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Creation of quark-gluon plasma in large systems

Quark-gluon plasma (QGP) = deconfined strongly-interacting QCD matter with color degrees of freedom

iNitial state effects final state effects
—

INITIAL STAGE COLLISION QUARK-GLUON PLASMA HADRONISATION KINETIC FREEZE-QUT
PRE-EQUILIBRIUM .- S me - ® 3V

MADAI collaboration

Collectively expanding Thermalised medium Dense & deconfined medium

Signatures: Signatures: Signatures:
modification of momentum and modification of hadronisation parton energy loss
angular distributions thermal photon radiation guarkonia dissociation

Measurements: Measurements: Measurements:
anisotropic flow particle yields nuclear modification factor

particle spectra
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angular distributions

Measurements:
anisotropic flow

Non-Perturbative and Topological aspects of QCD | 28.05.2024



Near-side ridge: consequence of QGP

ATLAS

[s\=5-02 TeV, 22 b

Pb+Pb

C(An,A¢)

Near-side long-range ridge in azmutha
correlations between two particles

Pb%—“—%Pb

2<p$’b<3 GeV
60-70%

ATLAS, EPJC 78 (2018) 997

Direct conseguence of the presence of the QGP

pe~<«op

(b) CMS MinBias, 1.0GeV/c<pT<3.0GeV/c

CMS, JHEPQO9 (2010) 091
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Anisotropic flow: response to geometry

nitial spatial | collectively
asymmetry B  coxpanding medium

Particles are emitted
with preferred direction

Angular modulation
of their distribution

Quantifies how strong Is particle correlation
with symmetry plane ¥,
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Anisotropic flow: response to geometry

" - | LN N L LR BN LA NLELEL R B RN BLEL R
Initial spaﬂal ‘ COHIGCJU\/@N | _ ALICE Pb-Pb -
asymmetry expandmg medium 0.15H5.02 TeV %—’4— —_

_ W V2 -
- @ V3 ALICE, PRL 116, 132302 (2016) 4

0.1 ‘ V4 /BI?J'_\\H'\\Q —
Mk MK # %: -

K
M——? ®
¢

IR ! @-
| Y ST T T T TN TR ST TN NN SN T WY SN NN TNNY WY WY WO MY Y NNT NN T T ST TN SN SN U N NN

10 20 30 40 50 60 7
Centrality percentile

0.05

Particles are emitted
with preferred direction

Angular modulation
of their distribution

V3, V4 & geometry

vz « elliptical geometry fluctuations

10— 10—

Quantifies how strong is particle correlation
with symmetry plane ¥,
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Creation of quark-gluon plasma in large systems

Quark-gluon plasma (QGP) = deconfined strongly-interacting QCD matter with color degrees of freedom

iINitial state effects final state effects
—
INITARSIIACI= COLLISION QUARK-GLUON PLASMA HADRONISATION KIN_ETI_C FF%.E'EZE:.QQT

PRE-EQUILIBRIUM 5 o aSS o LY

MADAI collaboration

Collectively expanding Thermalised medium
Signatures:

modification of momentum ano
angular distributions

Signatures:
modification of hadronisation

Measurements:
particle yields
particle spectra

Measurements:
anisotropic flow
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QGP expansion and hadronisation

Collective anisotropic medium expansion
+

Modified hadron formation mechanism

R : : . . = Near-py partons coalesce into hadrons
S Thermal isotropic meadium expansion

X U5 : - - -
vt = constituents flow with similar velocity

INnterplay of these effects results iIn mass-dependent momentum distributions
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Mass dependence of momentum distributions
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ALICE, JHEP 05 (2023) 243 PT
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nterplay of radial and anisotropic expansion = mass ordering
ntermediate-pr. coalescence — particle-type grouping

= Partonic collectivity: deconfined medium where partons flow
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Mass dependence of momentum distributions
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* Interplay of radial and anisotropic expansion = mass ordering
* Intermeaiate-pr: coalescence — particle-type grouping

= Partonic collectivity: deconfined medium where partons flow

* Baryon enhancement: interplay of radial expansion and coalescence

ALICE Pb-Pb |, =2.76 TeV, lyl <0.5
>—] 0-5%, (dN_/d7) = 1601.0
=—] 60-80%, (dN_/d1) = 55.5

~ 1.5¢1 0
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A A p+p x 0.01
10_S_IIIIIIDIFTXIIlllllllllllllAl 1 10
0 1 2 3 4 5 GeV/c
p. (GeVic) ALICE, PRC 99, 024906 (2019) P T( )
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Creation of quark-gluon plasma in large systems

Quark-gluon plasma (QGP) = deconfined strongly-interacting QCD matter with color degrees of freedom

iNitial state effects final state effects
—

INITIAL STAGE COLLISION QUARK-GLUON PLASMA HADRONISATION KINETIC FREEZE-QUT
PRE-EQUILIBRIUM .- S me - ® 3V

MADAI collaboration

Dense & deconfined medium

Signatures: Signatures: Signatures:

modification of momentum and modification of hadronisation parton energy loss
angular distributions

