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We construct net baryon number and strangeness susceptibilities as well as correlations between electric
charge, strangeness and baryon number from experimental data at midrapidity of the ALICE Collaboration
at CERN. The data were taken in central Pb-Pb collisions at ,/syy = 2.76 TeV and cover one unit
of rapidity. The resulting fluctuations and correlations are consistent with Lattice QCD results at the
chiral crossover pseudocritical temperature T. >~ 155 MeV. This agreement lends strong support to the
assumption that the fireball created in these collisions is of thermal origin and exhibits characteristic

properties expected in QCD at the transition from the quark gluon plasma to the hadronic phase. The
volume of the fireball for one unit of rapidity at T, is found to exceed 3000 fm3. A detailed discussion on
uncertainties in the temperature and volume of the fireball is presented. The results are linked to pion
interferometry measurements and predictions from percolation theory.
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1. Introduction

Uncovering evidence for (partial) restoration of chiral symmetry
in the medium created in nucleus-nucleus collisions at very high
energy is one of the most important but also challenging problems
[1-3]. Recently, experimental studies along this line have been car-
ried out by measuring fluctuations of conserved charges [4-6] as
part of the RHIC Beam Energy Scan (BES) program.

Fluctuations of conserved charges are particularly interesting
probes of critical phenomena and the phase diagram in QCD
[7-11], as well as freezeout conditions in heavy ion collisions
[12-15]. The intent of the present work is to provide a link be-
tween fluctuations derived from measurements of particle yields
in Pb-Pb collisions at the LHC and predictions from Lattice QCD.

Early on, the QCD phase transition was conjectured to be of
second order, belonging to the O(4) universality class [16], for
massless light quarks. Current Lattice QCD (LQCD) simulations at
physical quark masses show that, at vanishing or small baryon
density, the transition from a hadron gas to a quark gluon plasma
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is most likely a crossover [17]. The results further indicate that
the chiral crossover appears in the critical region of the second or-
der transition belonging to the 0(2)/0(4) universality class [18-20].
Consequently, observables such as fluctuations of net baryon num-
ber and electric charge, which are sensitive to criticality related
with a spontaneous breaking of chiral symmetry, should exhibit
characteristic properties governed by the universal part of the free
energy [9,12,21].

The magnetic equation of state and cumulants of net charges
at physical quark masses have been studied in LQCD calculations
[20,22-25], as well as in effective chiral models [21,26-36]. Their
properties have been shown to be consistent with general expecta-
tions for O(4) scaling. These results have opened a new approach
to get experimental information on the QCD phase boundary, by
measuring higher moments of distributions of event-by-event fluc-
tuations of conserved charges [12,13,19,21,24,37], and their proba-
bility distributions [38-40].

The direct measurement of higher moments of event-by-event
fluctuations is complicated by several issues. First, quantities like
fluctuations of the net baryon number can only be reliably ob-
tained if effective methods are applied to correct the data for the
efficiency of the detector. Furthermore, for conserved quantities
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like baryon number, appropriate corrections need to be applied,
due to the finite detector acceptance. The situation has been an-
alyzed by [41,42] and attempts at corrections have been applied
for acceptance [5,6] and for fluctuations induced by the difficult
to measure neutral baryons [43,44]. Second, such measurements
are sensitive to critical effects near the QCD phase boundary only
for higher moments of the distributions [21], necessitating huge
statistics as well as a very precise understanding of possible back-
grounds in the measurements. Here we present a different ap-
proach, where the second order cumulants and correlations of con-
served charges are directly obtained from the measured inclusive
distributions, albeit under a special assumption on the shape of
the probability distributions.

In the special case that the probability distribution of the num-
ber of particles Ng and antiparticles N_q is uncorrelated and Pois-
son, the probability distribution of the variable N=Ng —N_g is a
Skellam function, which is entirely determined by the mean num-
ber of particles (Ng) and antiparticles (N_g) [37]. As is explained
in the following section one can then determine the second order
susceptibilities directly from inclusive measurements.

The assumption of a Skellam distribution for the distribution
of net baryon number seems to be well fulfilled at RHIC energies
up to the second order cumulants [5,6,37], see also the discussion
below. Nevertheless, assuming independent production of baryons
and anti-baryons is a strong assumption. However, one should note
that generalized susceptibilities ¢ do not contain, at least for
up =0, any singular terms corresponding to chiral critical behav-
ior if n < 6 [9,21]. Further, there is strong evidence that the fireball
is very close to thermal equilibrium as demonstrated by analysis
within the framework of the Hadron Resonance Gas (HRG) parti-
tion function [45-51], which also quantifies the LQCD equation of
state in the confined phase [24,52,54].

The current approach leads then to a direct connection between
experimental data integrated over all transverse momenta and sec-
ond order susceptibilities and, consequently, to direct contact be-
tween predictions from LQCD and experimental data without the
need to consider, on the experimental side, effects of acceptance
and, on the theoretical side, how to extract baryons from LQCD
calculations.

2. Fluctuations and correlations of net charges

We consider a thermal medium of strongly interacting parti-
cles of volume V at temperature T, where the baryon number B,
strangeness S and electric charge Q are conserved on the aver-
age. The thermodynamics of such a system is characterized by
the pressure, P(T, V, i) in the grand canonical ensemble, where
L = (4B, Us,Lq) are chemical potentials which guarantee the
conservation of all ‘charges’ g = (B, Q, S).

