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¢ Ultimate goal: Link experiment to lattice QCD at pu; =0

ALICE LQCD
= T, ~ Tpc

— Search for criticality: Cumulants of net-charge
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LQCD < Experiment

= Google Translate

Detect language English German Spanish| LQCD English German Spanish | EXPERIMENT
| ® Translation
XBQSC _ GUktttman) [P(/A"BleJ'Qa/AffSa/Al/C)/TZl] )(B _ Kk2(ANp) » K4 (ANp) ﬁ
ki Opk oLz O, . ? k2(ANg) X3
Baryon number (B), Strangeness (S), Electric charge (Q), Cham (C) 5000 K, — cumulants of ANy = Ny — N3
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Brief summary of news from LQCD

1) Baseline: Difference between two independent
Poissonian distributions (Skellam distr.)

2) Up to 3"9order Hadron Resonance Gas (HRG) model
agrees with LQCD at pg = 0
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Data is more than LQCD

v Fluctuations of conserved charges appear only inside finite acceptance

v"In the limit of very small acceptance — only Poissonian fluctuations

k2 (ng — np)
K, (Skellam)

* Baryon number conservation
1 O0-0-5-------- * Volume fluctuations
T € ? * Thermal blurring
€ * Resonance decays
I € o s ,
* Initial-state fluctuations

--------1----------.
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How do we measure cumulants?

(Experimental Challenges)



A Large lon Collider Experiment

Main detectors used:

» Inner Tracking System (ITS)
— Tracking and vertexing -

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

» Time Of Flight ;

pemasiaw. v avh mm oA aVAN

— Tracking and PID 3 <
> "//{’ lv’/
V0 <«— BT
— Centrality determination q ~ i
Data Set:

» /SNy = 5.02 TeV, ~78 M events
» \/SNN =2.76 TeV, ~13 M events
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Particle identification (PID)

We use two methods:
Cut-based approach (track counting) with ML and Identity method (probability counting)
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Particle identification (PID)

We use two methods:
Cut-based approach (track counting) with ML and Identity method (probability counting)
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Identity method vs Cut-based approach
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ldentity method vs Cut-based approach
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ldentity method vs Cut-based approach
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Efficiency correction

Binomiality of the detector response is important for the efficiency correction
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Slight deviation from the binomial efficiency loss
* Event and track selection

* TPC dE/dx calibration in particular for the events with pileup
M. Arslandok, E. Hellbdr, M. Ivanov, R.H. Miinzer and J. Wiechula, Particles 2022, 5(1), 84-95

e Realistic detector simulation
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MC closure
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Very good closure despite the slight deviation from binomial loss

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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Resonance decays
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» Net-mr and net-K are strongly dominated by resonance contributions
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Resonance decays
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» Net-mr and net-K are strongly dominated by resonance contributions
» Net-p and net-Z are free from resonance contributions
— Isospin randomization, at /syy > 10 GeV: net-B < net-p
(M. Kitazawa, and M. Asakawa, Phys. Rev. C 86, 024904 (2012))
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Volume fluctuations
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Volume fluctuations at LHC energies
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> For the 2" and 3" order cumulants it cancels out at LHC
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Volume fluctuations at LHC energies
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> For the 2" and 3" order cumulants it cancels out at LHC
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Volume fluctuations at LHC energies
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> Forthe 2" and 3™ order cumulants it cancels out at LHC
» Strongly depends on the particle multiplicity within the kinematic acceptance and the underlying physics
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Volume fluctuations at LHC energies
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> Forthe 2" and 3™ order cumulants it cancels out at LHC
» Strongly depends on the particle multiplicity within the kinematic acceptance and the underlying physics
> LQCD expectation — for the 4t order the effect can be more than an order of magnitude larger than the signal

—TT
0.6<p<15GeV/ic 0.3<p<3GeVic

HIJING HIJING
g== EPOS-LHC g== EPOS-LHC

ALICE Simulation _
Pb-Pb {s,,, = 5.02 TeV |
Inl <0.8

20 40 80 80 100
Centrality (%)

EMMI RRTF, 06.11.2023 Mesut Arslandok, Yale University

12



Volume fluctuations at LHC energies
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For the 2" and 3™ order cumulants it cancels out at LHC
Strongly depends on the particle multiplicity within the kinematic acceptance and the underlying physics
LQCD expectation — for the 4t order the effect can be more than an order of magnitude larger than the signal

Mixed event approach — work in progress
(A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641, V.Koch, R. Holzmann, A. Rustamov, J. Stroth, in progress)
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What did we learn?
(Net-baryon)



