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Polyakov loop on the lattice needs renormalization
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To probe deconfinement : consider fluctuations

Fluctuations of modulus of SU(3) pure gauge: LGT data
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Fluctuations of the real and imaginary part
of the renormalized Polyakov loop

Real part fluctuations

Thn = 3% [(LF")?) - (L§")7]

Imaginary part fluctuations

Tox; = 35 [(LF™)?) — (L))

Pok Man Lo, B. Friman, O. Kaczmalrnek, C. Sasaki & K.R., PRD (2013)
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Compare different Susceptibilities:
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Ratios of the Polyakov loop fluctuations as an
excellent probe for deconfinement
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Ratios of the Polyakov loop fluctuations as an
excellent probe for deconfinement

Pok Man Lo, B. Friman, O. Kaczmarek,
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Ratio Imaginary/Real of Polyakov loop fluctuations

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R. , PRD (2013)
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Ratio Imaginary/Real of Polyakov loop fluctuations

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R. , PRD (2013)

In deconfined phase
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Deconfinement phase transition in a large quark mass
limit: effective approach

Effective partition function
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C. Sasaki &K.R. Phys.Rev. D86 (2012) 014007
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PL and heavy quark coupling

Critical quark mass Effective potential
« Phase boundary of deconfinement phase _ 3 +.
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Compare with LGT:
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H. Saito, 5. Ejiri, S. Aoki, T. Hatsuda, K. Kanaya, Y. Maezawa,
H. Ohno. and T. Umeda., Phys. Rev. D 84 (2011) 054502



The critical point of the 2" order transition

Pok Man Lo, et al. Phys. Rev. D (2014)
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Susceptibility at the critical point

Pok Man Lo, et al. Phys. Rev. D (2014)
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Critical masses and temperature values

Pok Man Lo, et al. Phys. Rev. D (2014)
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Polyakov loop and fluctuations in QCD

Smooth behavior for the Polyakov loop and fluctuations
— difficult to determine where is “deconfinement”
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The influence of fermions on the Polyakov
loop susceptibility ratio

Z(3) symmetry broken, however ratios still showing deconfinement
Pok Man Lo, B. Friman, O. Kaczmarek, C. Sasaki & K.R.
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The influence of fermions on ratios of the
Polyakov loop susceptibilities
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Z(3) symmetry broken, however

ratios still showing the transition
Pok Man Lo, B. Friman, O. Kaczmarek, C. Sasaki & K.R.

| | | ] ] | |
L
XA
R, =%=
Yk
[ |
this work =— 4
= n=0 {4;3[;4} ——
ne=0 (48°x6) ——
B nrl} {64313} —h—
- n=1+1(32°x8) —l— -
[ |
T,

1.2

V19

L 1t
A

0.8
0.6 -
04t

0.2

Change of the slopes at
fixed T

this TED[‘]{
nf=l]' {43314] —8—
nf=l]' {43316] ——
n;=|} (64313] F—h—
. n=1+1(32°x8) —— -




Fluctuations of net baryon number
sensitive to deconfinementin QCD
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Kurtosis of net quark number density in PQM model

V. Skokov, B. Friman &K.R.
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Polyakov loop susceptibilitY_ ratios still
|

away from the continuum limit:
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of the Polyakov loop
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The phase diagram at finite quark masses

At the CP: Divergence of Fluctuations,
Correlation Length and Specific Heat
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The existence of the CP in QCD
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To identify chiral crossover
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The interplay between deconfinement and
he chiral crossover
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The change of properties of observables which are sensitive to deconfinement
and chiral transition appear in the same narrow temperature range



Quark fluctuations and O(4) universality class

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

F = FR (T, ,qu , /Lll) 4 b—lFS (b(2—0{)—1l_, bﬂ§/vh)

Consider generalized susceptibilities of the net-quark number

" 4 n n a—n n
e _O"(PITY) _ CR( )+Cs( ) e C _  pamipo f+< (2)
(p I T)"
Since for T<T, ¢y are well described by the HRG
search for deviations (in particular for larger n) from HRG