In this thermal medium, fluctuations of the net charge N

N _XN 8213
XN:F:%’ (1)

and correlations xn p of charges N and M

XNM 2P

T2 dandfim
are obtained as derivatives of the reduced thermodynamic pressure
p=r /T4, with respect to the corresponding reduced chemical po-
tential fiy = un/T, where N, M = (B, S, Q).

The susceptibility of a conserved charge can be also related to

its variance,
1
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If P(N) is the probability distribution of a conserved charge N,
then the n-th moment (N™), is calculated as

(N"y=> N"P(N). (4)
N

For the special case of a Skellam distribution, and from Egs. (3)
and (4), the susceptibility is determined by the total mean number
of particles and antiparticles [37],

w_ 1
T2 VT3
The above result is valid if there are only particles of the same
charge, as for baryons, where the charge is B = 1. For strangeness
and an electric charge, there are hadrons with charge two and
three. In this case, the Skellam probability distribution can be gen-
eralized, and P(N) is expressed by the mean numbers of all parti-
cles and antiparticles of different charges Q, S [38]. The net charge
susceptibility is then obtained from

(Ng) + (N—q)). (5)

N 1 lql
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n=1

where |q] = (1,2) and |q| = (1,2,3) for electric charge and
strangeness, respectively.

For the correlation of different charges, the corresponding ex-
pression reads

XNM 1 qaN am
A== D D miNam), (7)

T2
n=—qN m=—qm

where (Np ) is the mean number of particles and resonances car-
rying charges N=n and M =m.

2.1. Modeling susceptibilities and correlations in heavy ion collisions at
the LHC

The probability distribution of fluctuations of conserved charges
can, in general, be measured in heavy ion collisions using event-
by-event analysis. The results for fluctuations of the net baryon,
or rather net proton number, obtained by the STAR Collaboration
at RHIC [5,6], demonstrate clearly that, in central Au-Au collisions
at ./syy =200 GeV, the fluctuations up to third order can be well
described by the Skellam distribution. Thus, for small N, the distri-
bution P(N) of protons and antiprotons must be independent and
very close to Poisson. No dramatic changes in soft particle pro-
duction have been observed so far when going from RHIC to LHC
energy. Consequently, the assumption of independent particle pro-
duction also at LHC energy seems well founded and, moreover, can
be directly tested experimentally.

We take advantage of the above experimental observations, and
construct the fluctuations and correlations in central Pb-Pb colli-
sions at the LHC by using results of Eqgs. (5), (6) and (7). This way
we obtain the susceptibilities xp, xs and xqs from particle yields,
measured by the ALICE Collaboration at central rapidity.

The net baryon number fluctuations are obtained as

w1 ) 4 (5 + (5"
72 =y P+ (M) + A+ X0 +(E7) +(27)
+(E7) 4+ (E% + (Q7) + antiparticles], (8)

where () denotes the corresponding mean particle yield per unit
rapidity.

The net strangeness susceptibility is calculated following Eq. (6),
and approximated as
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At LHC energy we assume that K% = KO = K* and take the
experimentally measured value. In the kaon yields (K), there are
contributions from non-strange resonances decaying into kaons.
From Eq. (1), it is clear, that such particles should not contribute
to strangeness fluctuations. To correct for the above, we have sub-
tracted kaons coming from ¢ decay. The contributions of further
non-strange resonances cannot be accounted for since their yields
are not known. However, due to their larger masses, such contri-
butions are subleading.

The mixed susceptibilities, from Eq. (2), are selecting contribu-
tions of particles carrying the corresponding quantum numbers.
We consider, the strangeness—-charge correlations xgqs. Following
Eq. (7), the xqs receive contributions only from strange parti-
cles with non-vanishing electric charge. We construct strangeness—
charge correlations from particle yields as

Xos 1
T2 =yl

+ antiparticles) — (I'y_, g+ + Ty k- ) {(9)
— (g x+ + Tz k-)(Kg), (10)

where we have again subtracted the contribution from decays of
¢ and K, which are contributing to charged kaon yields, but ac-
cording to Eq. (2), should not be included. As in the case of s,
there are also decays of further non-strange, as well as, neutral
strange hadrons which are contributing to (K*), but should not be
included. However, due to lack of data their contribution cannot be
subtracted; nevertheless it is expected to be small.

In heavy ion collisions at the LHC, due to transparency, par-
ticles and antiparticles are produced symmetrically at midrapidity.
Consequently, the yields of particles and their antiparticle are iden-
tical. In addition, at midrapidity, the system is isospin symmetric
and charge neutral, thus leading to equal number of protons and
neutrons, and, more generally, to equal yields for different charge
states of the same particle. Consequently, from Egs. (8), (9) and
(10), one gets

(KTY+2(E7)+3(Q7)

xg_ 1 0 +

Tz = VT3[4<p>+2((A+E N +4ET)
+4(E) + 2(Q2)]

xs 1 + 0 0 +
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+16(E) + 18(Q) — 2(Ty g+ + Ty g0) (#)]
1
TS =~ [2(KF) +4(E7) +6(Q7) — 2Ty k+(9)
— 20z i+ (K] (11)

Furthermore, from data on inclusive A and =0 production
in pBe collisions at /s = 25 GeV, we obtain the ratio, £°/A =
0.278 4+ 0.011 &+ 0.05, with a statistical and a systematic error,
respectively [55]. We take £0/A = 0.278 + 0.052, thus (%) =
(0.2175 £ 0.032) (A + £9). The branching ratios, Ly go=0.342=+
0.004, I'y— x = 0.489 & 0.005, and I'k;_, x+ = 0.666 are from [56].