Small introduction

A L L IR L R
|ﬁ 42 1.5 ©p=010 < Ay =120 _
@& ;m r ®p=080 < Ay =56 .
~ v r p=095 < Ay =28 .
i ©p=099 < Ay =13 8
HRG base|ine i —CE baseline b

in GCE

correlations between B — B

acceptance factor a

» Measured values depend on the fraction of (anti-)protons in the acceptance
» (Global) local baryon number conservation: unlike-sign correlations
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Small introduction
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Larger deviation:
— Smaller correlation
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» Measured values depend on the fraction of (anti-)protons in the acceptance
» (Global) local baryon number conservation: unlike-sign correlations
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» Measured values depend on the fraction of (anti-)protons in the acceptance
» (Global) local baryon number conservation: unlike-sign correlations
» (Anti-)proton clusters:
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2"d order cumulants of net-p
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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 — earlier in time
A. Dumitru, F. Gelis, L. McLerran, and R. Venugopalan, Nucl. Phys. A 810 (2008) 91

» Event generators based on string fragmentation (HIJING) conserve baryon number over Ay = +1 unit

vV V
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Pushing 2"9 net-p to the limits

More peripheral and larger momentum

I’a ~ 1 05 — 1 T 1 - 1T ' 1T ™ 1T © 1T " 1T ™ 1T ™ 1
'T [ ALICE Preliminary [ 106<p<15GeVic -
+ B . . ]
&8 [ PbPb, s,=502Tev R
[~ L |n91<0.8 * |1.5<p<28GeV/c|]
1 ...................................................................... —

g4 d
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0.9 CCINC
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Pushing 2"9 net-p to the limits

More peripheral and larger momentum
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Pushing 2"9 net-p to the limits

More peripheral and larger momentum

I’a 6105_ T 1 T I T I T I T I T I T | T I T [ i B cent>0 5 %
.15 [ ALICE Preliminary (e ]06<p<15GeVic - X5(eB, Tpc(eB)) KS (p— D)
| a L Pb—Pb,ﬁ=5.02TeV _ B(O T,.(0)) cent=[0-5]%
S~ [ pi<os ° |1.5<p<2.8GeV/c|] X2\ Tpe Ky (p-p)
L e ] 0 2 4 6 8  eBM
Unlike-sign correlations E| H H i 181 X3(eB, Tpc(eB)) % xifz
B T
(local baryon number cons.) — Xx2(0. Tpc(0)) cont. est.
0.95 | 1.6F
g F :
E E % @ @ E] - Lar central % %
0.9 CHCICH B! g 3 it
i s s s sss3 s ¥
] 1Lo="% 3 T M e
4 ipheral
1 | 1 | 1 | 1 | 1 | 1 | 1 I 1 l 1 I 08 1 1 1 1 1 1 1 pnerp eran
0 10 20 30 40 50 60 70 80 90 0.00 0.02 004 006 008 010 012 0.14 016
eB [GeV?]

Centrality (%)
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Pushing 2"9 net-p to the limits

More peripheral and larger momentum

I’a 6105_ T 1 T I T I T I T I T I T | T I T [ i B cent>0 5 %
' [ ALICE Preliminary "o ]06<p<15GeVic X3(€B, Tpc(eB)) Ky (P-P)
| a L Pb—Pb,ﬁ=5.02TeV _ B(O T,.(0)) cent=[0-5]%
N Y » |15<p<28GeVic|] X2 Tpe Ky (p-p)
L e . 0 2 4 6 8 eB/M?
Unlike-sign correlations E| H H i 181 X3(eB, Tpc(eB)) % xifz
B T
(local baryon number cons.) — Xx2(0. Tpc(0)) cont. est.
0.95 | 1.6F
g F :
E E % @ @ E] - Lar central % %
0.9 CHCICH B! g 3 it
i s s s sss3 s ¥
] 1Lo="% 3 T M e
4 ipheral
1 | 1 | 1 | 1 | 1 | 1 | 1 I 1 l 1 I 08 1 1 1 1 1 1 1 pnerp eran
0 10 20 30 40 50 60 70 80 90 0.00 0.02 004 006 008 010 012 0.14 016

Centrality (%)

Cluster formation, magnetic field effect or ...
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3"d order cumulants of net-p

el Bl 7“I“‘\“‘\‘“\“‘\“‘\“‘\“‘I“i>
é- é- —e— ALICE Pb-Pb VTW= 5.02 TeV ] 5- é_ —e— ALICE Pb-Pb ‘/?M\I =5.02 TeV . %
;5 ;’\l 0.1 B E::‘,“ONSG Inl <0.8,06<p<1.5GeVic 1 ;&: ;& 0.1 B :::;”ONSG centrality 0-5%, 0.6 < p < 1.5 GeV/c | m
i : ! 1l
0.05 — 0.05— -~
. - q |m
i n J oo
— i
. - L . i
0 ] OH..H ....................... 1B
- 1
, H 1
w
B 1IN
f H 112
_0-05 | ‘ | ‘ I ‘ | ‘ | ‘ I ‘ | I - _0.05 i L I L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L I L i U-I
0 10 20 30 40 50 60 70 02 04 06 08 1 12 14 16
Centrality (%) An

