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QCD phase diagram
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QCD phase diagram
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Closer look at QCD Phase diagram: Nature of chiral phase transition
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Fluctuation analyses in ALICE
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Mean-p; fluctuations
Intermittency
Balance Functions
Strongly intensive Quantities
Relative particle yield fluctuations
Conserved-charge fluctuations

* Net-Lambda

* Net-baryon
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Fluctuation analyses in ALICE

Mean-p; fluctuations
Intermittency
Balance Functions
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Strongly intensive Quantities
Relative particle yield fluctuations
Conserved-charge fluctuations

* Net-Lambda

* Net-baryon
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A Large lon Collider Experiment

Main detectors used:

» Inner Tracking System (ITS)
— Tracking and vertexing

» Time Projection Chamber (TPC)
— Tracking and
Particle Identification (PID)

» Vertex 0 (V0) «<—
— Centrality determination

Ii}/’;’ . 1=
Wil [ [,
s

Data Set:
> +/Snn = 5.02 TeV, ~78 M events
> +/SNN = 2.76 TeV, ~12 M events
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Correlations: Relative particle yield fluctuations

Ny, Ng: multiplicities for particle types A and B
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Correlations: Relative particle yield fluctuations

ALICE Collaboration, Eur. Phys. J. C79 (2019) 236

6 |
®  ALICE Data, stat. uncertainty T
§ i I:I Systematic uncertainty T
= s HIJING ]
_‘Q | — AMPT, String melting OFF, Rescattering ON i
N4, Ng: multiplicities for particle types A and B & | ---- AWPT, string melting ON, Rescattering OFF {1 Vy [T[, K]
+; n AMPT, String melting ON, Rescattering ON n yn
'l;: 2 o o e e o - -
(MW= (N, -D) (NN | E g
Vi = 2 2 B N VN & [EE-w_m B .
RN B e
g i ALICE Pb-Pb VSNN =2.76 TeV ]
5 4 —
= - -
S
X r .
+ 2 - —
S 1 VaynlT6P]
P 5
B B H ]
s Ve wmmer P B ]
> - -
2 -
1 : 1
6 - —
5
19 [~-------moom T TTTT T m T ] Vv K
+; N ] dyn[p’ ]
IS 2 [ - 4
&: Fo [ \-, . u ] ]
>% 0 o T T e T e mmmm—————a- —
_2 1 1 1
0 500 1000 1500

WWND, 02.03.2020 Mesut Arslandok, Heidelberg (Pl) 6



Correlations: Relative particle yield fluctuations

ALICE Collaboration, Eur. Phys. J. C79 (2019) 236
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Correlations: Relative particle yield fluctuations

ALICE Collaboration, Eur. Phys. J. C79 (2019) 236
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Correlations: Forward and backward correlations

Strongly intensive quantity

4 )
S[a,b] — 1 = 1”‘1’/“[“’ b]l
g (Na) " (),

M. |. Gorenstein and M. Gazdzicki, Phys. Rev. C 84 (2011)

backward forward
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Correlations: Forward and backward correlations

Strongly intensive quantity
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Correlations: Forward and backward correlations

Strongly intensive quantity
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d Increasing short range correlations towards central events
[ A more differential study including particle identification is needed
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Link experiment to LQCD

J

Conserved-charge fluctuations
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Criticality & Link to Lattice QCD

HotQCD Collaboration
Phys.Rev. D85 (2012) 054503, Phys.Lett. B795 (2019) 15
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Criticality & Link to Lattice QCD

HotQCD Collaboration A. Andronic, P. Braun-Munzinger, J. Stachel and K. Redlich
Phys.Rev. D85 (2012) 054503, Phys.Lett. B795 (2019) 15 Nature 561, 321-330 (2018)
3
X, disc/ T % 120 meseem I
120 1 e ale QNN
HISQ/tree: N =6 % % 10F e A
100 | W dp =80 s F L oo o[
N=12m 2 T BRI
'} asqtad: N.=8 o N
80 N=12e - e T T e A R
102k S D
60 - @ 1
S P
m : e T R R e
40 W 1 w0 T N
Yo s o= Data ALICE 0-10% : : : : -
20 - ® m. 7 10 3 _ Statistical model fit (,(ZIN 29 21 8) : - *é
s T1565Mev z-O5MeVV5280fm 3
0 \ T[MeV] %+ Mol 107 £ : -ll-
140 160 180 200 220 240 T KKK opPAAZZ QD d 3 Hee? °H I T

| T,. = 156.5 + 1.5MeV | | TALCE = 156.5 + 3MeV |

(o]

