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ATLAS

EXPERIMENT

Run Number: 365512, Event Number: 110420355] | run:2aa018
Timestamp:2015-11-25 11:25:36(UTC) ALICE ATLAS CMS
Date: 2018-11-09 06:27:05 CET | |2oem ool

n - coverage |n|<0.8 |n|<2.5 |n|<2.4

CMS Experiment at the ktHC, CERN >
Data recorded: 2016-Nov-18 15:29:12'628128 GMT p; coverage >0.15 >0.3 >0.3
*) RunvAEvent / LS: 285505/ 107810622 / 166

(GeV/c)

Event-by-event fluctuations of particle multiplicites:

‘_ ‘\ - e =¥ ¢, - probe the properties and phase structure of strongly-interacting
' matter, probing the nature of phase transition;
are ideal to study thermodynamics of the produced system;

test lattice QCD predictions at uz=0;
complementary to RHIC Beam Energy Scan Program, FAIR, NICA,

] and J-PARC.
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Nature of chiral phase transition

Lattice QCD calculations S p— .. Nature 561 (2018) 321
= | > I ]
1 - ) - Quark-Gluon Matter ]
'TLHC 2nd order, O(4) |l | > 180 ’ 7
| 2nd order, Z(2) 3 : 160 '_' _ 'ﬁ.— h@'-{p & 4
_ ) 1st order S— Q - {%%
------------- crossover & 140 % ]
BRDR = _ Hadronic Matter Q 1
SPSRHIC | [5- 120 F hoTQcD: Phys Lett.B 795 (2019) 15-21 P
NICAFAIR | |3 L Phys. Rev. D 90 (2014) 094503
N 100F 5
g " Wuppertal-Budapest: 0
80 [ Nature 443 (2006) 675-678 - ]
r Nucl.Phys. A 1005 (2021) 121782 [I] 1
CEP 60 ]
1M B L r ”;) ]
| A 1B 40 Points: Statistical Hadronization, T .. ]
mzr’lgs .- ' 50 _ Band: Lattice QCD, T, _
May,d O| L Ll . R
d 1 10 10° 10°
us (MeV)
* Critical behavior in the limit of vanishing light o .
quark masses --- the chiral Phase Transition » Quantitative ag.reement of chemical freeze—ou.t .
parameters with the most recent LQCD predictions
* Vanishing u, d quark masses for pg < 300 MeV
= vicinity to 2" order O(4) criticality LOCD ALICE
— pseudocritical features at the crossover = Tpe  ~ T =156.5+3 MeV

PLB 795 (2019) 15, PRL 125 (2020) 052001
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<) Lattice QCD meets experiment

: o | B=20
Thermodynamic susceptibilities (response of a thermalized system 1.2 . . H . .
to changes in external conditions): conserved charge fluctuations 1 XEfXE T
e Lattice QCD calculations: Taylor expansion of the QCD pressure: Y] 3 % @ 0.69(3)
cont. extr. == N
P posc  OFTHF™ P (fp fig, fis, iic) /T il e fyeo b € _ 0.50(2) |
ﬁ = VT3 In Z(T, V7 122:29 7 D) I'I'S) » Xk‘lmn - (9/1%(9&[@/12?8@% ) N, gB @ ( )
#=0 0.4 | 12 : @ .
PDGHRG — %
Deviations from the Baseline: 0.2 f .
. . . T [MeV]
o Baseline: difference of two Skellams: k,/K5 is 0 (odd) or 1 (even); 0 - - = = -
o up to 3 order HRG model agrees with LQCD at ug = 0; x
o higher order - larger deviations: 4t order ~30%, 6th order ~150%. S50 xehia N.=8 & |
2 -
. L I HotQCD
* EXxperiment: within GCE, susceptibilities are related to event-by-event 15 | preliminary

fluctuations of the number of conserved charges.

1 —= HRG

ANg = X = Ny — Ny, Kp — central moments of X 05 | l ﬁ ]
Lomfav) o (V) A o ) TR
Zfz ZVTgB » KZ(ANB) - )A(f -0.5 | | | TY+ + + ]

Cumulants Higher orders -1
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1.1

K(P - P)
P+P

0.9

0.8

Net-proton fluctuations

2nd order cumulants

L BRI L B B BRI LA BN B
- Pb-Pb, centrality 0-5%  —— ALICE, 2.76 TeV
i 06<p<15GeVic —e— ALICE, 5.02 TeV
- — HUING, 5.02 TeV -
- EPOS, 5.02 TeV