» Data agree with Skellam baseline “0” (precision > 4%) — pgis very close to 0 at LHC energies
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3"d order cumulants of net-p

)
)
)

o |1 B 1 alla L |
v L ALICE VS = 4 ] ALICE -Pb |5\ = |
e 54k T HUING PO-PD Sy =502 TeV 2 g1k " HuNe Fo-PD ¥y =502 TOV _
Mm Q\' i EPOS Inl <0.8,0.6<p<1.5GeV/c Mm zN . EPOS centrality 0-5%, 0.6 < p< 1.5 GeV/c

— 0.05

l\\ \\?

o

é
T

I

SYSLET (€20¢) P8 d 191 'SAUd 301V

_0-05 i - | I | - L1l | - _0.05 i L I L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L I L i
0 10 20 30 40 50 60 70 02 04 06 08 1 12 14 16
Centrality (%) An

» Data agree with Skellam baseline “0” (precision > 4%) — pgis very close to 0 at LHC energies

» EPOS and HUJING deviate from ”0”
* They conserve global charge but p/p deviates from unity: 1.025+0.004 (EPOS), 1.008+0.002 (HIJING)
*  Volume fluctuations for 2"4 and 3 order cumulants are not negligible
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Light nuclei production in view of correlation volume

3
Q 6X10' BBT[—— 7 & T T T3 L] L ALES
o [ Thermal-FISTCSM, T, =155MeV  AL|CE 1
D [ eee V,=3dV/dy -
C V. =dV/idy a
4 | —— Coalescence —
3 I 3
- A % g [®]Pb-Pb, s, =276 TeV ]
2 ot (@]p-Pb, s =5TeV
- y (®]pp, (s=7TeV .
- g :
1 / ® lpp, (s =13 TeV -
b [®]pp, (s=13TeV,HM 1
O 1 1 1111 II| | | 11 11 II| | 1 1 1 11 II| 1 | 1111 I_

1 10 10° 10°

N

N,/ dnlab>ln,qh|<0-5

Reduction in small systems due either to
baryon conservation (CSM) or to source vs. deuteron size (coalescence)
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Light nuclei production in view of correlation volume

ALICE, PRL 131 (2023) 041901

L
- = ALICE -
- == Coalescence Model A (x 1/30) -

> Simple coalescence z. Feckova et al., PRC 93, 054906 (2016) 0.005 | -+ MUSIC+UrQMD+Coalescence .
* Model A: correlated nucleons ) R Thermal-Fist: CE SHM, 4.8 dV/dy 4
« Model B: independent nucleons " Thermal-Fist: CE SHM, 1.6 dV'/dy i

» Improved coalescence K.-J.Sun et al., PLB, 840, 137864 (2023)
* MUSIC + UrQMD + Coalescence: No initial correlation
between protons and neutrons olB
» Canonical Statistical Model v. vovchenko et al., PLB 785, (2018) 171

* Correlation volume, V. E] $ $ *

> Different correlation volume for baryon number —0.005} $ $ $ -
* Antideuteron: V,=1.6 dV/dy B Pb-Pb, \s,\ =5.02 TeV
* Net-proton: V_=3-5dV/dy B Inl <0.8 }

d: 0.8 < p.<1.8GeVic

_ | p:0.4< p.< 0.9 GeV/c
001 A A T B T " T

0 20 40 60 80
Centrality (%)
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What did we learn?
(Net-strangeness)



Small introduction

Canonical statistical model Lund string fragmentation (PYTHIA)
\\\HH‘ \\\HH‘ T \\HH‘ —- T T IIIIII T T T IIIII| T T T lIlIl—-x

i S = y 2K >

(@]

—pwemrntts 1 51 g 107! ElS
10-1# s 423 A+RG) 12
T RS e &
P A 1= + 1=

+ ﬁ 7@ o + s i ~

S 41 | B - e E4E .

O BT amm— B IS | 2 gove $ =200 Ex
S R =y Y 8 L4 1F
%) [ /?;/“7/ 18 Z R E
E B/ = jff%f:: %ﬁ%% E ; ,a 102 B Hlo
>1072 ﬁHH @+0)x167 |0 @ t— Q+Q¥(x16) 1=
5 F P e g 118
o I ﬁ 4 1sE 2 19
T . /& 181z 5 e ALICE, pp, =7 TeV N
s Er / ALICE data 1B = — PYTHIA8 RHonCRon (3
e pp, 7 TeV ~ e PYTHIAS RH off CR on | jw
L Thermal Model (SCE) u pp, 13 TeV § ---------- PYTHIAS RH on CR off I~
—Ten=160MeV 4 p-Pb, 5.02 TeV ® - 2
103 *T‘ch= 156.5 MeV | A Pb-Pb, 276 Tey] [ — | | s

