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Why Fluctuations? S

2nd order, O(4) To probe the structure of strongly interacting matter
2nd order, Z(2) .

e Locate phase boundaries

1st order .

..... crossover Search for critical phenomena

SPS RHIC
NICA
E-by-E fluctuations are predicted within
Grand Canonical Ensemble
IIJ’EEP
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........................................ (N)Z = V XT = V aP .
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direct link to the EoS
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A. Bazavov et al., Phys.Rev. D85 (2012) 054503

probing the response of the system to
external perturbations
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Why Fluctuations?

2nd order, O(4)

2nd order, Z(2)

1st order

crossover
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phys
m“’d .......................................................
Mu.d F. Karsch

fingerprints of criticality form, 4= o0
survive at crossover withm, 4 # o

A. Bazavov et al., Phys.Rev. D85 (2012) 054503
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Understanding the QCD phase transition =5

Freeze-out at the phase boundary

—~ 20—
> [
TfAOLICE = 156.5 + 1.5MeV + 3 MeV(sys) %) 1800 Quark-Gluon Matter i
~ 160 = I ]
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Experimental plan: 1201 i
. . 100 .
» measuring fluctuations of net-baryons 00 E
along the QCD phase boundary 80 0]
60f % :
40:_ Points: Statistical Hadronization, T .. 1
_ Band: Lattice QCD, T,
Open questions: 20F Nuclei |
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« existence of the critical endpoint B

o€ . A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel|,

Nature 561, 321—330 (2018)
A. Bazavov et al., Phys.Rev. D85 (2012) 054503
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Fluctuations of conserved charges E==1K
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fluctuations of net-baryons appear only
inside finite acceptance

event generator used from:
P. Braun-Munzinger, A. Rustamoyv, J. Stachel,
QMa18, NPA 982 (2019) 307-310
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Basic definitions E=II

X =Ng — N3 — 0.05[ —

IQ ; ~
rth central moment: | 0.04 SN ’
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FZ: 0.03F R % ]
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0.01j S ... N
first four cumulants ; s | Y ]
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K =(X), K=y, K3= U3, Ky= fg — 3U5

Uncorrelated Poisson limit: (NgN5) = (Ng)(N)

Net-Baryons = Skellam |k, = (Ng) + (—1)"(N3) £ = tan
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Baselines from LQCD =

for a thermal systemin a fixed volumev. —_....... =
within the Grand Canonical Ensemble ool 8 LQCD free quark gas
' g oY
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P. Braun-Munzinger, A. Rustamoyv, J. Stachel, NPA g60 (2017) 114 TMeV]
V. Skokov, B. Friman, and K. Redlich, Phys.Rev. C88 (2013) 034911 smaller than in HRGforT > 150 MeV

F. Karsch; QM17, arXiv:1706.01620
0. Kaczmarek; QM1y, arXiv:1705.10682
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significant deviations from HRG already for the second mixed cumulants

F. Karsch, Nucl. Phys. Ag67 (2017) 461, arXiv:1706.01620
0. Kaczmarek, Nucl. Phys. Ag67 (2017) 137, arXiv:1705.10682
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R. Bellwied et al., arXiv:1910.14592




bridging the gap
between measurements
and
theory predictions

A. Rustamov, Quark Matter 2019, Wuhan, China 4-9 November



Measurement details =

Non-dynamical contributions
» e-by-e fluctuations of wounded nucleons (volume fluctuations)
» depends on centrality selection methods
» has to be estimated for each experiment
P. Braun-Munzinger, A. Rustamoyv, J. Stachel, NPA 960 (2017) 114
V. Skokov, B. Friman, and K. Redlich, Phys.Rev. C88 (2013) 034911

M. I. Gorenstein and M. Gazdzicki, Phys. Rev. C 84 (2011) 014904
X. Luo, J. Xu, B. Mohanty, and N. Xu, J.Phys. G40 (2013) 105104

Efficiency correction methods of cumulants
» depend on the response functions of detectors

