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Deconfinement and chiral symmetry restoration in QCD

The QCD chiral transition is
Pisarski & Wilczek; CrOSSOVEr Y.Aoki, etal Nature (2006)

r" Critical 2nd order, O(4)  and appears in the O(4) critical region
region 2nd order, Z(2)
1st order O. Kaczmarek et.al. Phys.Rev. D83, 014504 (2011)
------ crossover
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|, pnstr T. Bhattacharya et.al.
r 774 Phys. Rev. Lett. 113, 082001 (2014)

Deconfinement of quarks sets in at
the chiral crossover
A.Bazavov, Phys.Rev. D85 (2012) 054503

The shift of T, with chemical potential

See also: T, (IUB) =T, (O)[1_0'0066'(/Js /Tc)z]

Y. Aoki, S. Borsanyi, S. Durr, Z. Fodor, S. D. Katz, et al.
JHEP, 0906 (2009)
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O(4) scaling and magnetic equation of state
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Probing O(4) chiral criticality with charge fluctuations

Due to expected O(4) scaling in QCD the free energy:

P =Py (T g, 14) +b7'P. (0 t(12), 6™ )

Generalized susceptibilities of net baryon number
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Consider fluctuations and correlations of
conserved charges to be compared with LQCD

N

Excellent probe of:

QCD criticality
A. Asakawa at. al.
S. Ejirietal,,...

M. Stephanov et al.,

K. Rajagopal et al.
B. Frimann et al.

freezeout
conditions in HIC

F. Karsch &
S. Mukherjee et al.,

P. Braun-Munzinger
et al.,,

They are quantified by susceptibllities:
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Consider special case:

Charge and anti-charge uncorrelated
and Poisson distributed, then
P(N) the Skellam distribution

N,
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Consider special case: particles carrying q=+1+2,+3

P. Braun-Munzinger,
B. Friman, F. Karsch,

V Skokov &K.R.

Phys .Rev. C84 (2011) 064911
Nucl. Phys. A880 (2012) 48)

Fluctuations

The probability distribution

< S_q >= g—q

q=+1+2,+3

Zs lal

T2

n=1

1 2
_VT3 Zn (<Sn

)+(S.0)

P(s) = (3% exp[fj(én 45

Z Z Wzﬂ 2,/ 5555)
S S
(gz)ffﬁf (21/5,55)
(S (2550
Correlations

Anv &

-|-2 VTB mqu nZ(;‘N nm< nm>

<Sn,m> ‘IS the mean number of particles
carrying charge N=n and M =m




Variance at 200 GeV AA central coll. at RHIC

STAR Collaboration data in central coll. 200 GeV

See also talk of Lijun Ruan
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Skellam distribution is a good
approximation to calculate 2" order

charge fluctuations in HIC

Consistent with Skellam distribution
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Variance at 200 GeV AA central coll. at RHIC

K. Morita, B. Friman and K.R.
Phys.Lett. B741 (2015) 178
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STAR Collaboration data in central coll. 200 GeV
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Thermal particle prodution in Heavy lon Collisions form SIS to LHC

ALICE Collaboration
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Can the thermal nature and composition of the collision
fireball in HIC be verified ?




Constructing net charge fluctuations and correlation
from ALICE data with Skellam distribution

Net baryon number susceptibility
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Compare the ratio with LQCD data:

A. Bazavov, H.-T. Ding, P. Hegde, O. Kaczmarek, F. Karsch, E. Laermann, Y. Maezawa and S. Mukherjee

Phys.Rev.Lett. 113 (2014) and HotQCD Coll. A. Bazavov etal. Phys.Rev. D86 (2012) 034509
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Is there a temperature where calculated ratios from
ALICE data agree with LQCD?



Direct comparisons of Heavy ion data at LHC with LQCD

STAR results => the 2" order
cumulants %, are consistent with
Skellam distribution, thus %\ and

Anm with N,M ={B,Q,S} are expressed &
by particle yields. Consider LHC data E Karsch QM 2017 ‘
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Compare ratios with LQCD at chiral crossover
P. Braun-Munzinger, A. Kalweit, J. Stachel, & K.R.