100 1000 10 102 103

(N ch/ d 77>|n|<o.5 (dN ch/dn)h“d)_S

Both models are in a reasonable agreement for the yields (first order moments)
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Small introduction

=1 1.1
Sla
ol t B
Q'P; i

0.9

L L B B L L B B BN BN
—e— ALICE, 2.76 TeV
—e— ALICE, 5.02 TeV
— HUJING, 5.02 TeV
EPOS, 5.02 TeV

Pb-Pb, centrality 0-5%
06<p<15GeV/ic

Global conservation

Local conservation Ay =2
----- Local conservation Ay =5

|- I | — l Ll l | — l | — l | — l Ll l | — I -

0.8

02 04 06 08 1 12 14 16

Lund based models fail for net-p which is

An

in 2"d order —» How about strangeness?
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2nd order cumulants of Net-Z & Net- £ — net-K correlations
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2nd order cumulants of Net-Z & Net- £ — net-K correlations
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» Event generators based on string fragmentation fails on the second order
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2nd order cumulants of Net-Z & Net- £ — net-K correlations
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» Event generators based on string fragmentation fails on the second order
» Canonical picture describes the data with
— Indication of large volume (early production) for strangeness
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Cross cumulants in view of correlation volume
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» Q, B and S conserved within a correlation volume
V. Vovchenko et al., Phys. Rev. C 100, 054906 (2019)
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» Simultaneous description of cross cumulants with V, = ~3 dV/dy fails
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What can we learn?
(ALICE [2,3])



ALICE 2 (2022-2030)

v" Continuous readout:

— ~ 50kHz Pb—Pb min. bias

— ~ 5 pileup events within the TPC
v" Improved vertexing
v" High tracking efficiency at low p;
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ALICE 2 (2022-2030) ALICE 3 (beyond early 2030s)

Superconducting
magnet system

absorber

600-7¢0¢-020H1-N¥3D 3DV

Muon
chambers

High statistics — 0 (10°) billion events
Large acceptance — |n|<4

High PID purity — 0.3<p;<10GeV/c
High efficiency - ~95%

Excellent vertexing — O (3um) resolution

v" Continuous readout:

— ~ 50kHz Pb—Pb min. bias

— ~ 5 pileup events within the TPC
v" Improved vertexing
v" High tracking efficiency at low p;

AN NI N NN
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Criticality search in ALICE 2 and 3
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Criticality search in ALICE 2 and 3
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Criticality search in ALICE 2 and 3
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High precision

ALICE, CERN-LHCC-2022-009
L B T T T

s
Full acceptance
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——— ALICE 3, Barrel+Forward, ~52% of full acc.
—— ALICE 3, Barrel, ~25% of full acc.
—— ALICE 1-2, ~4.5% of full acc.

HH\HH\HH\ JH\HH\\ H\\ HMHHH H

=

» High PID purity and efficiency within
a larger acceptance
(0.3<p<10GeV/c, |n|<4)
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Np+N_
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Full acceptance
ALICE 3, Barrel+Forward, ~52% of full acc.
ALICE 3, Barrel, ~25% of full acc.
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» High PID purity and efficiency within
a larger acceptance
(0.3<p<10GeV/c, |n|<4)

High precision
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» More differential and high precision
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Completely new net-charm fluctuations

- 6 ; T T ]

o~ [ : : ]

A. Bazavov et.al. PLB 737 (2014) 210-215 vg 5:¢ ]
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Pb-Pb events

> 2" order — Correlation length of charm
> 4t order — Close to T,. charmed baryon fluctuations are about 50% larger than expected in a HRG based on known
charmed baryon resonances (PDG-HRG) — missing states of QCD
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Summary

Experimental challenges?
» PID, Efficiency correction, Resonance decays, Volume fluctuations, Pileup ...

What did we learn from ALICE 1?
» Net-B and S fluctuations:
v’ 2 order:
* Large correlation volume — early times (V.= 1.6 dV/dy (pd) and V. =~3dV/dy (net-B and S))
* Higher momenta: Magnetic field, proton clusters ...
* Lund based models describe 15t order but fail in 2" for both B and S
* Cross cumulants can not be described with the same V,
v' 3" order: Up to 3 order ALICE data agree with the LQCD expectations
* Mgis very close to 0 at LHC energies

> Net B and S: Criticality search at 6" and higher order cumulants
> Net-C: fluctuations up to 4" order
* Correlation volume for charm
* Missing states of QCD
» High precision: Constraining individual dynamic signals
* Thermal blurring, Initial-state fluctuations, Baryon annihilation, Excluded volume effects, Baryon number conservation ...
> ..
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Observables: Correlation and cumulant of net-particles