The charge susceptibilities and correlations between conserved
charges can be calculated from the recent ALICE Collaboration data
for particle yields per unit rapidity measured in heavy ion colli-
sions at /s =2.76 TeV at midrapidity, and momentum integrated
[57-60]. The results are summarized in Table 1.

Table 1

ALICE data on rapidity distributions at
y =0 for different particle yields in
0-10% most central Pb-Pb collisions
at /s =2.76 TeV [57-60].

(r*) 668.90 + 47.50
(K) 99.67 +8.25
(K2) 97.43 + 8.00
(K*) 19.01+3.18
(p) 30.52 +£2.50
(@) 12.73+1.54
(A + 39 23.3742.50
(E7) 3.34+0.24
(Q7) 0.6040.10

The baryon number, strangeness and strangeness—electric
charge correlations are obtained from Eq. (11) and from Table 1, as

XB 1

ﬁZW(ZOBjiH'M) (12)
xs 1

2= W(SOAI.BS +24.14) (13)
Xos 1

Tz = W(178.5j:17.14). (14)
Particularly interesting are the susceptibility ratios,

XB + 0.40440.028, *E ~1.141+0.1266 (15)
XS XQs

which are independent of temperature and volume.

In Egs. (12) to (15) the uncertainties of rapidity densities for
particles and their antiparticles (apart from absorption corrections)
were assumed to be fully correlated and therefore were added lin-
early. All remaining errors were treated as being independent, thus
were added in quadrature. In the calculation of the errors of dif-
ferent susceptibility ratios, the partial cancelation of errors due to
particles which appear both in the nominator and denominator has
been explicitly taken into account.

2.2. Relating LHC data to LQCD

The net baryon number and strangeness susceptibilities, as
well as the electric charge-strangeness correlations, have been re-
cently calculated in LQCD at wp = 0 for different temperatures [20,
22-25]. The results are extrapolated to the continuum limit, thus
can be directly compared to heavy ion data.

One expects that a fireball created in heavy ion collisions is of
thermal origin and its properties are governed by statistical QCD,
as quantified by LQCD. If there is a phase change from QGP to the
hadronic phase, then the particle yields and fluctuations of con-
served charges should be established at the chiral, pseudocritical
temperature T.. The value of T, is well established by LQCD and
coincides within a different discretization scheme of fermionic ac-
tion. The value, T, = 155(1)(8) was recently obtained in LQCD with
domain wall fermions [61], which preserves all relevant symme-
tries of QCD.

The most transparent way to check if the fluctuations of con-
served charges, extracted from ALICE data, are consistent with
LQCD at T ~ T, is to compare the ratios from Eq. (15) to the cor-
responding LQCD results.

In Fig. 1, we compare xp/xXs, xB/Xqs and xs/xqs ratios with
the continuum limit extrapolated LQCD values at pseudocritical
temperature, T, = 155 MeV [24,25]. Fig. 1 shows that, within sys-
tematic uncertainties, there is a very good agreement between
Pb-Pb collision data from the ALICE experiment at the LHC and
the LQCD results at T ~ 155 MeV.
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Fig. 1. Comparison of different susceptibility ratios obtained by using data mea-
sured by the ALICE Collaboration in Eq. (15) with LQCD results at T = 155 MeV
from Refs. [24,25].
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Fig. 2. The LQCD results on temperature dependent baryon number and strangeness
susceptibility ratio from Ref. [24]. The LQCD value at T = 155 MeV is from Ref. [25].
Also shown is a band for the expected value of this ratio constructed from ALICE
data in Eq. (15).

However, the value of the temperature, at which experimental
results and theory predictions agree, cannot be uniquely deter-
mined by comparing ratios shown in Fig. 1. This is illustrated in
Figs. 2 and 3, where experimental results for xp/xs and xg/xas
from Eq. (15) are compared with LGCD predictions at different
temperatures [25].

The LQCD susceptibility ratios exhibit a rather weak temper-
ature dependence, and for T > 0.15 GeV, are consistent, within
statistical and systematic uncertainties, with results obtained by
using ALICE data. From Figs. 2 and 3, one can exclude temperatures
T <0.15 GeV as a possible range where the saturation of fluctu-
ations in heavy ion data appears. The upper limit, on the other
hand, can be as large as 0.21 GeV.

However, based on different combinations of charge fluctua-
tions and correlations, it was shown, that at T > 163 MeV, the
LQCD thermodynamics cannot be anymore described by hadronic
degrees of freedom [54]. This argument reduces a conceivable win-
dow for the saturation of the net baryon number and strangeness
fluctuations to 0.15 < T < 0.163 GeV.

Further constraints on the lower temperature limit for chemical
freezeout in heavy ion collisions at the LHC can be also obtained

LGT o

from ALICE data e

T [GeV]

0.5 1 n 1 n 1 n 1 n 1 n 1
0.15 0.17 0.189 0.21 0.23 0.25

Fig. 3. Ratio xp/xqs from LQCD data from Refs. [24,25], and obtained from ALICE
data in Eq. (15).
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Fig. 4. The LQCD results on temperature dependent ratio of baryon-strangeness cor-
relation xps and strangeness susceptibility from Ref. [24]. Also shown is a band for
the lower limit on this ratio extracted from ALICE data from Eqs. (13) and (16). The
horizontal line at high-T is an ideal gas value in a QGP.

by considering correlations between strangeness and baryon num-
ber, xps. Particulary interesting is the ratio xs/xs, which was
proposed as a diagnostic observable for deconfinement [53].