I:> to quantify the contributions of Cén), l.e. the O(4) criticality

S. Ejiri, F. Karsch & K.R. Phys. Lett. B633, (2006) 275

M. Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103 (2009) 262301
V. Skokov, B. Stokic, B. Friman &K.R. Phys. Rev. C82 (2010) 015206

F. Karsch & K. R. Phys.Lett. B695 (2011) 136
B. Friman, et al. . Phys.Lett. B708 (2012) 179, Nucl.Phys. A880 (2012) 48




Momentum cut dependence of the cumulant
ratio of the electric charge fluctuations
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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:
It P(T, yy, 14y, 15) denotes pressure, then
X _ O°(P) X __O'(P)
T°  o(uy)’ T°  Ouyou,
N=N,-N_, N.M=(B,S,0), u=u/T, p=P/T*
Susceptibility is connected with variance

Zfzvz 13(<N2>—<N>2)
T VT
If P(N) probability distribution of NV then

<N">=) N"P(N)
N




Consider special case:

P. Braun-Munzinger, Charge and anti-charge uncorrelated
B. Friman, F. Karsch, _ _ _

V Skokov &K.R. and Poisson distributed, then

Phys .Rev. C84 (2011) 064911 . . .

Nucl. Phys. A880 (2012) 48) P(N) the Skellam distribution

B N N/2 _ B -
<N,>=N, — P(N)=[—q] IN(Z\/N-qu)eXp[—(N—q+Nq)]

N,

Then the susceptibility

Iy _ 1
T° VT

(SN, >+<N_ >)



Consider special case: particles carrying 4=+1,42,+3

P. Braun-Munzinger, The probability distribution

B. Friman, F. Karsch, 3 3

V Skokov &K.R. - P(S) = (%)% exp[z(én + 57

Phys Rev. C84 (2011064911 ~ <O_, >= 34

Nucl. Phys. A880 (2012) 48) b1 42.43 Z Z 83 w 1(21/350)
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1
Fluctuations Correlations
|Q'| M
_ XNM
Tz_ ’TSZ” (S=n)) T _IT3 Y 2, nm{Nam)
n=1 n=—gy M=—qn

(Ny.m ), is the mean number of particles
; carrying charge N =n and M = m.



Variance at 200 GeV AA central coll. at RHIC
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. STAR Collaboration data in central coll. 200 GeV
P. Braun-Munzinger, et al.

Nucl. Phys. A880 (2012) 48) Consistent with Skellam distribution
[ T I T T
- Hl— 8y =130 GeV ‘5 _
— = -0 GeV ] |[ZPZ*<P> 02040016 £1=1.076%0.035
-« - /onn =2.76 TeV 1 o A3

Consider ratio of cumulants in
In the whole momentum range:

] _ —6.1840.14 in 0.4< p, <0.8GeV
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Particle production yields in Heavy lon Collisions at LHC

Paolo Giubellino & Jiirgen Schukraft for ALICE Collaboration

T

1/N,, N/(dydp.) (GeV/c)'

Pb+Pb @ sqrt(s) = 2.76 ATeV
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Event : 0x00000000D3BBE693

8 L gI 11 I10
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Use ALICE data to quantify the 2" order correlations
and fluctuations of conserved charges




Constructing net charge fluctuations and correlation
from ALICE data

Net baryon number susceptibility

Ly s )+ N+ (e () (2 ) () (E) (0o pr )

Net strangeness

25 o (K Y+ (KO) (A )+ (27) (2 ) a(Z )+ 4(2)49(Q )+ par

T> VT
_(F¢—>K+ +rgo—>K_ +r¢>—>1<§ +r¢)—)K2)<¢> )
Charge-strangeness correlation
1 . _ N —
;;Q; zVT3 (<K >+2<5 >+3<Q >+par

_(F¢_)K+ + F¢_>K— ) <¢> B (FK§—>K+ + FK3—>K‘ ) <K;> )




Xs - Zs »Xos constructed from ALICE particle yields

use also 3°/A =0.278 from pBe at s =25 GeV

Net baryon fluctuations

Net strangeness fluctuations

Charge-Strangeness corr.