Charged kaons and = baryons
e Same- and opposite-charge
correlations — 2 species

e No autocorrelation
o Negligible resonance
feeddown

e Negligible uncorrelated weak
feeddown from Q

e Experimentally — high purity
via PID (K) and machine
learning selections (E)

Net-kaon net-xi correlation
e Includes both same and opposite strangeness
e Cancellation of initial volume fluctuation

A. Rustamov et al., Nucl. Phys. A 960 (2017) 114-130

o(AZ, AK) = k., (AZ, AK) / V(x,(AZ)ic,(AK))

~and AK=K" - K-

[1]

with AZ = =7 -
k,(BE, AK)= k., (B, K + &, (57, K) - &, (2, K -, (EF, K)
K,(AN) =k, (n") + k,(N7) - 2K, (N", M)

Net-xi cumulant ratio
e E-by-e fluctuations of A= multiplicity distribution

K, [ K, (AZ) = k,(AZ) / K1(E+ +27)

EMMI RRTF, 06.11.2023
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Correlation volume estimation for strangeness

Combined-y# minimization - extract V, from data

é 0-06 T T T 1T 17T ‘ T L I’\ 1.04 T T L ‘ T T L T o )\<1I0:! T T TT ‘ T T ‘ T ‘ —TTT [ T T I T
- imi { W " ALICE Prelimina 1 X r 1
g ALIGE Prsliminsy B o _ LN ALICE, Pb-Pb, {5, = 5.02 TeV |
Q. 0.04( t Pb-Pb, \sy,=5.02 TeV 103 4 by pb, sy = 5.02 TeV 1 = NN 7
 TheFIST CSM, T, =155 MeV, B + S conservation — [I!_ 1.02 TheFIST CSM, T, = 155 MeV, B + S conservation _ L Vc =3.19=+0.11d V/dy i
==V =1.0dV/idy V,=1.5dV/dy « 22 v,=1.0dV/dy V,=1.5dV/dy + 2 7
0.02 . v =20dvidy Vo =25dVidy 1 = [ V.—20dVidy — V. =25dVidy 1 08l e Data-model ]
L V. =3.0dV/dy V. =3.5dV/dy 4 g 101— V,=30dVidy — V,=35dVidy = =L - Fit ]
o I i S 4 == v, =40dvidy 1 L 1
| 1 m L - L oy, 60— .
3 [ h 0.6 * ¢ , —
-0.02— — % 0.99— — 40 . v
* . S 0.98| — | [ | p 1
~0.04 - ¢ ]
S . _ 0.4/~ 20 ! .
N Bl ] 0.97- — r ° ]
006/ — — i S i O ool S%ee 1
I NN — 0.961 - » 25 3 35 4
0.2 \ _
| ml=0s | F <08 1 i ‘ V. (@dVidy) |
-0.08~0.2<p (K) < 1.0 GeV/c 0.05 M <Y | i . i
- 1.0<p(E) <3.0 GeV/c ] L 1.0<p, (E) <3.0 GeVic . L ‘o -
_0.1 L 1 L1111 ‘ 1 1 L | L1 11 ‘ L 0.94 1 1 | - \ 1 L 1 1 | \ 1 0 11 \ | - ‘ | - \ 11 \ 1 \\,"“-.-‘7/(7»\‘T 11
o pe 162 10° 1 15 2 25 3 35 4
(chh/dn) (chh/dn) V. (dV/dy)

> Statistical uncertainty in model predictions propagated to observed y?
> Fit of x? profile with pol4
> V.=3.19 1+ 0.11 dV/dy
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Charge conservation

e Compare Pb-Pb results with CSM (y_ =1, T ., = 155 MeV, V_= 3 dV/dy)

chem
o B-only, S-only, conservation
e Strangeness conservation — main contribution to net-particle correlation
Y 0.03 T T T L1 ‘ T T T T LI ‘ T I/\ [ T T T T 17T I T T T T T 1T I_
» - ALICE Preliminary [x1 1'03k ALICE Preliminary |
< 0.02 } Pb-Pb, sy = 5.02 TeV T ool t Pb-Pb, {5 =5.02 TeV |
™ TheFIST CSM, T = 155 MeV, V, = 3dV/dy 1 [I!_ | TheFIST CSM, T, = 155 MeV, V, = 3dV/dy ]
0.01— - B+ S conservation — < 1.01 B + S conservation |
| = Bconservation | = T = B conservation
0 —— 8 conservation : - h] | == S conservation ]
[x]

-0.01— — Ny 0.99

-0.02— — 0.98

R S T
T 0.96 =
-0.04—Inl <0.8 _| I ]
- 0.2< pT(K) <1.0GeV/c - 0.95— Inl <0.8 i
~0.05\- 1.0<p_(5) <3.0 GeV/c _ L 1.0<p (5) <3.0 GeVic i