- Global conservation .
- Local conservation Ay =2 -
| - Local conservation Ay =5 i

llllllllllllllllllllll[llllllllll

02 04 06 08 1 12 14 16
An

2"d order: Deviation from Skellam baseline
due to Baryon number conservation

long-range correlations (An about +2.5)
originating from earlier in time

K3(P - P)

ALICE collaboration, arXiv: 2206.03343

3rd order cumulants
02 L L L L L L L L

—e— Efficiency corrected
—o— Efficiency uncorrected |

0.1_‘(:> b —

Kz(p - ﬁ)

Pb—Pb |s,,, = 5.02 TeV

n 7] <0.8,0.6<p<15GeVic |
_01|||1|1|11||||111||||1||1|1|1111|||||1|

"0 10 20 30 40 50 60 70
Centrality (%)

» 3 order: data agree with Skellam baseline “0”
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EN

Hadron gas:

Net-charge fluctuations

7
confined, few d.o.f O‘. 0® % @ Many d.of.
e, ® Dynamical net-charge fluctuations: %O 0)
%0.5 o e Og 0Q0%e
] b. O,'O . <N+(N+ - 1)) (N_(N_-1)) . <N+N—> ‘ . .O O
Ofe o o0 Vie—dyn = Ty 72 (N_)? (NL)(N_) e ¢
MONGIC ) ™ q = *£1/3, =£2/3 (quark)
g=(£2),%+1,0" 0 — or 0 (gluon)
ALICE Preliminar
/\‘ — 1 T T LILELIL II T 1 T LELELIL || 1 L] 1 LI 1 — _ /\l T T T T T T T T T T T
B 2" | ALICE Preliminary s A, T2 b ALICE Preliminary Pb-Pb, |5y = 5.02 TeV
< t - % Pb-Pb |5, =276TeV == HIJING w/o Resonances Pb—Pb Tt 0F ® ALICE, cent.0-5% -
712" O ¢ Po-Pbys, =5.02TeV o Eroaiis S?;Eb ] > |- z 7 " W ALICE, cent. 70-80%
- * Xe—Xe |s, =5.44TeV == PYTHIA8 pp 7] 02<p_<50GeVic
- W p-Pbys, =502TeV S %ﬁsziilzgnances Po-Pb |
B ® pp Vs=5.02TeV = m:1 HIJING w/o Resonances Pb—Pb - 02} _— _
_02 — nJll!lt.u.1-|-|lllll|l|l|||.|-|-..,.'_,. ] '
_’.? DL i 0§  Thmug
04 T 0%, I ~0.4 ; i
_ e AT, | :
N ‘H ﬂﬂ & N HIJING w Resonances, cent. 0-5% B
- E-H ﬂ H H i — = HIJING w/o Resonances, cent. 0-5% H
-0.6 In| <0.8,0.2 < PT <5.0 GeV/c _ 06 e HIJING w Resonances, cent. 70-80% |
. = i == HIJING w/o Resonances, cent. 70-80%
1 Lol 1 Lo vl 1 L 1ol 1 . 1 . . . . 1 1
(dN_ /dn) An

PY Deconfined:

* Scaled vy,[+,-] shows increasing correlations with increasing multiplicity for all systems,
* net-charge fluctuations are strongly dominated by resonance contributions.
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- to distinguish between nucleosyn
models (thermal vs. coalesence)

thesis

Anti-deuteron number fluctuations

Antiproton-antideuteron Pearson correlation

Pa = ((ma— <na>)(nb— <nb>)>/ \/KZaK2
OlB B l- IALIICIIE o
B —Coalescence Model A (x 1/30) p d
0 005: ..... © Coalescence Model B p

ALICE collaboration,
arXiv:2204.10166

M‘_ 1 ] 1 I 1 1 1 I ] 1 1 I 1 1 1 I i

108l = ALICE — ]
< - == Coalescence Model A

- @ Coalescence Model B 7

- Thermal-Fist: CE SHM, 4.8 dV/dy 7

- == Thermal-Fist: CE SHM, 1.6 dV/dy .

1.04F - Poisson = —

1.02 = =

i oo . i

1 '—m:'\'i “LLELE -\-;-:--:-;-:--‘:‘;;;-::L-::--\--|----‘--‘-: :;':':\'m' —

i Pb—Pb, sy, = 5.02 TeV |

i |n| < 0.8 i

098 d:0.8<p_<18GeVic _|

) PRI BT EE EEE ST SRR
0 20 40 60 80

Centrality (%)

Anti-deuteron fluctuation is consistent with Poisson baseline, .
canonical Ensemble (CE) SHM consistent with data, with no

significant effect of baryon number conse

rvation.