Ratios is volume independent

A8 —0.404+0.028
Xs

and

Xs
T2

1
~ 5 (203.7£11.4)

Xs
T2

1
~ 5 (504.2+24)

Xos 1
= ~ o (178 +17)

Xs
Xos

=1.14+0.13




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?



Baryon number, strangeness and Q-S correlations

Compare ratios at the chiral crossover There is a very good
| | agreement, within

o [ T __ systematic uncertainties,
Cn I between extracted

t susceptibilities from
ALICE data and LQCD at
} the chiral crossover

y } f . How unique is the
determination of the

temperature at which such

agreement holds?
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Consider T-dependent LQCD ratios and compare

ith ALICE data
¥ 0.6 5 e e e [ [ S B
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The LQCD susceptibilities ratios are weakly T-dependent for T=T7,

We can reject T <0.15 GeV for saturation of Xz, ¥s and x, at the
LHC, and can fix T to be in the range 0.15<T <0.21 GeV, however

LQCD =>forT >0.163 GeV thermodynamics cannot be anymore
described by the hadronic degrees of freedom



Baryon-Strangeness Correlations

Consider

_ < (0B)(0S) > _ Xss

BS

Volker Koch 05

<(88) > X
T Excellent observable
R to fix temperature
RICIZITALAM 1
ot “ — _Xz?f > T [2A +T7) + 4(5F)
. +8(2) +6(Q7)] = 9744558,
LGT

the lower 1imit

T [GeV]

from ALICE data e _

Data fix only the
lower limit since e.qg.

¥* = NK not

Included
35



Extract the volume by comparing data with LQCD

vIifmllx1073

C(KN?>=< N>,

Since |, /7,40 =

v, T’
1 thus
v (1) 3203.71211.4 v (1) 3504.2i224.2
’ T (X5 /T 10cn ’ T° (X5 /T ocn
VZQS(T)=T3 178117
(X /T rocn

All volumes, should be equal at a
given temperature if originating
from the same source, thus

T >150 MeV



Constraining the volume from HBT and percolation theory

vifm®lx107°

T
pe

T [GeV]

I
0.135

D. Adamova, et al (CERES) Phys Rev. Lett
90, 022301 (2003).

S.V. Akkelin, P. Braun-Munzinger & Y. Sinyukov

| 1
0.16

Nucl. Phys. A710 (2002).

0.17

Some limitation on volume from
Hanbury-Brown—Twiss: HBT
Virpr = (2m)%/2RR,R..
Take ALICE data from pion
interferometry V,,, =4800+ 640 fin™
Use 3D hydro to transfer
Viusr: the volume of the homogeneity
at the last interaction
V,.(T,,) the volume at the thermal

freezeout T, =100 MeV
V. .(T') : the volume at temperature
1, >1,,




Thermal origin of particle yields with respect to HRG

Rolf Hagedorn => the Hadron Resonace Gas (HRG):
“uncorrelated” gas of hadrons and resonances

SN, ==V (T g+ ST N (T, 1)
K

A. Andronic, Peter Braun-Munzinger, & Johanna Stachel, et al.

Particle yields with no resonance decay

contributions at the LHC:

1 dN
2j+1 dy

=V(m/T)Y K,(m/T)

dN/dy/(2J+1)

10°E Pb-Pb |/5,,,=2.76 TeV .
102 7-10% centrality (N__ =356)

10 E

107 ~.d 3

- z

10° E

10° . g E

“ZHes

104 o E

®m Data (ALICE)