» has to be studied for each experiment

A. Bzdak and V. Koch, Phys. Rev. C 86, 044904 (2012)

A. Bzdak and V. Koch, Phys. Rev. C 91, 027901 (2015)

X. Luo, Phys. Rev. C 91, 034907 (2015)

M. Kitazawa, Phys. Rev. C 93, 044911 (2016)

T. Nonaka, M. Kitazawa, and S. Esumi, Phys. Rev. Cg5, 064912 (2017).

keep efficiency as high as possible!

what should be the optimum acceptance to confront with theory calculations?
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swoloag, /./\
W

) Acceptance selection =1

To achieve requirements of GCE
cutsin py, Ay or An are imposed

AT] > Anthr
« conservations dominate

AT] < Anthr
» dynamical fluctuations may disappear

Fur: 22401 (Poisson limit)

Time: 2015-11-25 10:36:18
Colliding system: Pb-Pb
Collision energy: 5.02 TeV

NK2 (TlB — Tlg)
(ng + ng)
1 -9 @--@a-------------
i ’ conservation laws
: @ _or genuine physics
|
|
|
|
! =
AN¢py An
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experimental results
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Cut based approach

use additional detector information
or reject a given phase space bin

( challenge: decrease in efficiency)

Measurement techniques ==

L ‘ T T T ‘ T T T | T T T I L
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Identity method (ALICE, NA49, NA61/SHINE)

N\ — pr(xi) _ U5 )
a)ﬂf(xl) - Pn(xi)+PK(xi) WTL' - 21:1 a)TL'(xl)
_ _ prxi) _ _
wie (X;) = pr(xi)+pk(xi) Wi = Li=1 0k (x1)

W, , Wy - proxies for particle multiplicities

M. Gazdzicki et al., PRC 83, 054907 (2011)

M. I. Gorenstein, PRC 84, 024902 (2011)

A. Rustamov, M. |. Gorenstein, PRC 86, 044906 (2012)
M. Arslandok, A. Rustamov, NIM Ag46, 162622 (2019)




Results from ALICE (ldentity method) =510
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ALICE Collaboration : S. Acharya et al. arXiv:1910.14396 COU(Tlp, nﬁ) = (npnﬁ> — (np><nﬁ>
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Conservations laws

ky(ng —ng) = ky(ng) +x,(ng) — 2cov(ngng)

cov(ngng) = (ngng) — (ng){ng)

»« Global baryon number conservation:
« vy, and yj are produced independently

R1 = 1 —a
P. Braun-Munzinger, A. R., J. Stachel, QM18, NPA 982 (2019) 307-310
A. Bzdak, V. Koch, V. Skokov, PRC87 (2013) 014901
» Local baryon number conservation:

|:VB - yél < Aycorr/z

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

B @ global N
| [ ] Aycm_10 ]
® Ay =5
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1'{~‘u ”””””” B
et i
I Je 1—a |
\‘\\
0.5 AR =
— ‘\ —
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B ° .\\ \.\ |
- \.\ \.\\\\‘ -
- \*O\:::: i
ol | $- 2Py
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acceptance factor a

— acc

ky(ng —ngp) np
Rl == ~ a= AT
(ng +ng) ng

conservation laws introduce subtle correlations between baryons and antibaryons
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Results from ALICE (ldentity method) =510
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i ) @® Ay =10 ]
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a = (ny) an! (M8 )a
ALICE Collaboration : S. Acharya et al. arXiv:1910.14396 P. Braun-Munzinger, A. Rustamov, J. Stachel, arXiv:1907.03032

»« The data are best described by global baryon number conservation: R; = 1 —«
« However, the results are also consistent with Ay, .= 5
»« HIJING corresponds to Ay,,,= 2, not consistent with the data

the ALICE data suggest long range correlations

A. Rustamov, Quark Matter 2019, Wuhan, China 4-9 November



Results from ALICE (ldentity method) =510

ALICE Preliminary —e— Efficiency corr.
Pb-Pb m =5.02TeV —&é— Efficiency uncorr.

n/<0.8, 0.6<p<1.5 GeV/c [ ] Systematic uncertainty

Centrality (%)

* vanishing 374 cumulants at LHC energies.
€ consistent with expectations

essential crosscheck before proceeding to higher moments (ic4, K¢)