1 1 11 11 l i 1 1 | 11 11 l 1 0.94 | | I | | i I I | 1111 l |
10 10° 10? 10°

(dN_ /dn) (dN_/dn)
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IEWS K EELLS

Efficiency correction — formulae for binomial detector response
Statistical uncertainty — subensemble method, systematics — multitrial method

Reconstructed via cascade decay
o EZ > A(—=p+n)+a +cC.cC
Signal selection w/ machine learning
o Boosted Decision Trees (BDT)

10°

/U')\ :T T 1T I L ] T T 1T N T T 1T I T T 1T N T T I T 1T T:
‘T 40F ALICE Performance VOM Centrality 0-1 O%{
o s POPD 20<p.<25GeVic ]
8 TF sy, =5.02TeV ;
B 30F pyri =
c[:) C Purlty =0.956 T_ ]
. 255 ¢data = -
205_ —total fit _E

£ --background ]

15 =
= =
5 =

ot it ] LYol s o e e A e el s 2

1%05 131 1315 132 1325 133 1335 1.34
M(A + 1) (GeV/c?)

e Particle identification

0.2<p. <04 GeV/c — TPC
m +ITS in Pb-Pb

0.4 < p; <1.0GeV/c — TPC+

x10°

O

O

Entries (arb. units)

VOM Centrality 0-10% |
0.6 < p, < 0.7 GeV/c

ALICE Performance
Pb—Pb

|Syn = 5.02 TeV
Purity = 0.967

6 K*
5 ¢ data

—total fit
4 ---background

Lo bovnn b b B b B I

0 Pk repasbor e aeboraeraebopasp gebep gep e dop gep e dop gop e 20

5 4 3 2 -1 0 1 2 3 4
no; O (arb. units

— o
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IEWS K EELLS

Track selection
filter bit 16 (1<<4)
|n| <0.8

nSPDcIs > O' nITScIs >1 and n

>
TPCcls 69

standard 2011

/ 0.2< Pr = 0.4 GeV/c — LS 2 track selections

additional ITS : ;LoeoggctleA)cuts
cuts for PID X pc 25 P
only used for
Pb-Pb |IDCA| <0.1cm
PID cuts
0.2 <p.<0.4GeV/c — |no,..|<3and |no,,.|<3 for = daughters
T TS TPC |IDCA| > 0.1 cm

0.4 <p . <1.0GeV/c— |[no,,[<2.5and |[no .| <3
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Experimental uncertainties

e Statistical uncertainty
o subensemble method — 30 subsamples

e Systemaitc uncertainty — Multitrial method
o Consider all possible combinations of cut variations
o Repeat the analysis for all combinations — (x,/x,). and g,
o Standard deviation of (x,/x,). and ¢, distribution — systematic uncertainty

Variable variations

NTPCClusters > 60, 70, 90

X%PC / NTPCClusters <2y 2.3

IDCA| < 0.05 (for pr > 0.5 GeV/c), 0.1 cm
NOTPC,TOF <2,25,3,35,4

BDT efficiency default 5% (Aegpt = 1%, 10 variations)

IM(A+ 7~ +c.c.)—Mppg| <20, 30, 40
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Experimental challenges: E.g. effect of event pileup

» 66T T g YV e pann ERRR RN e RS BT B B R REER L
] - B 4+ — 4
S 64 ALICE Performance - = - Past and future pileup 1
— = 2 . s 8ol . : G
5 62F* Pb-Pb /sy = 5.02 TeV = 5 o W/o pileup :
© - - c 60 -
G 60 :—: = & L B *  Past pileup -
S 58f = o ]
= o po = %6 ot
(@) - ® & T _e0® ] o 54: . .o'o ]
X 54 v alPT x — o2 @8 07 _o® —
© [ « ,"- ". .. ] © - A . -
S s % e S - R I PGl
= E 8 -~ wv . ] B - o ‘.o .
8 O N o & 50F W/‘JM =
S 48:— A‘M/ Before dE/dx correction = 48:— After dE/dx correction _]
Co e b b b b by b b by 1y 1] o e b b e b b o 1

i 02 0406 08 1 1214 16 18 2 22 020406 08 1 1214 16 18 2 22

p (GeV/c) p (GeV/c)

M. Arslandok, E. Hellbdr, M. Ivanov, R.H. Miinzer and J. Wiechula, Particles 2022, 5(1), 84-95}
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2"d order cumulants of net-p: Acceptance dependence

rTr it 1|t t 1ty rtrrrjrrrrjrrrrjprrrryprrrrprrr — rr |ttt 1 JrrrJjrrrjrrrrrrrrrrrr

