{{) may lead to a complete set of critical exponents:

a:2—vd,[3:vd(1—q),y:vd(zq—l),6:—61 (2.4)

which obey the scaling laws and are linked to the Ising-QCD universality class if v o~ %, = %.

3. Finite-size scaling; the origin of critical fluctuations

The general theory of finite-size scaling in critical systems predicts, at the critical point (t =0,
¢ = 1) the behaviour of QCD matter [7]:
(a) baryon-number susceptibility : y; (L) ~ LY/"
(b) baryon-number density : n,(L) ~ LB/v
in terms of the linear size L. The Ising-QCD prediction is compatible with this basic result:

N5+1 4 B
Z:;’exp —86 ‘1;5 —><nb>~L"’l;dF:1—; 3.1)
b
1
w(L) = [(NZ) = (M) = (L) ~ LG40 2 — 1 = v%z (3.2)
and reveals the nature of the global criti-
0.3 cal fluctuations in the form of a monofractal
structure:
E 02]
|_O
- <N'<>~L’<dF;dF:1—€,x:l,z,...
0.1 (3.3)
* PoPb Departing from the critical point, these fluc-
0.0 tuations are suppressed and with the help of

-0.04

the Ising-QCD partition function for ¢ # 0,

¢ # 1 we may locate the critical region with

Figure 1: Description of the critical region the constraint:
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5 3
<N)~quith1<c}<1

The exponent 3/4 corresponds to the dominance of the ¢* term in the effective action, over the

6

Ising behaviour ~ ¢°, in a distance from ¢ = 0, along the temperature direction (figure 1). The

critical region is narrow along the chemical potential: For 7 =T, — % ~ (.03 [6].

4. Critical intermittency in nuclear collisions

The fractal structure of critical fluctuations, (N,) ~ L%, implies correlations at scales close to
the correlation length & > L, of the form:

4 = —f |4F — 5
(Nb>~LdF—><nb()_c')nb()_c')>~ ’x—x|d ’ ;dpzi (4.1)

In transverse momentum space (in central rapidity region) a 2d fractal with dp = 2( — %F) is

developed, generating local correlations of the form

3

<n,,(z)n,,(%')> ~ ‘%-%’

These strong fluctuations in momentum space (locally) become observable in the phenomenon of

(4.2)

intermittency [8].

The factorial moments in multiparticle production reveal the phenomenon of intermittency
(dynamical local fluctuations) in the form of a power-law behaviour (we consider the second mo-
ment F> in 2d):

- Zm <nm(nm - 1)>
Fz B Zm <nm>2

for M? > 1 (M? : number of 2d cells). The exponent ¢, (observable) is a characteristic intermit-

= FB(M)~ (M*)* 4.3)

tency index. The phenomenon of 24 intermittency implies power-law correlations of the form:

,2(/)2

—

<nb(z)nb@’)> ~ \z—k

It reveals fluctuations linked to the QCD critical point (critical intermittency) if ¢, = d{ = g (the

/

4.4)

intermittency index ¢, is equal to the critical exponent ¢ = %).

5. A route to observation of critical fluctuations

(a) measurements of the intermittency index ¢,.

(b If % < ¢ < 1 — indication for critical fluctuations (the critical point corresponds to the value
P2 =3).

(c) Measurement of chemical freeze-out states leads to the location in the critical region (figure 1).
(d) A pilot measurement in S; + S; at the SPS (NA49 experiment) has given ¢, ~ 0.96 (the whole
scheme is compatible with 7, ~ 150 MeV, . ~ 256 MeV) [8, 9].
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The method is applicable to current experiments at CERN and BNL (SPS-NA61, RHIC-BES)
in collisions of heavy and medium or small size nuclei:
I. Pb+Pb, Au+Au: The crucial energy range for these processes at CERN (Pb+Pb) and BNL
(Au+Au) is:
Pb+Pb at 12.3 GeV < /syny < 17.2 GeV (SPS-NA61, beyond 2020)
Au+Au at 14.5 GeV < /syy < 19.6 GeV (RHIC-BES)
II. Be+Be, Ar+Sc, Xe+La at the highest SPS energy /syny ~ 17.2 GeV (SPS-NA61)

6. Concluding remarks

A construction of Ising-QCD effective action was proposed, for the study of critical fluctua-
tions in QCD matter.

A description of the QCD critical point in terms of baryon-number density, as the appropriate
order parameter, was presented, compatible with universality and scaling theory.

In particular, the phenomenon of finite-size scaling was revealed, linked to the fundamental
critical exponents Dy, = gqd, D, = %, which are incorporated ih the Ising-QCD effective action.

It was emphasized that finite-size scaling leads to global and local critical fluctuations in QCD
matter, accessible to measurements.

In particular, the phenomenon of intermittency in transverse momenta, with a well prescribed
exponent, was identified as a finite-size scaling phenomenon, linked to the fluctuations at the QCD
critical point (critical intermittency) when observed in the net-proton system [10].

A critical region in the phase diagram (i, 7), extremely narrow in the p-direction was found
(%’f‘ ~ ().03) providing an efficient instrument for the location of the QCD critical point.

Finally, a route to observation was proposed, based on crucial intermittency measurements
and chemical freeze-out studies, linked to current experiments at CERN (SPS-NA61) and BNL
(RHIC-BES).
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