Mesut Arslandok, Tue, Search for the CP |
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Results from STAR ==

FT II__III I I I T TTT I I
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Ashish Pandav, Tue, Search for the CP |
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Baryon number conservation ER=D

¥N T
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P. Braun-Munzinger, A. Rustamoyv, J. Stachel,
A. Rustamov, Quark Matter 2019, Wuhan, China 4-9 November QMaz8, NPA 982 (2019) 307-310




Cumulants vs. correlation functions =51

p(xq,x2) = plx)p(xz) + Co(xq, x3)
p(x1,x2,x3) = p(x)p(xz)p(x3) + p(x1)Ca(x2, x3) + -+ + C3(xq, X2, X3)

p - distribution functions Ky = K1 + (3
C, - integrated correlation functions K3 =Ky +3(; +C3
K4:K1+7C2+663+C4

. (q\] B T 1T T T T ‘
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_Y4 Y ) e e e e ] - ® & CE+VolF
correlation function, C, 3l -
A. Bzdak, V. Koch, V. Skokov and N. Strodthoff, NPA 967, 465 (2017) 2 -
i K B
dominated by 2-proton i > Qgié """""
} . e L L LT - T L
correlation function, C, O ; -
. . . L0 ‘ | | [ R R ‘
(consistent with baryon number conservation) 10 102
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negative value of six-order cumulant
due to O(4) chiral criticality

Ashish Pandav, Tue, Search for the CP |
. A. Bazavov et al., Phys.Rev. D95 (2017) 054504

S. Borsanyi et al., arXiv:1805.04445
G.A. Almasi, B. Friman and K. Redlich,
A. Rustamov, Quark Matter 2019, Wuhan, China 4-9 November PRD g6, no. 1, 014027 (2017)




Results from STAR and LQCD ==
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Heng-Tong Ding, Mon, Plenary negative value of six-order cumulant
Dennis Bollweg, Wed, QCD at finite temperature lli due to O(4) chiral criticality

. Ashish Pandav, Tue, Search for the CP | A. Bazavov et al., Phys.Rev. D9s (2017) 054504

S. Borsanyi et al., arXiv:1805.04445
G.A. Almasi, B. Friman and K. Redlich,
A. Rustamov, Quark Matter 2019, Wuhan, China 4-9 November PRD g6, no. 1, 014027 (2017)




Results from NAG61/SHINE ELD

VSNN = 17GeV

N ' ' L ~ 3 , ' T T T T T
X 1 central A+A at 150/158A GeV/c | X [ central A+A at 150/158A GeVic |
“ h*-h" | ¥ h*-h" -
EPOS 1.99 | - EPOS 1.99
. Skellam | 2 B Skellam |
0.5 - [ |
i ® . ] L o i
L 4 . B o |
i R L ]
O - — -
! : 0 .
n p+p Be+Be i p+p Be+Be
_0'5 1 1 1 L 1 T - ? L L I I | T - ?
1 10 1 10
(W) (W)

« p+p = Be+ Bebothink;/k, and k,/x,
»« EPOS predictions agree with the measured data
» No critical behavior in Be+Be collisions

Maja Mackowiak, Tue, Search for the CP |
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GSI/FAIR covers important energy regime to understand the excitation function of cumulants

For the smaller acceptance (yo £ 0. 2)
# K3 /K, - is below unity
# K4/K, - is negative

For the larger acceptance (yo £ 0.4)

# k3/K, - becomes negative

£ K,/K, - approaches unity, still
consistent with negative

the results are obtained with NLO volume corrections, based on:
P. Braun-Munzinger, A. Rustamoyv, J. Stachel, NPA 960 (2017) 114

V. Skokov, B. Friman, and K. Redlich, Phys.Rev. C88 (2013) 034911
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Near Future Experiments G5

»« ALICE upgrade « STAR upgrade, BES - I
o new ITS: better vertexing # iTPC:|n| < 1.5
« faster TPC: MWPC = GEMs o better dE/dx resolution
» record minimum-bias Pb-Pb data « lower momentum acceptance
at 5o kHz (currently < 1 kHz) « EPD:2.1 < |n| <5.1
» order of magnitude more events o centrality determination
» measuring kg, may be beyond o ~factor 20 more statistics