10°E Thermal model, T=156 MeV (V=5330 fm®) ’ 3

10° total (after decays) Ee_f

-====-- primordial

10—? L1 1 1 | 11 1 | I L1 1 1 I 11 1 | | L1 1 1 | 11 1 | I 11 1 1 I L1 1 | N

0 05 1 15 2 25 3 35 4

Mass (GeV)

Measured yields are reproduced with HRG at T =156 MeV




Conclusions:
Ratios of the Polyakov loop and the Net-charge susceptibilities are
excellent probes for deconfinement and/or the O(4) chiral
crossover 1n QCD
From direct comparisons of 2" order fluctuations and correlations
constructed from ALICE data and LQCD results one concludes that:

there 1s thermalization in heavy 1on collisions at the LHC
and the 2nd order charge fluctuations and correlations are

saturated at the chiral crossover temperature

Skellam distribution, and its generalization, 1s a good
approximation of the net charge probability distribution

P(N) for small N<10. The chiral criticality sets 1n at larger N>10
and 1mplies shrinking of the Skellam distribution.



Particle density and percolation theory

e asn m et ] Density of particles at a
7.0 * If}:,-, : exp
| e e given volume n(T) = N oral
5.0 » T V(T)
:,f } ‘ Total number of particles in
cop i N | HIC at LHC, ALICE
i | 1 (V) =3(r) + 4(p) + 4(K) + (2 + 4 x 0.2175)(Ax)
| ;-""E £ | 1 A(E) + 2(0),
n | T 6w (N;) = 2486 + 146
Percolation theory: 3-dim system of objects of volume V,=4/3zR;
n = 1.22 take R, ~0.82fm=> n.~0.52 [fm] = T =152 [MeV]

C V
. 0
P. Castorina, H. Satz &K.R. Eur.Phys.J. C59 (2009)



What is the influence of O(4) criticality on P(N)?

For the net baryon number use the

Skellam distribution (HRG baseline)
B

P<N>=(§j 1,2V BB)exp[~(B + B)]

as the reference for the non-critical
behavior
Calculate P(N) in an effective chiral

model which exhibits O(4) scaling and
compare to the Skellam distribtuion

P(N)= Z;(N) e%

GC




Moments obtained from probability
distributions

Moments obtained from probability

distribution
<N*>=» N*P(N)
N

Probability quantified by all cumulants

1 2r
P(N)=—— [ dyexpliyN = (iy)]

Cumulants generating function: ¥(Y) = PVIp(T,y+p)—p(T, 1)]= sz yk
In statistical physics '

P(N)= Z;(N) e%

GC



What is the influence of O(4) criticality on P(N)?

g%rr?;f;y;ngrgsi; For the net baryon number use the

V Skokov &K R. Skellam distribution (HRG baseline)

Phys .Rev. C84 (2011) 064911 N/2

Nucl. Phys. A880 (2012) 48) P(N) _ (%j IN (2\/5) exp[—(B + }_3)]
as the reference for the non-critical
behavior

Calculate P(N) in an effective chiral
model which exhibits O(4) scaling and
compare to the Skellam distribtuion



The influence of O(4) criticality on P(N) for =0

—

FRG (N) IPSkellam (N

o

Take the ratio of P (&%) which contains O(4) dynamics to Skellam

distribution with the same Mean and Variance at different T /T,
K. Morita, B. Friman &K.R. (PQM model within renormalization group FRG)

1.1

1.05 |

0.95 | .

0.9

" FRG, V=50fm®
'ik m O

-1 -0.5 0
SN/(ANg%/2)

0.5

Ratios less than unity
near the chiral
crossover, indicating
the contribution of
the O(4) criticality to
the thermodynamic
pressure




The influence of O(4) criticality on P(N) for «#0

Take the ratio of P (~) which contains O(4) dynamics to Skellam
distribution with the same Mean and Variance near T, ()

K. Morita, B. Friman et al.

1.04

FRG, V=50fm°
1.03 I\ ,_50 MeV
= 1.02 1\\“
- '
o 1.01 o
E N“ﬂh
g” 1 T o
LL o
a port T/T, =0.61 —
0.99 i pc 070 —
- 0.79 -
0.98 B 0.89
ooy ) 098 -

SN/N,

-06 04 02 0 02 04 06

Asymmetric P(N)

Near T . (u) the ratios less
than unity for N > <N >



The influence of O(4) criticality on P(N) for «#0

In central collisions the probability behaves as being
influenced by the chiral traqgéition K. Morita, B. Friman & K.R.