.y p dp
@W?f:z = %E)(;LZ <Ni>_v277: J‘exp[(Ei—,ul.)/T]il
my

0 <1;77D>nf:2 M; = UpB, + 1S, + 1,1
Xm’l — exp HRG 2
Omy ({vir)- <Nk )

X Z

WWND, 02.03.2020 Mesut Arslandok, Heidelberg (Pl) 9



Criticality & Link to Lattice QCD

HotQCD Collaboration

Phys.Rev. D85 (2012) 054503, Phys.Lett. B795 (2019) 15
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Criticality & Link to Lattice QCD

LQCD

A N= "P/T*
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Susceptibilities
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Criticality & Link to Lattice QCD

LQCD Experiment

P 1 grsa L OPIT”
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%
Susceptibilities Cumulants Higher orders

P. Braun-Munzinger, A. Rustamov, J. Stachel
Nuclear Physics A 960 (2017) 114-130
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Criticality & Link to Lattice QCD

LQCD Experiment

%= V;B InZ(V,T,u,,,) » Xn

Susceptibilities Cumulants Higher orders

P. Braun-Munzinger, A. Rustamov, J. Stachel
Nuclear Physics A 960 (2017) 114-130

Phys. Rev. D 95 (2017), 054504
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At 4th order LQCD shows a deviation (~25% from unity) from Hadron Resonance Gas (HRG)
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Experimental
Challenges
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Particle Identification?

via specific energy loss as function of momentum in the TPC
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Cut based vs Identity method

Cut-based approach: count tracks of a given particle type
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Cut based vs Identity method

Cut-based approach: count tracks of a given particle type
Identity method: count probabilities to be of a given particle type
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Cut based vs Identity method

Cut-based approach: count tracks of a given particle type
Identity method: count probabilities to be of a given particle type
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Cut based vs Identity method
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Cut based vs Identity method
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Recent results
on conserved-charge
fluctuations
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Baseline: Skellam distribution

X = Np — N5

> rth central moment:
= (X = (X)) = ) (X = (X)TPCX)
X

> First four cumulants

K1 =(X), K= Uy,

K3= 3, K4= [y — 35

> Uncorrelated Poisson limit:

(NgNg) = (Ng)(N5)
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Baseline: Skellam distribution
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kn = (Np) + (=1)"(N5)

» Uncorrelated Poisson limit:
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Importance of acceptance

» Fluctuations of net-baryons appear only inside finite acceptance

o 200 | 60 ‘
full phase space i ] b acceptance

150} ' | :

i ] 40 _
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; 20- .
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I (N,)=400, (N;)=100 ] ]

0350 400 450 500 % 15¢
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P. Braun-Munzinger, A. Rustamov, J. Stachel, QM18, NPA 982 (2019) 307-310
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Importance of acceptance

» Fluctuations of net-baryons appear only inside finite acceptance
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Effect of resonances
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» Net-electric-charge: — Strongly dominated by resonance contributions
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» Net-electric-charge: — Strongly dominated by resonance contributions
» Net-strangeness: — Kaons are dominated by ¢-decay
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Effect of resonances

g /g N T T T ] — /é\ 1 .2 _I T T T T T T T T T T T T T T ]
L o _ ~ 1 ¢ L - i _ i
, =2. , N .