—0.005

—0.01

Thermal-Fist: CE SHM, 4.8 dV/dy
= Thermal-Fist: CE SHM, 1.6 dV/dy

Pb—Pb, \s\, = 5.02 TeV
Inl < 0.8
d: 0.8 < p,.<1.8GeVic

p: 04 < p. < 0.9 GeV/c

0

anti-d

40 60 80
Centrality (%)

Negative correlation: in events with at least one

euteron, O(0.1%) less antiprotons than an

average event.
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<) Multiplicity fluctuations

= Isothermal compressibility (expresses how a system’s volume responds to a change in the applied pressure.)

Charged-particle multiplicities ALICE collaboration: EPJC 81 (2021) 1012
2500 | (@) = 5I_”,IA|I_|I(_‘,IE”|””|””|”IIII:I”I””III”I”HI”_
- ALICE . — . _
2000 [ Pb-Pb |5 =2.76 TeV — - Pb-Pb |s, =2.76 TeV a)bac“ (Participant Model)
. - 02sp <%0 Gevic = [ 0.2 spvs_Z.O GeV/c ;po|3 N ]
> 1500 - -0.8=n=08 - 4 T
° = 3 - Il <0.5 (o] Extrapolated to N,n =2 -
- 1000 = B i
500 - = kBT<NCh> k 3l _
- g ch — T 5 B i
100 [ — V S B i
80; —f or ]
S 60? i N Poisson expectati ]
40 } { 1__ .............................................................. ..z
20 [~ — " E
5 © E O ="56""700 150 200 250 300 350 400"
4 W — N
s 3 - LN ¥ E < part >
© = [ ] 1 . . o . . .
> oo For central collisions: * Fluctuations above the Poisson estimation
W AV e T, =0.156 £0.002 GeV gives w, = 1.15 £ 0.06.
Opg5 oo s s s woae- | volume= 5330 £ 505 fm? -
(Moo o (Ne) = 1410 +47 (syst) | => k,UPPErlimit _ 57 943 18 fm3/GeV.
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Ratio to 2.76 TeV

(Ap_A ij> Kp, »

—
<

1072

1.4

Fluctuations of mean g

- results from fluctuations of the energy of the fluid when the hydrodynamic expansion starts.
- (p7) is a proxy to the system temperature => measure of temperature fluctuations = heat capacity.

ALICE Preliminary

m| <0.8 -
e 0.15< p. < 2.0 GeV/c

= Pb-Pb, |5, = 5.02 TeV
® Pb-Pb, |5, =276 TeV
HIJING, Pb-Pb, s = 5.02 TeV
HIJING, Pb-Pb, |/ = 2.76 TeV

(dN_fdm)

Ratio to 5.44 TeV

(Ap_A ij> Kp, 7

—
<

ALICE Preliminary

m| <0.8
0.15< p, < 2.0 GeV/c

= Pb-Pb, |5, = 5.02 TeV e

e Xe—Xe, \/ Sy = 5-44 TeV *%

1 b 1 62 1 63
<chh/d m
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(Apdp;) = <

Scaled variance:

ALICE Preliminary

Z,'J;éi (pi - (PT))(PJ - (Pr)) >
Nch(Nch — 1)

( ApTiAij Y {{p1))

Fluctuations decrease with
increasing multiplicity and
increase w/t beam energy.



<)

Higher-order fluctuations of mean py

= detailed probes of QCD thermodynamics at higher T, achieved during the early stages of the collision.

Skewness (3-particle correlator):

ALICE Preliminary

(ApiApjApkApr) = <zm¢j¢k¢z

Kurtosis (4-particle
Necp,

correlator):

(pi = {{p))) (05 = {{or))) (k= ({pT))) (22 = ({pT)))

Nch<Nch - 1)<Nch - 2)<Nch - 3)