The xps correlations are obtained from Eq. (7). Their upper limit
can be expressed by yields of measured strange baryons by ALICE
Collaboration, as

1
~22 > 2+ 20 + 42
1 8(E)+6(Q7)]=97.4+5.8. (16)

Eq. (16) sets only an upper limit for xps since, e.g., the contri-
butions of strange baryonic resonances decaying into non-strange
baryon and strange meson, like decay of £* — NK, are not in-
cluded as they are not known experimentally.

In Fig. 4 we show the (—xps/xs) ratio obtained in LQCD by
the HotQCD Collaboration [24]. The LQCD results are compared
with the lower limit, (—xps/xs) > 0.193 4+ 0.0127, obtained from
Egs. (13) and (16), and ALICE data summarized in Table 1. A strong
increase of this ratio with temperature, makes it an ideal observ-
able to fix the temperature in HIC through a direct comparison of
data to LQCD results. From Fig. 4, it is clear that data are pointing
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Fig. 5. Volume calculated from Eqgs. (17) and (18). Also shown are results for particle
density at corresponding temperature and the critical density in percolation theory,
as well as the chemical freezeout volume VHBT, extracted from the HBT data at
thermal freezeout and rescaled to higher T within 3D-hydrodynamics.

towards temperatures T > 0.15 GeV. This supports the conclusion
already drawn from Figs. 2 and 3.

The agreement of the fluctuation ratios extracted from ALICE
data and LQCD in the chiral crossover, seen in Figs. 1-4, supports
our assumption, that at the QCD phase boundary, the second order
cumulants and charge correlations are well approximated by an
uncorrelated particle production.

The susceptibilities in Eqs. (12), (13) and (14) can also be used
to obtain information on the volume of the fireball for one unit of
rapidity,

_ 203.7+11.44
X T3(xp/T?)1ap

and

504.35£24.14

= 17
% T3 (xs/T?)1aco (17

_ 178.5+17.14
XS T3 (x0s/T?)1acp

Clearly, if xg, xs and xqs are established in a common fireball,
then not only the temperature, but also the corresponding vol-
umes, Vy,, Vi and Vo must be equal.

In Fig. 5, we show the temperature dependence of volume pa-
rameters obtained from Eqgs. (17) and (18). There is a clear de-
crease of volume with temperature, which is needed to reproduce
LQCD susceptibilities. For a given temperature, the volume of the
fireball is extracted as overlap of all Vy;, Vy, and V.

The volume parameters from Fig. 5, together with the total
number of particles in the final state (N;), are used to calculate
the density of particles in a collision fireball, n(T) = (N¢)/V (T).

We calculate the total number of particles per unit of rapid-
ity at midrapidity in central Pb-Pb collisions at /s = 2.76 TeV, as
follows

(18)

(Ng) =3(m) + 4(K) + 4(p) + 2(A + =% + 4(%)
+4(E) +2(), (19)

which gives (N;) = 2486 1+ 146

In Fig. 5, we show the corresponding density of particles, n(T).
Clearly, due to deconfinement, there is a limiting temperature and
corresponding density, above which the fireball constituents can-
not be hadronic anymore.

In percolation theory of objects of (eigen-)volume Vg, there is

a critical density, n?*" = 1.22/V, beyond which the objects start

to overlap [62]. Relating percolation to deconfinement [62], one
can estimate the critical particle density in the hadronic phase.
Considering hadrons as objects of volume Vg = (4/3)7R2, with

Ro=/(r3) and (r}) =0.67 + 0.02 being the mean squared strong

interaction radius of the proton [63],' one gets, n?* ~ 0.53 +
0.024 fm™3. The central n?* value is also marked in Fig. 4.

Remarkably, this critical percolation density appears at T =
152 £ 1 MeV, thus within systematic uncertainties, is consistent
with the transition temperature obtained from LQCD. Clearly, the
value of T at nf” strongly depends on Rg. The lower limit of
Rp >~ 0.67 fm corresponds to T =~ 163 MeV, since above this tem-
perature, the LQCD thermodynamics is not anymore described by
the hadronic degrees of freedom. This lower value of Rg coin-
cides, within error, with a measured charge radius of the pion,
V/(r2) = 0.657 £ 0.012 [65]. Consequently, the percolation of pi-
ons and protons appears at temperatures which overlap with the
QCD chiral crossover.

Some limitations on the volume of the fireball, thus also on
temperature, can be imposed from the HBT interferometry mea-
surements. The Hanbury-Brown-Twiss (HBT) analysis of multipar-
ticle production processes is becoming a widely used technique
in heavy ion collisions. It provides information on the space-time
evolution of an excited strongly interacting system produced in
high energy collisions.

The HBT volume, can be obtained from the product of the lon-
gitudinal R;, outward R, and the sideward Rg radius, as Vypr =
(2m)3/2R Ry R;, if the R; are rms values of Gaussian distributions.
From the first measurement of two-pion Bose-Einstein correlations
in central Pb-Pb collisions at ./syy = 2.76 TeV at the LHC by ALICE
Collaboration [66], one gets Vygr = 4800 £ 580 fm> for central-
ity (0-5%). We note, however, that Vypr is, in general, considered
as the volume at thermal freeze-out. Thus, the fireball volume at
chemical freezeout VHBT(T) is smaller than the Vypr introduced
above due to the expansion of the system between chemical and
thermal freeze-out. To connect VHET(T) with Vygr involves model
assumptions which we discuss briefly below.

Furthermore, Vypr is not representing the source size, but only
the volume of the homogeneity region at the last interaction. Fol-
lowing the procedure developed in [67] we estimate that the true
thermal freeze-out volume per unit of rapidity exceeds the Vpypr
value above by a factor of 1.28 for thermal freeze-out at T =
155 MeV, by 1.47 at T =120 MeV and by 1.63 at T = 100 MeV. We
further note that Vypr grows with the charge particle multiplicity
[66], as expected from the fireball volume at chemical freeze out.
As a consequence we use the volume appropriate for (0-10%) cen-
trality and correct with the above factors.