Blc© 1 1 ALICE Preliminary, Pb-Pb \ s =2.76 TeV (qv] ALICE Preliminary, Pb-Pb \s,, = 2.76 TeV
1 |= A m 1= B .
+ g - 0.6 <p<1.5GeV/c, centrality 0-5% 1 + _Slc-) 1 1 B 0.6 < p < 1.5 GeV/c, centrality 0-5% N
5 @) i —@— ratio, stat. uncert. 1 é dp) "R —@— ratio, stat. uncert. |
}é\l ~—~ i [ syst. uncert. ] N < L [ syst. uncert. i
MN 1 I~ —— HIJING T M M | — HIJING .
_ _ L S | "
5 ] 0.9F -
: ----- HIJING w/o resonances : [ e HIJING w/o resonances 1

O .8 " L | ! ! ! ! | ! ! ! ! | ) L 0 . 8 L I I ! | ! ! ] L L ! ! | L

0.5 1 1.5 0.5 1 1.5
A An

Net-electric-charge: — Strongly dominated by resonance contributions

Net-strangeness: — Kaons are dominated by ¢-decay

Net-baryon:

— Due to isospin randomization, at \/syy > 10 GeV net-baryon fluctuations can be obtained from
corresponding net-proton measurements (M. Kitazawa, and M. Asakawa, Phys. Rev. C 86, 024904 (2012))

— No resonance feedingp + p

— Best candidate for measuring charge susceptibilities

YV V
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Effect of resonances
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Net-electric-charge: — Strongly dominated by resonance contributions
Net-strangeness: — Kaons are dominated by ¢-decay
Net-baryon:
— Due to isospin randomization, at \/syy > 10 GeV net-baryon fluctuations can be obtained from
corresponding net-proton measurements (M. Kitazawa, and M. Asakawa, Phys. Rev. C 86, 024904 (2012))
— No resonance feedingp + p
— Best candidate for measuring charge susceptibilities
+* Net-A: provides additional information on net-baryon and net-strangeness fluctuations

YV V
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15t and 2"? order cumulants

ANERN

LQCD expectations:

1t moments 2> T,
2" moments > No deviation from HRG at T,
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2" order cumulants: Net-A, net-p

K, (Skellam) =K, (p)+ K, (13)

<,(p=B)=r,(p)+x,(p)-2((pP)~(p) (7))

Alice Ohlson, QM?2018, NPA 982 (2019) 299 50 ALICE collaboration, arXiv:1910.14396
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What is the source of deviation/correlation?
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Baryon number conservation

» Baryon number conservation imposes subtle correlations

P. Braun-Munzinger, A. Rustamov, J. Stachel, arXiv:1907.03032

A
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Baryon number conservation

» Baryon number conservation imposes subtle correlations

P. Braun-Munzinger, A. Rustamov, J. Stachel, arXiv:1907.03032
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2" order cumulants
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» Deviation from Skellam baseline is due to baryon number conservation
» ALICE data suggest long range correlations, Ay = +2.5 unit or longer
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2" order cumulants
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» Deviation from Skellam baseline is due to baryon number conservation
» ALICE data suggest long range correlations, Ay = +2.5 unit or longer
» EPOS agrees with ALICE data but HIJING deviates significantly
* Event generators based on string fragmentation (HIJING) conserve
baryon number over Ay = 1 unit
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3rd order cumulants
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» Data agree with Skellam baseline “0” as a function of centrality and pseudorapidity
» Achieved precision of better than 5%
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3rd order cumulants
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» Data agree with Skellam baseline “0” as a function of centrality and pseudorapidity

» Achieved precision of better than 5%

» EPOS and HIJING in agreement with data within current statistical errors
* Both models conserve global charge = net-p within acceptance is ~0
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A4th order cumulants of net-p

» LQCD shows a deviation of about 25% from HRG
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A4th order cumulants of net-p

» LQCD shows a deviation of about 25% from HRG
» Preliminary C,/C, agree with Skellam at LHC energies?
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A4th order cumulants of net-p

» LQCD shows a deviation of about 25% from HRG
» Preliminary C,/C, agree with Skellam at LHC energies?
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Analysis within a larger kinematic acceptance using
Identity Method is in progress
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Summary: Current Status

» X, Ugqyy etc. - good to study correlations — better look more differentially
» Net-electric-charge fluctuations: Challenge are the dominant resonance contributions