SPD SDD SSD ToC VoC

Event Plane Detector

endcap TOF
inner TPC

ACORDE
EMCal

ZDC
-

TOA, VOA

L3 solenoid dipole

Michael Weber: ALICE plenary Zhangbu Xu: STAR plenary
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CBM at FAIR (fixed target)

ECal
SC Coil —_

Yoke > z » ECT

N NN — TPC

MPD at NICA (collider)

both experiments plan to explore fluctuations and correlations of conserved charges

Subhasis Samanta, Tue, Search for the CP |
MPD: Adam Kisiel, Tue, Future facilities
CBM: Viktor Klochkov, Tue, Future facilities
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Summary ESN

« Event-by-event fluctuation signals are promising tools to explore the phase
structure of a matter under the study
« To confront experiment with theory, a number of non-dynamical contributions
are to be accounted for
« Fluctuations of participant nucleons
»« Conservation of baryon and/or strangeness number
» The measured second cumulants of net-protons at ALICE are, after accounting
for global baryon number conservation, in agreement with the corresponding
second cumulants of the Skellam distribution
» LQCD predicts a Skellam behavior for the second cumulants of net-baryons at

Ty = 156 MeV
» Contributions due to local baryon number conservation at LHC energies are
small

» The ALICE data suggest long range correlations

»# Measured third cumulants are consistent with zero
» Essential crosscheck before proceeding to higher moments (x4, kg)
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Summary G5

» The STAR data show non-monotonic energy dependence in k3/k5 and k4 /K5
»# The new results at 54.4 GeV on k. /K, are consistent with the BES-I results
» Forthe most central collisions at 200 GeV, the value of k4 is negative while

at 54 GeV it stays positive

» Not consistent with the LQCD predictions for crossover

»# Would be interesting to see k5 results

»# NA61/SHINE results on net-charge fluctuations are similar for p-p and Be-Be
collisions

o Evidences for critical behavior are not observed so far

» HADES results strongly depend on rapidity interval, but are always below the
corresponding cumulant ratios as measured by STAR at 7.7 GeV
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Thank you for your attention
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Bonus slides
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Acceptance selection S

el
Em Sm . i 1 ; HRG my/m=20, No= 6 A
< (aV} | | 8 qu
',‘.4 ¥ —— CEcalc.
L B § 08 | * Mg/M=27, N =6 &«
0.5 ocF n 8
n , m>c<\1
i 5x108 events i m:g 06| n data:
i I BNL-Bielefeld-CCNU
0; ] 04 - % preliminary
I | 0271 %@ @, free quark gas |
I ] & b
—0. — 0 ' : : ' ' :
5O 0.5 1 120 140 160 180 200 220 240 260 280
acceptance factor a / T [MeV]
' deviations from unity are driven by different mechanisms
(ng)*< K (n — n—)
aQ=—, 4\ "B B _ 1 _ _ _ _ _ _
(Ng )T =1-6a(l—-a)|l ((NB)GCE<NB>GCE (NB>CE(NB>CE)

Ky(ng — ng) (Ng + NE)CE

P. Braun-Munzinger, A. R., J. Stachel, QM18, NPA 982 (2019) 307-310
A. Bzdak, V. Koch, V. Skokov, PRC87 (2013) 014901
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Phenomenological approach e

due to isospin randomization at /syy > 10GeV

go(np, Np; Np, ng) = o (ng, ng)B(np; ng, r)B(nﬁ; ng7)

=7 = 0.5 (

p)= () = 10,

— —e— protons
r=(np)/(ng) 7= (np)/(nz) R AL W
in thi baryon f i be easil k o5
in this case net-baryon fluctuations can be easily 4 fraction
obtained from corresponding net-proton measurements . | |
% - —e— protons 1
. ~T 1 —e— baryons 1
M. Kitazawa, and M. Asakawa, Phys. Rev. C86 (2012) ¥ E 1N . __ Kitazawa etal. |
4
Experimental approach I
measurement of fluctuations of other baryons 051
to improve understanding of net-baryon baseline I
to study correlated baryon-strangeness fluctuations i
% o5 1

event generator used from:

P. Braun-Munzinger, A. R., J. Stachel, NPA 982 (2019) 307-310
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Net-pions and Net-kaons ER=p

net-pions net-kaons

fé N I ] A’E\'lz_lll ]
S 1 1__ ALICE Preliminary, Pb-Pb s =2.76 TeV | X © [ ALICE Preliminary, Pb-Pb s, =2.76 TeV |
+I E) Tt 0.6 < p < 1.5 GeV/c, centrality 0-5% 7 +I E - 0.6 <p<1.5GeV/c, centrality 0-5% 7
5 (D i —@— ratio, stat. uncert. ] \x/ CD 1 . 1__ —@— ratio, stat. uncert. __
MN < B [ syst. uncert. ) ¥C\l < i [ syst. uncert. ]
~ 1_______________________T_H_“_"f? __________ i ~ - — HUING ]
: : LB A B S| RO EeEES .
0.9 - 0.9" -
0.8l —— 0.8l

0.5 1 1.5 0.5 1 1.5
An An
perfect agreement with HIJING reasonable agreement with HIJING

resonance pion and kaon production is likely to explain the measured trend

Warning: Skellam is not a proper baseline for net-pions and net-kaons
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Y Analysis technique (PID

.
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I R A |

(@ moreover, protons contain feed-down 1260 80 100 120 140 160
contributions from weak decays TPC dEldx Signal (a..)
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The ALICE apparatus and data sets =5

SPD SDD SSD ToC VoC

ACORDE

-

- -

PHOS ? ’ 7
absorber

L3 solenoid dipole

main detectors used in the analysis o _
minimum bias Pb-Pb data sets
Inner Tracking System (ITS): tracking, vertexing
Time Projection Chamber (TPC): tracking, PID \/SNN [TeV] events
V0 detector (VOA, VOC): centrality selection 2.76 ' 13%106 '
5.02 ' 59x10° '
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Participant (volume) fluctuations G5

VOA Ip voc projectile
spectators

wounded
nucleons

2.8<n<5.1 -3.7<n<-1.7 spaciators
ALICE: Phys.Rev. C88 (2013) no.4, 044909
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Outlook

25 B, B ]
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A. Bazavov et al., Phys.Rev. Dg5 (2017) 054504
S. Borsanyi et al., arXiv:1805.04445
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B. Friman, F. Karsch, K. Redlich, V. Skokov Eur. Phys. J. C (2011) 71: 1694

search for the critical behavior in 6" and higher
cumulants for vanishing net baryon densities

is achievable with the upcoming ALICE data
Increased statistics x100 in RUN3 and RUNg

Yellow Report: arXiv:1812.06772




Results from ALICE (ldentity method) =510

0.6<p<1.5 GeV/c global conserv. i | centrality 0-5% 7" local conserv. Ay_ =5, 0.6<p<1.5 GeV/c
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s deviation from unity due to baryon number conservation
o both data sets are consistent with Ay,,,= 5

s more deviation from unity for larger momentum range
o consistent with baryon number conservation

More details in: M. Arslandok,
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Participant (volume) fluctuations G5

3
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Kk, (Ny,) are experiment dependent

P. Braun-Munzinger, A. R., J. Stachel, arXiv:1612.00702, NPA 960 (2017) 114

V. Skokov, B. Friman, and K. Redlich, Phys.Rev. C88 (2013) 034911
A. Bialas, and M. Bleszynski, W. Czyz, NPB 111 (1976) 461.

contributions from volume fluctuations
have to be subtracted for each experimen
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Net-Lambda cumulants (Identity Method)

K,(n-n)=C/(n-n)
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A. Ohlson, QM18, NPAg82 (2019) 299-302 Similar trend as for net-protons
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Higher cumulants (cut-based) =S
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N. Behera, QM18, NP Ag82 (2019) 851-854

measured with the cut-based approach in a rather small pr acceptance

Both ALICE and STAR attempting to improve p; acceptance
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