The relevant corrected volumes are then Vg, = 5510 £ 670 fm>
for T =155 MeV, Vg = 6340 & 770 fm®> for T = 120 MeV and
Ven = 7050 & 850 fm> at T = 100 MeV. For thermal freeze-out at
155 MeV, i.e. close to the chiral crossover temperature, there is no
further extrapolation needed, and the minimal corrected volume is
VHBT — 4840 fm>. As seen in Fig. 5, this chemical freezeout vol-
ume is within uncertainies comparable with that extracted from
the LQCD analysis at temperature T = 155 MeV.

For thermal freeze-out at T =100 and T = 120 MeV, one can
calculate the volume decrease with increasing temperature, i.e. to-
wards the chiral crossover temperature, by employing models for
expansion dynamics in heavy ion collisions. We have here adopted
the 3D-hydrodynamics approach with initial conditions appropri-
ate for LHC energy and calculated in the MC Glauber model to

! This hadronic radius of the proton is somewhat smaller than its recently ob-
tained charge radius, rﬁ =0.84+0.01 [64].
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extract the relative change of the fireball volume with tempera-
ture [68].

In Fig. 5 we show the T-dependent fireball volume VH57(T)
obtained by rescaling the above kinetic freezeout volume at T =
100 MeV with the factor obtained from the 3D-hydrodynamics for
a temperature range between 140 and 170 MeV. Starting from the
kinetic freezeout volume at T = 120 MeV leads to very similar re-
sults.

As seen in Fig. 5, the VHBT(T) coincides with the volume ex-
tracted from LQCD and ALICE data, in the chiral crossover region.
This by itself is a non-trivial observation. At the same time, such
comparison does not restrict the value of the chemical freezeout
temperature at LHC energy.

From the comparison of different fluctuation ratios extracted
from ALICE data and LQCD results, one concludes that, in heavy ion
collisions at the LHC, the second order fluctuations are of thermal
origin and saturate at LQCD values at temperature T > 0.15 GeV.
This together with the LQCD observation, that at T > 0.163 GeV,
the fluctuations of conserved charges cannot be anymore described
by the hadronic degrees of freedom implies that 0.15 < T, < 0.163
is the most likely temperature range for particle freezout at the
LHC. In this temperature window, which overlaps with the chiral
crossover temperature, the T-correlated fireball volume per unit
rapidity is obtained from Fig. 5 as 5000 > V > 3000 fm>. This
range of volumes is also consistent with that extracted from the
HBT measurement and extrapolated to higher temperatures within
3D-hydrodynamics [68].

A recent analysis of particle yields in heavy ion collisions at
the LHC, within the thermal model, has shown that T >~ 156 MeV
and V =~ 5300 fm?>, reproduce all yield data [50]. This temperature
value agrees well with the present analysis. The somewhat larger
volume in Ref. [50] appears, since repulsive interactions of parti-
cles were included in the analysis. In this case, particle densities
are reduced, and to reproduce measured yields, a larger volume is
required.

3. Concluding remarks

We have proposed a method to construct the net baryon num-
ber and strangeness susceptibilities as well as correlations between
electric charge and strangeness from experimental data of the AL-
ICE Collaboration, taken in Pb-Pb collisions at ,/syy = 2.76 TeV.

Using this approach, we have shown that fluctuations and
correlations derived from ALICE data at the LHC are consistent
with LQCD predictions in the temperature window, 0.15 < T, <
0.163 GeV, which overlap with the chiral crossover. In this tem-
perature interval, the fireball volume per unit rapidity corresponds
to 5000 > V > 3000 fm>.

Such a direct agreement between experiment and LQCD lends
strong support to the notion that the fireball created in central
nucleus-nucleus collisions at the LHC is of thermal origin and ex-
hibits characteristic properties expected in QCD at the transition
from a quark-gluon plasma to a hadronic phase.

We have discussed uncertainties in the determination of tem-
perature and volume of the fireball at the LHC. We have also
discussed possible constraints on the parameters originating from
pion interferometry measurements and percolation theory.

The analysis presented here provides the first direct link be-
tween LHC heavy ion data and predictions from LQCD. This was
possible since, at the LHC, the conditions of charge neutrality in
the fireball directly match that in LQCD calculations. In addition,
the constructed susceptibilities and correlations contain contribu-
tions from all charged hadrons integrated over the full momentum
range. This is essential and necessary to make a successful com-
parison of data to the first principle LQCD calculations.

Finally, our method is based on the assumption that the prob-
ability distribution of baryons at LHC energy is close to a Skel-
lam distribution. The probability distribution for net baryon num-
ber production at LHC energy can be directly obtained from
measurements of protons and antiprotons. Since we are inter-
ested in results at midrapidity, issues related to isospin can be
safely neglected and proton and neutron mean numbers should
be equal. Furthermore, corrections due to baryon number con-
servation should be negligible since near midrapidity the baryon
rapidity distribution is very close to flat. Since the present method
only relies on the second moment of the distribution, very high
statistics is not needed and a typical 108 central collisions should
be sufficient, implying that our assumption can be tested experi-
mentally in the near future.