1.1 —
T,1)=(210,0) MeV -
( lu)(;§10,10; MoV - N t  0-5%, Ny, > 100
,..\ (209.5,28) MeV N -\
S 1.05 }. cwsaomey - { E 1.1 . STAR DATA
o AN (208,58) MeV = -
§ (206,82) MeV - 2 ‘.
e @ 0
w& 1F > 1 MARYS
3 &
: = |
ba 0.95 g ﬂ Iﬁl‘l
Z 0 . 9 [ "\Ill;l.'.:\v o
o9 b . . ... a 200GeV =  27GeV - 4
-100 -80 -60 -40 20 0 20 40 60 80 62.4GeV + 19.6GeV ~ .
N-<N> 0.8 - 39GeV -+

-10 -5 0 5 10
N-<N>



Centrality dependence of probability ratio

1.2
1.04 — : : .
03 FRG, V=50fm> si2.00cey K. Morita et al.
' A
E14b  Ny>100 N vy !
z 1.02 1" § ; Non- critical
mg: 1.01 } E behavior '
f_"-‘E 1 ,--% 1 A8 -F"‘é‘-—-n-“&-r"-—“_wi—;—[: !
d »
iy Y T
099 r .- 5 O(4) critical |
I o . \
0.98 | z 09} .
< |
(b) 0-5% = 20-30% - b
0.97 ' ' ' : : : 5-10% + 30-40% :
06 04 -02 0 02 04 06 0 10-90% +
SN/Ng ' 10 5 0 5 10 15
N

For less central collisions, the freezeout appears away
of the pseudocritical line, resulting in an absence of the
O(4) critical structure in the probability ratio.



Probability distribution of net proton number

STAR Coll. data at

0-5% 200GeV =
5-10% 200GeV
0.1 b 10-20% 200GeV -
20-30% 200GeV -
30-40% 200GeV
0.01 }
STAR data »-
0.001 | o
— 'T
Z 0.0001 | o’
o
E.l.
1e-05 | —
-
1e-06 | T
.
1e-07 | .
1e-08

¥ BN

20 15 10 -5

0
N

5

10

15

P(N)

0.1¢}

0.01 ¢

0.001

0.0001

1e-05 }

1e-06 |

1e-07

HIC

Thanks to Nu Xu and Xiofeng Luo

v I A
'A"ie!'!I

LN | & o
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A..

5-10% 19.6GeV e
10-20% 19.6GeV + Y

30-40% 19.6GeV

*  0-5%19.6GeV = . "

"4 20.30% 19.6GeV - ' SR

-10 -5 0 5 10 15 20

N

25

Do we also see the O(4) critical structure in these probability distributions ?

Efficiency uncorrected data!!



Effective Polyakov loop Potential from Y-M Lagrangian
Chihiro Sasaki & K.R.

Deriving partition function from YM Lagrangian
Z = / DA, DCDC exp [1 f d%ﬁ] . L= L+ Lop + Lpp
1. employ background field method.  (Gross, Pisarski & Yaffe)
Ay = }_1” + gﬁﬁ_

2. collect terms quadratic in quantum fields.

‘e 1 ) o o -
£ = =248 (6090 = fape (974 + 20" A0
3¢ cud . . .y _p

+ facef g AL AP 12 AYPC] A

3. consider a constant uniform background Aj.
10 1a 1 1373 188
Aﬁ — Aﬁéﬂg ., Ap= AUT -+ A{]T

4. calculate propagator inverse and diagonalize it.