[ 02< p, <3.0GeV/c, |n] < 0.8

| ALICE Preliminary

® Pb-Pb, |s,, =5.02 TeV
* Xe—Xe, \/sNN =5.44 TeV
+ pp, Vs=5.02TeV

3

IHEI

HIJING Pb-Pb, |s,, = 5.02
HIJING Xe-Xe, |[s, = 5.44
PYTHIA8 pp, Vs = 5.02 TeV

Gaussian baseline

Uncertainities: stat. (bars), sys. (boxes)
IIlI 1 1 llIIlII 1 1 lIIIllI

TeV |
TeV

(A Ap. A ) _ <Zi,j;ﬁi,k;&i,j (pi — (pe))) (pj — (pe))) (prs — <<pt>>)>
e che Ner (New — 1) (New — 2)
c\l/\ 25 1 1 ] LI II T 1 1 LEBLILIL II T ] 1 LILILIL II 1 T (\}\ 8
Qi: - ALICE Preliminary E Qi:
<_ ook ® Pb-Pb, |5 =502 TeV E < a
i]l [ * XeXe, |5y, =544 TeV ] % i
>~ -+ pp,Vs=5.02TeV 7 NG
N [~ =1 N
/\|_ - |ndependent Baseline Trento + 2+1 viscous V-USPHYDRO - - 6
§ 19 popb XeXe -pp [1/s =0.047] ] % -
;ﬁ [ 02<p <30GeVic, [1/<08 O Pb-Pb % Xe-Xe . %'f L
< 10f Lo Ko ] Su|
% : ‘ﬁr‘ﬂ*‘ﬁg\*\\\ ‘., E : <|: 4 [
= R -IH'-I-H-IN'_QFIIII " itk %ﬁ & | 3 I
3 5 [ -I:.:'_-__ lll.. ] ~
[~  Uncertainities: stat. (b—ars), os. boxes) 7 B
0 B Ll II L L L L1l L1l II L L L L1l Ll II ] 2
1 10 102 10° 1
<chh/d77 >| 1<0.5
* Positive intensive skewness excess from its baseline .
value observed - indicates hydrodynamic evolution. .
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10 10? 10°
( chh/dn )

Mild dependence on multiplicity,
Approaches Gaussian baseline at high multiplicities.

I7<0.5

>

10



) Accessing precursor stage of QGP formation

vvvvvvvv

800 N v (et SpT (0.4 —6R

Correlated fluctuations in shape (&,) and size (R) in the initial state:
measured using Pearson Correlation:

- p(€;,0R) =

0.08
Pb+Pb, vs=| V) X Ep

0.06

S 0.04+

0.021
0-5%

iacalone, arXiv:2101.00168

0.09 5 0.1 0.2

0.3

cov(e2,6R) » : \

Vvar(e2)var(SR)

Initial State to Final Statr/

var (v, {2}) =

cov(vi, dpr) =

1

((vp, opr))

cov(v2, 6pr)

Pn =

(vp) — (vn)?

Vvar(v2) var(dpr)

var(dpr) =

((0prdpT))

=> I, - mean-g; correlations

(i) Constrain the initial state, and
(ii) nuclear deformation.

LHCP2023: Tapan Nayak
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V. — mean prcorrelatlons

= /I\TLAS S Three subevent method 4 @ B ATLAS Comblned subevent method ]
a lF’l|3+P2b55-02 TeV 3 E,-based ] i rt|>+Pb502 TeV X E,-based
n| < 2. uEEpy i - n| <2 . .
i ‘ g it 0.15 ATLAS collaboration, arXiV: 2205.00039
- 2 3 0.1 -
i : . i A
— B S — C /]
Ll 4 0.05— . o
$ . i ®] e+ p,hasageometric origin, p;
-l & 05<p_<2GeV i g 1 originates mostly from fluctuations.
A = 05<p <5GeV ] 0 A B
R ST | | . } « p,depends mildly on centrality
= IP-Glasma+MUSIC wio ¢, (05 <p <2Gev) - & 1 . .
I IP-Glasma+MUSIC w o, (05 <p. <260 | - | fluctuations and final state pr and 7
i |>1<1<|e:><2§55-44 TeV 1 o1sf ;.(1?:)(;55'44 Tev . ranges, suggesting they are
- wen® Ay - ] dominated by initial states.
i e i s ]
i 1 o 7] the comparison of the model to the
-y — - ) Xe—Xe data suggests that the Xe
i $ 1 00 nucleus is a triaxial ellipsoid.
— Trento B
i Trento+v-USPHydro (05<p_<3 GeV) | n
— — Trajectum (0.5 <p <2 GeV) — 0—
B -»» Trajectum (0.5 < p.< 5 GeV) B L
| ] ) | ) . | ! L | | | . L |
80 60 40 20 0 20 0
Centrality [%] Centrality [%]
Peripheral central
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Pb-Pb Y5 = 5.02 TeV
1 1 1 Ll I 1 T 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I I 1 I

Inl <0.8
04~ 02<p,<3.0GeV/c @

¢ ALICE

0ol [ Trajectum
- JETSCAPE
[ v-USPhydro
0 4' iz IP-Glasma+MUSIC+UrQMD 1

IP-Glasma+MUSIC+UrQMD (FSE only)

0 10 20 30 40 50 60
Centrality (%)

Central Peripheral

N ¥, — mean p; correlations

ALICE collaboration, PLB 834 (2022) 13793

Data shows positive correlation between v, and p;

The centrality dependence of p is better described

by IP-Glasma than by Trento,

These are sensitive to the nucleon width parameter
(size of nucleon) => new constraints on the nucleon

size,

ALICE data agrees with an effective nucleon width of
the order of 0.4 fm => transverse radius of 0.56 fm.