» Net-proton fluctuations:

v’ 1%t order: TfAO“CE ~ TpL(?CD

v' 2nd grder: Deviation from Skellam baseline is due to baryon number conservation
e ALICE data suggests long range correlations

v' 3 order: Agrees with Skellam baseline “0” as a function of centrality and pseudorapidity
* Achieved precision of better than 5% is promising for the higher order cumulants

» Up to 3" order ALICE data agree with the LQCD expectations
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Summary: Current Status

¥, v4yn etc. = good to study correlations — better look more differentially

Net-electric-charge fluctuations: Challenge are the dominant resonance contributions

Net-proton fluctuations:

v’ 1%t order: TfAO“CE ~ TpL(?CD

v' 2nd grder: Deviation from Skellam baseline is due to baryon number conservation
e ALICE data suggests long range correlations

v' 3 order: Agrees with Skellam baseline “0” as a function of centrality and pseudorapidity
* Achieved precision of better than 5% is promising for the higher order cumulants

Up to 3" order ALICE data agree with the LQCD expectations

Holy grail: see critical behavior in 6" and higher order cumulants
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RUN1: 2" order (~13M min. bias events)
RUN2: 4th order (~150M central events)
RUNS3: 6t ... (>1000M central events)
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Outlook: After ALICE upgrade

>
>
>

New ITS: better vertexing

Faster TPC: MWPC - GEMs

Record minimume-bias Pb-Pb data at 50kHz

— one to two order of magnitude more events
» 6™ order and maybe beyond

WWND, 02.03.2020 Mesut Arslandok, Heidelberg (PI)
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BACKUP
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Open Questions

©)

O O O O

Experiment
Efficiency correction
— realistic detector simulations
Volume fluctuations
— centrality resolution
Effect of resonances
Measurement at low energies
Systematic uncertainties

* Adam Bzdak et. al., arXiv:1906.00936

O

O

O

Theory

Efficiency correction

— unfolding or ...

Volume fluctuations

Effect of resonances
Measurement at low energies
— baryon stopping, deuteron formation ...
Effect of hydrodynamic evolution

* Probing the Phase Structure of Strongly Interacting Matter: Theory and Experiment, https://indico.gsi.de/event/7994/overview
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2" order cumulants of net-p: Acceptance dependence
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» Consistent with the baryon number conservation picture

* Increase in fraction of accepted p, p -> stronger constraint of fluctuations due to baryon number conservation
» EPOS & HIJING show this drop qualitatively
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What kind of a system we are talking about?

\» El,N]_ I

un: 244918
Time: 2015-11-25 10:36:18

Colliding system: Pb-Pb T

Collision energy: 5.02 TeV/

Grand canonical ensemble where particles are in a thermal equilibrium
* Energy (E) and number of particles (N) are not conserved in each microstate
* EOS can be represented by a surface in the state space spanned by P, Vand T
* Conservation laws are applied on average
* Chemical potential (gt), Volume (V) and Temperature (T) are constant
* Foragiven state £; and N, grand canonical partition function
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Cross Cumulants

» Taylor expansion of the QCD pressure 03 | - 4853 ‘ et G
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F. Karsch, QM17, arXiv:1706.01620
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Which acceptance?

» Due to isospin randomization, at \/Syy > 10 GeV net-baryon fluctuations can be obtained from
corresponding net-proton measurements (M. Kitazawa, and M. Asakawa, Phys. Rev. C 86, 024904 (2012))
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Efficiency correction

Hypergeometric Beta-binomial
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What if efficiency loss is not binomial?
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Expectations for the 3™ and 4" order cumulants

At RHIC:

Non-monotonic behavior as a 1
function of energy
M. Stephanov

PRL102, 032301 (2009), PRL107, 052301 (2011)
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3" and 4t" order cumulants of net-p at RHIC

STAR Collaboration, arXiv:2001.02852
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Effect of baryon number conservation

P. Braun-Munzinger, A. Rustamov, J. Stachel, NPA 982 (2019) 307-310
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» Ks3/K,and Kk, /K, cannot be simultaneously explained for the lowest two energies
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“Model” vs ALICE Data