Acknowledgements

We acknowledge stimulating discussions with Bengt Friman
and Frithjof Karsch. We also acknowledge fruitful critical com-
ments from Volker Koch. We are grateful to Vladimir Shapoval
and Yuri Sinyukov for fruitful discussions and for providing re-
sults from hydrodynamics calculations. This work was partly sup-
ported by the Polish Science Foundation (NCN), under Maestro
grant DEC-2013/10/A/ST2/00106.

References

[1] B. Friman, C. Hohne, ]. Knoll, S. Leupold, J. Randrup, R. Rapp, P. Senger, Lect.
Notes Phys. 814 (2011) 1.
[2] K. Fukushima, T. Hatsuda, Rep. Prog. Phys. 74 (2011) 014001.
[3] K. Fukushima, C. Sasaki, Prog. Part. Nucl. Phys. 72 (2013) 99.
[4] M.M. Aggarwal, et al., STAR Collaboration, Phys. Rev. Lett. 105 (2010) 022302.
[5] L. Adamczyk, et al., STAR Collaboration, Phys. Rev. Lett. 112 (2014) 032302.
[6] L. Adamczyk, et al., STAR Collaboration, Phys. Rev. Lett. 113 (2014) 092301.
[7] Y. Hatta, M.A. Stephanov, Phys. Rev. Lett. 91 (2003) 102003.
[8] M. Stephanov, K. Rajagopal, E. Shuryak, Phys. Rev. Lett. 81 (1998) 4816.
[9] S. Ejiri, F. Karsch, K. Redlich, Phys. Lett. B 633 (2006) 275.
[10] M.A. Stephanov, Phys. Rev. Lett. 102 (2009) 032301.
[11] M.A. Stephanov, Phys. Rev. Lett. 107 (2011) 052301.
[12] F. Karsch, K. Redlich, Phys. Lett. B 695 (2011) 136.
[13] A. Bazavov, H.T. Ding, P. Hegde, O. Kaczmarek, F. Karsch, E. Laermann,
S. Mukherjee, P. Petreczky, Phys. Rev. Lett. 109 (2012) 192302.
[14] C. Ratti, et al., Wuppertal-Budapest Collaboration, Nucl. Phys. A 855 (2011)
253.
[15] S. Borsanyi, Z. Fodor, S.D. Katz, S. Krieg, C. Ratti, K.K. Szabo, Phys. Rev. Lett. 113
(2014) 052301.
[16] R.D. Pisarski, F. Wilczek, Phys. Rev. D 29 (1984) 338.
[17] Y. Aoki, G. Endrédi, Z. Fodor, S.D. Katz, K.K. Szab6, Nature 443 (2006) 675.
[18] S. Ejiri, F. Karsch, E. Laermann, C. Miao, S. Mukherjee, P. Petreczky, C. Schmidt,
W. Soeldner, W. Unger, Phys. Rev. D 80 (2009) 094505.
[19] O. Kaczmarek, F. Karsch, E. Laermann, C. Miao, S. Mukherjee, P. Petreczky,
C. Schmidt, W. Soeldner, W. Unger, Phys. Rev. D 83 (2011) 014504.
[20] C.R. Allton, M. Déring, S. Ejiri, S.J. Hands, O. Kaczmarek, F. Karsch, E. Laermann,
K. Redlich, Phys. Rev. D 71 (2005) 054508.
[21] B. Friman, F. Karsch, K. Redlich, V. Skokov, Eur. Phys. J. C 71 (2011) 1694.
[22] S. Borsanyi, Z. Fodor, S.D. Katz, S. Krieg, C. Ratti, K. Szabo, Wuppertal-Budapest
Collaboration, J. High Energy Phys. 1201 (2012) 138.
[23] M. Cheng, P. Hedge, C. Jung, F. Karsch, O. Kaczmarek, E. Laermann, R.D. Nawhin-
ney, C. Miao, P. Petreczky, C. Schmidt, Phys. Rev. D 79 (2009) 074505.
[24] A. Bazavov, et al., HotQCD Collaboration, Phys. Rev. D 86 (2012) 034509.
[25] A. Bazavov, H.-T. Ding, P. Hegde, O. Kaczmarek, F. Karsch, E. Laermann,
Y. Maezawa, S. Mukherjee, Phys. Rev. Lett. 113 (2014) 072001.
[26] K. Fukushima, Phys. Lett. B 591 (2004) 277.
[27] C. Sasaki, B. Friman, K. Redlich, Phys. Rev. D 75 (2007) 054026.
[28] C. Sasaki, B. Friman, K. Redlich, Phys. Rev. D 75 (2007) 074013.
[29] B. Stokic, B. Friman, K. Redlich, Phys. Lett. B 673 (2009) 192.
[30] V. Skokov, B. Stokic, B. Friman, K. Redlich, Phys. Rev. C 82 (2010) 015206.
[31] V. Skokov, B. Friman, E. Nakano, K. Redlich, B.-]. Schaefer, Phys. Rev. D 82 (2010)
034029.
[32] V. Skokov, B. Friman, K. Redlich, Phys. Rev. C 83 (2011) 054904.
[33] M. Asakawa, S. Ejiri, M. Kitazawa, Phys. Rev. Lett. 103 (2009) 262301.
[34] TK. Herbst, .M. Pawlowski, B.J. Schaefer, Phys. Lett. B 696 (2011) 58.
[35] BJ. Schaefer, M. Wagner, Phys. Rev. D 85 (2012) 034027.
[36] M. Wagner, A. Walther, BJ. Schaefer, Comput. Phys. Commun. 181 (2010) 756.