LHCP2023: Tapan Nayak
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¥, — mean g correlations

CMS collaboration, CMS-PAS-HIN-21-012

Nch

(0.5<p. <5.0 GeV, In| < 2.4)

Peripheral

central

LHCP2023: Tapan Nayak

pp 13 TeV pPb 8.16 TeV Pbe 5 02 TeV
0.1F = |n|>0 75 fOI’ C {2} - |P-G(|5128rr[la+]|\)/|US|C+UI’QMD 1 ATLAS O 5 <p,< 5 0 GeV P ]
[ 10 forc (2 —PW, IP T —p(v2 [p,]) nl>0.75 ]
[ --n|> orc{ } ATLA803<p <20GeV [
- —P(V [P, ))' l>0.75 %
0__ it ----------------- ] """""""""""'_“_ """"""""""" —
0.1 - + .
- —PYTHIA8 n|>0.75 + T
[ —PYTHIAS f>1.0 ¢\ 71 i _
———————— T g - i I: I i } .I
02F g ml>0. 75 for o 27 (V3 PD) 4 Hydro pv2 o, )] ]
i e-n|>1.0forc {2} --Rpys=1.5 fm
- —Rpye=0.9 fm |
OfF----®-----c-mmmmm b S o T g iew W -
| [ ] 1 |:| .ﬂﬁ ! [
D o - ¢ ol :
0.2 - - ¢ T 1
CMS Preliminary s ©
0.5<p, <5GeV I _
NP R P B N I v ey by I by e by by |l
0 20 40 60 80 100 150 200 O 100 200 300 400

Explore the correlator with
different n gaps to study nonflow
effects

-0.75 0.75
A B
A B
-1.0 1.0

apparent sign change is observed
for p(c2{2}, [pr]) in pp and p—Pb,

no sign change is observed in case
of |n|>1.0,

positive correlation at high
multiplicities.
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CMS PbPb 0.58 nb’ (5.02 TeV)
DO L L L L L I L B B
{t& _____ R . 0'2__ Calculation for prompt D’ ]
L mmeee v,{2}, Coll. E-loss (Langevin) v,{2}, Rad. E-loss -
u v,{4}, Coll. E-loss (Langevin) v,{4}, Rad. E-loss m
+ — —
o 0.15— [ Syst. — 5 — —
N - i
2 0.1— ' —
» Two-particle correlations: vy {2}=(v,) + == - - i
' 2 207 2(vy) B Prompt D° +D° —$—- ]
1 52 0.0 - —o— V,{2} lyl <1 .
. . Oy 05— —e— v.i4 2<p_<8GeV ]
> Four-particle correlations:  vz{4}=(v;) — 577 TR S SR S,
2 B Calculation for prompt D’ i
—~ 1‘_ —— Coll. E-loss (Langevin) — Rad. E-loss ]
D9 compatible with charged hadrons in 10-40% centrality: & - ‘$‘ -
o suggesting that initial fluctuations are dominant, > 0sh _ﬁm ~ B
S0 — 1
. . . . . . . . . > n
indication of discrepancies in more peripheral collisions: e gfa’:‘gp;d[’:;n?;es ]
o potential final-state effects. - i

Fluctuations of charm quark azimuthal anisotropies

CMS collaboration, PRL 129 (2022) 022001
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Centrality (%)

O O

10 20 30 40 50 60

15



Summary and outlook

Event-by-event fluctuations of conserved charges:
- effect of baryon number conservation to be understood.

Anti-deuteron fluctuation and correlation with anti-proton:

- coalescence models do not simultaneously describe both observables;
- SHM: simultaneously describe both but with a small correlation volume.

Multiplicity fluctuation => upper limit on isotheral compressibility.
Mean-p; fluctuations decrease with increasing multiplicity.

Higher-order fluctuations of mean-p;:
- positive intensive skewness indicates hydrodynamic evolution.

V,, — mean p; correlations:
- apparent sign change in correlation in pp and p—Pb;
- positive correlation at high multiplicities;
- small transverse radius of the nucleon.

Fluctuations of charm quark (D°) azimuthal anisotropies:
- compatible with charged hadrons in 10-40% centrality.

LHCP2023: Tapan Nayak

CMS /|
® B p 4
ALICE

The physics program of
future experiments provides
excellent opportunities for
fluctuation measurements
with large acceptance +
excellent coverage down to
low pr.
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