5 S0 Input to the Model
~ ALICE Preliminary, Pb-Pb \/s, =2.76 TeV -m k,(p-P) . _
- 0.6<p<1.5GeV/c, In|<0.8 & k,(Skellam) ] Kl(p)’ K1(p)
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P. Braun-Munzinger, A. Rustamov, J. Stachel
Nuclear Physics A 960 (2017) 114-130
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2"d order cumulants of net-A at LHC
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» Similar trend as for net-p

Alice Ohlson, QM2018, NPA 982 (2019) 299
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» Better precision is needed to see the impact of strangeness conservation
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Volume in experiment? — “Centrality”

ALICE: Phys.Rev. C88 (2013) no.4, 044909
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Volume Fluctuates

b

P. Braun-Munzinger, A. Rustamov, J. Stachel, Nucl. Phys. A 960 (2017) 114-130
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Volume Fluctuations: 2"9 order

150*10° Events
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vanishes for ALICE does not vanish

n,n from single wounded nucleon
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Volume Fluctuations: 3™ order

150*10° Events
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<NW> PBM, A.R., J. Stachel, arXiv:1612.00702 <NW>
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vanishes for ALICE does not vanish

n,n from single wounded nucleon
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Volume Fluctuations: 4t order

P. Braun-Munzinger, A. Rustamov, J. Stachel
150*10° Events Nuclear Physics A 960 (2017) 114-130

A1 50 T T T T T T T T T T T T T ; 4 T T T T T T T T T T T T T T ;

([@X Pb+Pb@\s,,=2.76 TeV - Pb+Pb@\s,,=2.76 TeV .
1 | —e— N, fluct. - —e— N, fluct. 7]

o —e— N, fixed | —e— N, fixed | ]

N—" - B : E
< calculations 3 calculations R — P

ructur
structure ‘

predicted

K4(p - E)/Kz(p'ﬁ)

o A

° k4(p—[3):2*<proton>§ :

B 100 200 300 400 Q100 200 300 400
<NW> <NW>
k,(p-5)=(N_ V&, (n=7 )3k, (n=7) e (N, )+-{n=7).

}

n, n = from single wounded nucleon vanishes for ALICE

WWND, 02.03.2020 Mesut Arslandok, Heidelberg (Pl) 43



Volume Fluctuations at RHIC energies
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» Participant fluctuations will be present even in the limit of very fine centrality bins
» Incoherent addition of data from intervals with very small centrality bin width will
eliminate true dynamical fluctuations.

P. Braun-Munzinger, A. Rustamov, J. Stachel, Nuclear Physics A 960 (2017) 114-130
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Efficiency correction: k,(p — p)/k,(Skellam)
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Efficiency correction with binomial assumption:

T. Nonaka, M. Kitazawa, S. Esumi, Phys. Rev. C 95, 064912 (2017)
Adam Bzdak, Volker Koch, Phys. Rev. C86, 044904 (2012)

WWND, 02.03.2020 Mesut Arslandok, Heidelberg (Pl) 45



Efficiency correction: k5 (p — 1) /k,(p — D)

Ks(p -P)
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Efficiency correction with binomial assumption:
T. Nonaka, M. Kitazawa, S. Esumi, Phys. Rev. C 95, 064912 (2017)
Adam Bzdak, Volker Koch, Phys. Rev. C86, 044904 (2012)
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3 and 4" cumulants
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Fluctuation observables

At LHC energies several fluctuation measurements become identical

=<NA(NA‘1)>+<NB(NB—1)>_2 (N,Ny) r

Scaled — -
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' Proper multiplicity scaling ' Charge conservation
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. . . Integral of balance functions
Strongly intensive quantity

M. I. Gorenstein and M. Gazdzicki, Phys. Rev. C 84 (2011)

Good to study correlations = Requires differential analysis
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k4/k2 and k6/k2 as calculated within PQM model (open symbols).
After taking into account contributions from participant nucleon fluctuations
and global baryon number conservation, the deviations from unity decrease (closed symbols).
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MC implementation of canonical ensemble

Two baryon species with the baryon numbers +1 and -1 in the ideal Boltzmann gas
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