http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6672696D616E31313A5F63626D5F7068797369635F626F6F6Bs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6672696D616E31313A5F63626D5F7068797369635F626F6F6Bs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib66756B757368696D6131313A5F70686173655F64696167725F6F665F64656E73655F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib46756B757368696D613A323031337278s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib616767617277616C31303A5F6869676865725F6D6F6D656E5F6F665F6E65745F70726F746F6Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib535441525F706E5F32303133s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6164616D637A796B31343A5F6265616D5F656E6572675F646570656E5F6F665F6D6F6D656Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib686174746130333A5F70726F746F6E5F6E756D6265725F666C7563745F61735F7369676E616Cs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib7374657068616E6F7639383A5F7369676E61745F6F665F74726963725F706F696E745F696E5F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib656A69726930363A5F686164726F6E5F666C7563745F61745F7163645F70686173655F7472616E73s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib7374657068616E6F7630393A5F6E6F6E5F67617573735F666C7563745F6E6561725F7163645F6372697469635F706F696E74s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib7374657068616E6F7631313A5F7369676E5F6F665F6B7572746F735F6E6561725F7163645F6372697469635F706F696E74s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6B617273636831313A5F70726F62696E5F667265657A5F6F75745F636F6E6469745F696Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib42617A61766F763A323031327667s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib42617A61766F763A323031327667s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib5261747469s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib5261747469s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib637261747469s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib637261747469s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib7069736172736B6938343A5F72656D61725F63686972616C5F7472616E735F696E5F6368726F6Ds1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib616F6B693036s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib656A69726930393A5F6D61676E65745F65717561745F6F665F73746174655F696E5F666C61766F725F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib656A69726930393A5F6D61676E65745F65717561745F6F665F73746174655F696E5F666C61766F725F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6B61637A6D6172656B31313A5F70686173655F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6B61637A6D6172656B31313A5F70686173655F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib616C6C746F6E30353A5F746865726D5F6F665F74776F5F666C61766F725F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib616C6C746F6E30353A5F746865726D5F6F665F74776F5F666C61766F725F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6672696D616E31313A5F666C7563745F61735F70726F62655F6F665F716364s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib626F7273616E796931323A5F666C7563745F6F665F636F6E7365725F63686172675F6174s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib626F7273616E796931323A5F666C7563745F6F665F636F6E7365725F63686172675F6174s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6368656E6730393A5F626172796F6E5F6E756D6265725F737472616E5F616E645F656C656374s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6368656E6730393A5F626172796F6E5F6E756D6265725F737472616E5F616E645F656C656374s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib62617A61766F7631323A5F666C7563745F616E645F636F7272656C5F6F665F6E6574s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib42617A61766F763A32303134787961s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib42617A61766F763A32303134787961s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib66756B757368696D6130343A5F63686972616C5F706F6C79616Bs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib736173616B6930373A5F717561726B5F6E756D6265725F666C7563745F696E5F63686972616Cs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib736173616B6930373A5F7375736365705F706F6C79616B6F76s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib73746F6B696330393A5F6B7572746F735F616E645F636F6D70725F6E6561725F63686972616C5F7472616E73s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib736B6F6B6F7631303A5F6D65736F6E5F666C7563745F616E645F746865726D5F6F66s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib736B6F6B6F7631303A5F76616375756D5F666C7563745F616E645F746865726D5F6F665F63686972616C5F6D6F64656Cs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib736B6F6B6F7631303A5F76616375756D5F666C7563745F616E645F746865726D5F6F665F63686972616C5F6D6F64656Cs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib736B6F6B6F7631313A5F717561726B5F6E756D6265725F666C7563745F696E5F706F6C79616Bs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6173616B61776130393A5F74686972645F6D6F6D656E5F6F665F636F6E7365725F6368617267s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib68657262737431313A5F70686173655F73747275635F6F665F706F6C79616B5F717561726Bs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib736368616566657231323A5F7163645F6372697469635F726567696F6E5F616E645F686967686572s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib7761676E657231303A5F65666669635F636F6D7075745F6F665F686967685F6F72646572s1

298 P. Braun-Munzinger et al. / Physics Letters B 747 (2015) 292-298

[37] P. Braun-Munzinger, B. Friman, F. Karsch, K. Redlich, V. Skokov, Phys. Rev. C 84
(2011) 064911.

[38] P. Braun-Munzinger, B. Friman, F. Karsch, K. Redlich, V. Skokov, Nucl. Phys. A
880 (2012) 88.

[39] K. Morita, V. Skokov, B. Friman, K. Redlich, Eur. Phys. J. C 74 (2014) 2706.

[40] K. Morita, B. Friman, K. Redlich, V. Skokov, Phys. Rev. C 88 (2013) 034903,
arXiv:1301.2873.

[41] A. Bzdak, V. Koch, Phys. Rev. C 86 (2012) 044904.

[42] A. Bzdak, V. Koch, V. Skokov, Phys. Rev. C 87 (2013) 014901.

[43] M. Kitazawa, M. Asakawa, Phys. Rev. C 85 (2012) 021901.

[44] M. Kitazawa, M. Asakawa, Phys. Rev. C 86 (2012) 024904.

[45] P. Braun-Munzinger, I. Heppe, J. Stachel, Phys. Lett. B 465 (1999) 15.

[46] P. Braun-Munzinger, D. Magestro, K. Redlich, ]. Stachel, Phys. Lett. B 518 (2001)
41.

[47] P. Braun-Munzinger, K. Redlich, ]. Stachel, in: R.C. Hwa, X.N. Wang (Eds.),
Quark-Gluon Plasma 3, World Scientific, 2004.

[48] A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, ]J. Phys. G 38 (2011)
124081.