Q= o =~
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al+ 11+ —e— ALICE, 0.6 < p<2.0GeVic ol t 11+ —e— ALICE, 0.6 < p<2.0GeV/ic
<la Tt — HUING, 06<p<15GeV/c { Xl | — HWING, 0.6 <p<1.5GeV/c -
< - — HWING, 0.6 <p<2.0 GeV/c - < = — HWING, 0.6 < p<2.0 GeV/c -
- EPOS, 06 <p<1.5GeV/c A - EPOS, 06 <p<1.5GeV/c A
B — EPOS, 0.6 <p<2.0GeV/ic A - — EPOS, 0.6 <p<2.0GeV/ic A
1 B o e ] 1 R - Pt & e e L L L L L L LEEELEELLEELEE L, -—
VH E ] &l = - —. | L R O e, O i
| — 1®r - Cd = -~ B~ el 7]
ool 8 B : I 0.9 q
- S — T "~ Pb-Pb |5, = 5.02 TeV 1
L | L centrality 0-5% |
0.8 B Pb-Pb |5\ =5.02TeV _| 0.8 | -~ Local conservation Ay =5,06<p<1.5GeVic |
- Inl <0.8 . - --- Local conservation Ay =5,0.6 <p<2.0GeV/c -
kl L1 l ) l ) - l ) - l ) l ) - l ) I Ll N o - I | I l | I — l | I l | l | I l | l | I — I - 1

0 10 20 30 40 50 60 70 02 04 06 08 1 12 14 1.6
Centrality (%) An

» 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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2"d order cumulants in full phase space

ﬁ 1800 _I LI} I L I LB I L I L) I L I L) I L I L) I L I I_ . /g 1 :T T { L { L { L { 1T { 1T { L [ 1T [ L [ 1T I T:
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< - —p,n 1 &|x  qF Pb-Pb \/Syy = 5.02 TeV . PN 3
¥ 4400 “—pnaan a0 o e O8E — p,n,A*,A%,A% AN 3
1200 - _ — Charge = % 0.7 ? E
C ] L0 ] R -
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ALICE 3

Superconducting
magnet system

= Ultra-low material budget for low p;tracking
— X/X0 ~ 0.05 % / layer
= Fast to sample large luminosity
— 50-100 x Run 3/4 - MHz level
— Large acceptance
— |n|<1.4 (central barrel), |n|<4 (total)

= Excellent spatial resolution for tracking and vertexing
— Innermost layers: 0 <3 um
— QOuter layers: g ~5 um

= Precise time measurements for PID
— 0 ~ 20 ps

ok,

absorber

Muon
chambers
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Criticality at Crossover

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)

140 : : . . 10° = , , —y

T2 ] -, : Pb- Pb VSu —2 76 Tev: :
X disc 1P e o T R
120 | 1 . ;TT** T
* HISQ/tree: N =6 o | = S

N=8m | N

100 | " X S el oS EEE R
. N=12 m I T D T

7 % asqgtad: N.=8 o ;

2T é * % N=12e 1 e A R A
Mg w0 A

60 T3 10) . E : : : : : H : : : 3
. mf Wb Lob

. . Chemical freeze-out ™ £ . pag auce o0
20 + CDm. 1 at the 107F . Statistical model fit (42N, zg ms) L
& | T=156.5 MeV, ,u—OSMeV V= 5280fm I

T [MeV 10°F
_tivey * 3, c» oF m phase boundary! =

Yield dN/dy

0 1
140 160 180 200 220 240

[ T,.= 1565+ 1.5MevV | G [ TAUCE Z 1565 + 3 MeV |

e KKK5¢»p aAK:E’ and d“He"HeHg-l‘He

Chemical freeze-out near T, — motivation to look for higher order moments
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Link to LQCD

- V2 [GeV]: 200 62.4 39 27 196
e ] 1r B _ -
B f k R5,=Sgo
03 | X2 e R QCD mm 3rd 4th contr. est.
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Ni=16 3 ressaa v 206 | . 27 (filled) |
8 0.4 | T i
=(165+/-4) MeV 04| u
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A. Bazavov et al. (HotQCD),PLB795(2019)15
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Volume Fluctuations

150*10° Events

2 80 e Ty 1] 2 0 meye ey

! | —@— N, fluct. | \C/\l - —e— N, fluct.