Phys. Lett. B747, 292 (2015)

® from ALICE data
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The cumulant ratios extracted from ALICE data are

consistent with LQCD at the chiral crossover:
Evidence for thermalization at the phase boundary




Constraining chemical freezeout temperature at the LHC
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Fluctuations of net baryon number
sensitive to deconfinement in QCD

n 4
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Modelling fluctuations in the O(4)/Z(2) universality class
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Effective potential is obtained by solving the exact flow equation (Wetterich
eg.) with the approximations resulting in the O(4)/Z(2) _critical exponents

B.J. Schaefer & J. Wambach,; B. Stokic, B. Friman & K.R.
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Higher order cumulants in effective chiral model within FRG
approach, belongs to 0O(4)/Z(2) universality class

1.5

B. Friman, V. Skokov &K.R. Phys. Rev. C83

(2011) 054904

G. Almasi, B. Friman &K.R.
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Deviations of cumulant ratios from Skellam distribution are

1.0
T/T.

G. Almasi, B. Friman &K.R.
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Increasing with the order of the cumulants and can be used to identify
the chiral QCD phase boundary in HIC
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STAR data on the cumulants of the net baryon number
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STAR “BES” and recent results on net-proton fluctuations

X. Luo etal. (2015), STAR Coll. Preliminary
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Modelling critical fluctuations
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Self - consistent freeze-out and STAR data

Freeze-out line in (T, ) - plain determined by fitting xs / s to data

Ratio xs/ xs =tanh(u/T) => further evidence of equilibrium and
thermalisation at 7 GeV <+/s <5 TeV

Ratio %=/ s # %2/ %z expected due to critical chiral dynamics

Enhancement of Xs/ Zs at /s <20 Gev not reproduced
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Higher order cumulants - energy dependence
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Conclusions:

From LQCD: chiral crossover in QCD is the remnant of the 2nd
order phase transition belonging to the O(4) universality class

Very good prospects for exploring the phase diagram of QCD
In nuclear collisions with fluctuations

The medium created in HIC is of thermal origin and follows the
properties expected in LQCD near the phase boundary

Systematics of the net-proton number fluctuations at Js>20 GeV
measured by STAR Coll. in HIC at RHIC s qualitatively consistent
with the expectation, that they are influenced by the critical
chiral dynamics



Hagedorn’s continuum mass stuectrum

contribution to strangeness fluctuations
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Missing strange baryon and meson resonances in the PDG

F. Karsch, et al., Phys. Rev. Lett. 113, no. 7, 072001 (2014)

P.M. Lo, etal. Eur.Phys.J. A52 (2016)
Satisfactory description of LGT with asymptotic states from Hagedorn’s
exponential mass spectrum  p" (M) =m*™™ fitted to PDG



Charge - Strangeness correlations

The ratio
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The ratio of cumulants in LGT and ALICE data
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Modelling QCD Statistical Operator in hadronic phase

Interacting hadron gas => S matrix approach (Dashen, Ma & Bernstein, Phys. Rev (1969):
“uncorrelated” gas of hadrons and resonances (HRG)
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A. Andronic, Peter Braun-Munzinger, & Johanna Stachel, et al. A. Bazavov et al. HotQCD Coll. 2014, 2017
%103?“. IéFb-Pb\"SNNE;?ETEV =§|1E_||||||||||||||||||||||||||_
S 102E ok ok 2 | , _; nor-int. limit
= = L *-"-.-' i = B J
s | & - :
> 10F N .
B 100 I I N T R O =
'E o E
- P -
107 DR I B
102 E
10" | ™| D4ta, ALICE, 0}10% o 4
- stbt.snca;l mbodel il (x2/N}=33 0/14) E
104 Vo, —bwev‘ v4=5330 fm’ | -!"!-—; T [MeV]
— ! [ NN (S [ [ Y (N Y (S Ny N [y Ay A A |

EEKKKK*DcppA:ﬁHﬂﬂdHeHH 0
130 170 210 250 200 330 2370

HRG provides very good description of yields data and LQCD equation of state