[49] A. Andronic, P. Braun-Munzinger, K. Redlich, ]. Stachel, Nucl. Phys. A 904-905
(2013) 535c¢.

[50] J. Stachel, A. Andronic, P. Braun-Munzinger, K. Redlich, ]. Phys. Conf. Ser. 509
(2014) 012019.

[51] F. Becattini, E. Grossi, M. Bleicher, ]. Steinheimer, R. Stock, Phys. Rev. C 90
(2014) 054907.

[52] F. Karsch, K. Redlich, A. Tawfik, Phys. Lett. B 571 (2003) 67;
F. Karsch, K. Redlich, A. Tawfik, Eur. Phys. ]. C 29 (2003) 549.

[53] V. Koch, A. Majumder, J. Randrup, Phys. Rev. Lett. 95 (2005) 182301.

[54] F. Karsch, Acta Phys. Polon. Supp. 7 (1) (2014) 117.

[55] Marilyn W. Sullivan, et al., Phys. Rev. D 36 (1978) 674.

[56] K.A. Olive, et al., Particle Data Group, Chin. Phys. C 38 (2014) 090001.

[57] B. Abelev, et al., ALICE Collaboration, Phys. Rev. C 88 (4) (2013) 044910.

[58] B.B. Abelev, et al., ALICE Collaboration, Phys. Lett. B 728 (2014) 216;
B.B. Abelev, et al., ALICE Collaboration, Phys. Lett. B 734 (2014) 409 (Erratum).

[59] B.B. Abelev, et al., ALICE Collaboration, Phys. Rev. Lett. 111 (22) (2013) 222301.

[60] B.B. Abelev, et al., ALICE Collaboration, Phys. Rev. C 91 (2015) 02409.

[61] T. Bhattacharya, M.I. Buchoff, N.H. Christ, H.-T. Ding, R. Gupta, C. Jung, F. Karsch,
Z. Lin, Phys. Rev. Lett. 113 (2014) 082001.

[62] P. Castorina, K. Redlich, H. Satz, Eur. Phys. J. C 59 (2009) 67.

[63] P. Povh, J. Hiifner, Phys. Lett. B 245 (1990) 653.

[64] LT. Lorenz, H.-W. Hammer, Ulf-G. Meissner, Eur. Phys. J. A 48 (2012) 151.

[65] S.R. Amendolia, et al., Phys. Lett. B 146 (1984) 116.

[66] K. Aamodt, et al., ALICE Collaboration, Phys. Lett. B 696 (2011) 328.

[67] D. Adamova, et al., CERES Collaboration, Phys. Rev. Lett. 90 (2003) 022301.

[68] S.V. Akkelin, P. Braun-Munzinger, Y.M. Sinyukov, Nucl. Phys. A 710 (2002) 439.


http://refhub.elsevier.com/S0370-2693(15)00421-9/bib627261756E2D6D756E7A696E67657231313A5F6E65745F70726F746F6E5F70726F6261625F64697374725F696Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib627261756E2D6D756E7A696E67657231313A5F6E65745F70726F746F6E5F70726F6261625F64697374725F696Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib427261756E4D756E7A696E6765723A323031317461s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib427261756E4D756E7A696E6765723A323031317461s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6D6F7269746131323A5F626172796F6E5F6E756D6265725F70726F6261625F64697374725F6E656172s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6D6F7269746131333A5F6E6574s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6D6F7269746131333A5F6E6574s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib627A64616B31323A5F61636365705F636F727265635F746F5F6E65745F626172796F6Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib627A64616B31333A5F626172796F6E5F6E756D6265725F636F6E7365725F616E645F63756D756Cs1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6B6974617A61776131323A5F72657665616C5F626172796F6E5F6E756D6265725F666C7563745F66726F6Ds1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6B6974617A61776130343A5F72656C61745F6265747765656E5F626172796F6E5F6E756D6265725F666C756374s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib427261756E4D756E7A696E6765723A313939397179s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib427261756E4D756E7A696E6765723A323030316970s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib427261756E4D756E7A696E6765723A323030316970s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib537461746D6F64656C7265766965775F51475033s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib537461746D6F64656C7265766965775F51475033s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib416E64726F6E69633A323031317971s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib416E64726F6E69633A323031317971s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib416E64726F6E69633A32303132646Ds1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib416E64726F6E69633A32303132646Ds1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib5374616368656C3A323031337A6D61s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib5374616368656C3A323031337A6D61s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib426563617474696E693A32303134686C61s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib426563617474696E693A32303134686C61s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4B61727363683A323030337A71s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4B61727363683A323030337A71s2
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6B6F636831s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4B61727363683A323031336E6161s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4C616D626461s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib706467s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4162656C65763A32303133766561s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4142454C45563A323031337A6161s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4142454C45563A323031337A6161s2
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4162656C65763A32303133786161s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4162656C65763A32303134757561s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib646F6D65696Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib646F6D65696Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib636173746F72696E61s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib70726F746F6Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib6D656973736E6572s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib70696F6Es1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib41484254s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib4164616D6F76613A323030326666s1
http://refhub.elsevier.com/S0370-2693(15)00421-9/bib687964726Fs1

	Confronting ﬂuctuations of conserved charges in central nuclear collisions at the LHC with predictions from Lattice QCD
	1 Introduction
	2 Fluctuations and correlations of net charges
	2.1 Modeling susceptibilities and correlations in heavy ion collisions at the LHC
	2.2 Relating LHC data to LQCD

	3 Concluding remarks
	Acknowledgements
	References