%\l | —e— N, fixed / i < 40:+waixed ]
=60

I / ] 30} structure / 1
40 . - predicted H ]
I ] 20} * .
20 / . i / k(p)=(p) -
/ k(p-p)=2(p) ] 10/ I

% 100 200 300 400 %00 200 300 400
<N,> <N,>
k,(p=B)=(N, )k,(n=T0)+ (n-7) k,(N, ) k,(p)=(N, ), (n)+(n) ke (N
vanishes for ALICE does not vanish

n,n from single wounded nucleon
P. Braun-Munzinger, A. Rustamov, J. Stachel, Nuclear Physics A 960 (2017) 114-130

EMMI RRTF, 06.11.2023 Mesut Arslandok, Yale University 41



Volume Fluctuations

150*10° Events

g A ot <40 Eat
R B 1 N A
| : f 2 Pan

o (p=B)=0 7 10 / o k(p)=(p)
0 100 200 300 400 % .100200300400
<N,> <N,>

k,(p—B)=(N, )k (n-1)+(n-n)(..) k,(p)=(N, )k, (n)+(n)(-.)
vanishes for ALICE does not vanish

n,n from single wounded nucleon
P. Braun-Munzinger, A. Rustamov, J. Stachel, Nuclear Physics A 960 (2017) 114-130
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Volume Fluctuations

P. Braun-Munzinger, A. Rustamov, J. Stachel

150*10° Events Nuclear Physics A 960 (2017) 114—130

150 Pb+Pb@|s,=2.76 TeV L [ 4r— Pb+Pb@\s,=2.76 TeV ]

1 | —e— N, fluct. | o - —e— N, fluct. T
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¥ 0 ; o :

100 A S _ ,
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i i J - ]

50 \./ i i

S : R A S A 18

L ° k4(p—ﬁ):2*<pr0ton> 4 i ]

® 00 200 300 400 % 700 200 300 400

<N,> <N,>

k,(p-B)=(N, )k, (n=7)+3k,(n-7) k,(N, ) +(n-71)(..)

n,n = from single wounded nucleon vanishes for ALICE

P. Braun-Munzinger, A. Rustamov, J. Stachel, Nuclear Physics A 960 (2017) 114-130
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Volume Fluctuations
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EMMI RRTF, 06.11.2023

Mesut Arslandok, Yale University 44



Identity Method in ALICE 3: Purity in PID

_:f dp &d \t Hg ALICE performance . . . .
c Pb-Pb |5y, = 5.02 TeV Significant improvement in the purity + IM
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> p>0.8 GeV/c — less than one sigma separation No full overlap of the TOF signa
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ALICE 3: Systematic uncertainties
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2"d order cumulants of net-p: Correlation length

P. Braun-Munzinger, A. Rustamov, J. Stachel, to be published

A r trT T L — L —
@ &°1.5¢ | : g""b‘i'i’\‘F’A‘WOS (2021‘)1221417 K> (nB - nE)
@’ +m i * p=040; Ay =115 i
A oo nl-se i, (Skellam)

p=0.90; AyCorr =4.6

T 7 l leo-o- & -~
:.‘\;\if“:%:\ ] : e (& Baryon number conservation
0.5- T 7
I . - S ]

b 02 04 06 08 1 AN tpr An

. acceptance factor o

detection

freeze out

latest correlation

Early correlations — long range in rapidity
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» Partial pressure of open charm mesons (M_) and baryons (B_) in a gas

of uncorrelated hadrons,

* PDG-HRG: All open charm resonances in PDG
* QM-HRG: Relativistic quark model.
* QM-HRG-X: open charm resonance spectrum is cut off at
mass X GeV
» Below 160 MeV the latter coincides with the complete QM-HRG
model results to better than 1 %.
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Motivation: Nature of the chiral phase transition

q|m S 200 [T
ond order. o |18 g 180i Quark-Gluon Matter 1>
, N | C 1%
2nd order, Z(2) [e) ~ r S
© 1st order 4 ~ 160;1 o ﬁ "b.,:. ,;,{w% ] g.
2 L [ G | =3
% crossover = 140 - % 118
~ SPS RHIC § b Hadronic Matter r:% 1%
. nicarar 1= 120 " HoTQCD: Phys.Lett.B 795 (2019) 15-21 ¢ 1
’ > [ Phys. Rev. D 90 (2014) 094503 112
pa 100 s 1R
8 [ Wuppertal-Budapest: 3 ] %
= 80 [ Nature 443 (2006) 675-678 R |
- CEp @ - Nucl.Phys. A 1005 (2021) 121782 I o
L3 R W 80¢ s
! KB [ Points: Statistical Hadronization, T R
| 40+ cF 1loo
mh " [ Band: Lattice QCD, T, 1%
* S 20¢ o 1R
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1 10 10° 10°
. us (MeV)
> Cross over transition at pgz = 0 MeV o _
= no experimental confirmation » Quantitative agreement of chemical freeze-out
> Vanishing u, d quark masses parameters with most recent LQCD predictions
’
= Vicinity to 2" order O(4) criticality for kg < 300 MeV
= iti LQCD
Pseudocritical features at the crossover due to — Tp(cl ~ TfAOLICEZ 156.5 + 3 MeV
massless modes
=> Long range correlations & increased fluctuations HotQCD Collaboration, Phys.Lett. 795 (2019) 15
S. Borsanyi et.al. Phys. Rev. Lett. 125, 052001 (2020)
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Canonical statistical model
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