Measurements: Measurements: Measurements:
anisotropic flow particle yields nuclear modification factor

particle spectra
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Parton energy loss in the QGP

pe=>=°p in-vacuum
fragmentation

high-energy parton

y

Pb % . % Pb Iin—medlium —> cnergy loss
iNnteractions

high-energy
oarton

medium-modifieo
fragmentation
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Parton energy loss in the QGP

Nuclear moditication factor

pe—~+op N-vacuum

fragmentation

high-energy parton

y

IN-meaium
iNteractions

Pb%—“—%Pb

high-energy
oarton

—» cnergy 10ss

medium-modifieo
fragmentation

RAA

AN A/ dpy

1

NO guenching

- <Ncoll> dep/ dpr <1 jetquenching

ub™ (5.02 TeV PbPb)

IIII|III|III|III|III

27.4 pb™ (5.02 TeV pp) + 404
IIIIlII| | IIIIIII| |
CMS
® 70 WA98 (0-7%)
RHIC 200 GeV (AuAu)
0 7° PHENIX (0-5%)
¢ * h*STAR (0-5%)
LHC 2.76 TeV (PbPb)
¢ ALICE (0-5%)
| vV ATLAS (0-5%)
O CMS (0-5%)
________________________ J_
SOft
particle
production
1 10
p, (GeV)

SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)

" 7" NA49 (0-5%) Models 5.02 TeV (PbPb)

CMS (0-5%)

SCET, (0-10%)

Hybrid Model (0-10%)
Bianchi et al. (0-10%)
—— CUJET 3.0 (h*+7°, 0-5%)
—— Andres et al. (0-5%)

- = v-USPhydro+BBMG (0-5%).

|

jet quenching

100
CMS, JHEP 04 (2017) 039
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Creation of quark-gluon plasma in large systems

Quark-gluon plasma (QGP) = deconfined strongly-interacting QCD matter with color degrees of freedom

iNitial state effects final state effects
—

INITIAL STAGE COLLISION QUARK-GLUON PLASMA HADRONISATION KINETIC FREEZE-QUT
PRE-EQUILIBRIUM .- S me - ® 3V

MADAI collaboration

Signatures: Signatures: Signatures:

modification of momentum and modification of hadronisation parton energy loss
angular distributions

Measurements: Measurements: Measurements:
anisotropic flow particle yields nuclear modification factor

particle spectra
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Creation of quark-gluon plasma in large systems

Quark-gluon plasma (QGP) = deconfined strongly-interacting QCD matter with color degrees of freedom

all these effects-are-( ) understood W naseline represented by vacuum
as unique signatures of the QGP . processes IN small collision systems

Collectively expanding Thermalised medium Dense & deconfined medium

Signatures: Signatures: Signatures:

modification of momentum and modification of hadronisation parton energy 10ss
angular distributions

Measurements: Measurements: Measurements:
anisotropic flow particle yields nuclear modification factor

particle spectra
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ATLAS

S\ =502 TeV, 22 pb™

Pb+Pb

C(An,A¢)

Ridge observed universally across collision systems

Example:

ATLAS, ERPJC (2018) 78:997 LHCb, PLB 762 (2016) 473
2<p$’b<3 GeV

60-70%

LHCb Pb+p \'ﬁ =5TeV
1.0< P, < 2.0 GeV/ce
Event class 0-3%

d°N

BSSOTT
LT “‘v_f'

P O-><—%Pb high multiplicity

ridge is not unigue to Pb-PDb

CMS, PLB 765 (2017) 193

CMS pp \s =13 TeV

offline

105 <NJy ™ < 150
1< p‘T"", P> <3 GeVic_

d? Np;nr
dAn dAd

X AN/ ~
. (Of’:ﬂ&‘,ﬂ oS 4

What else I1s universal”?
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Signatures of QGP in small systems?

Collectively expanding Thermalised medium Dense & deconfined medium

Signatures: Signatures: Signatures:

modification of momentum and modification of hadronisation parton energy loss
angular distributions

Measurements: ? Measurements: ? Measuremelr)ts:l ?
anisotropic flow = particle yields - nuclear modification factor

particle spectra
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Signatures of QGP in small systems?

\ L7y
colliding
hadron

Initial state
(=before collision)

~

low multiplicity

OR?

o o
.'.'..0.‘:: Dilute system
o :o‘. ** (few interactions
e n the final state)

~

Collectively expanding

Signatures:

modification of momentum and

angular distributions

Measurements:
anisotropic flow

?
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Thermalised medium

Signatures:
modification of hadronisation

Measurements: ?
particle yields -
particle spectra

OR?

Dense medium

(lImit of many
Interactions
in the final state)

~

Signatures:
parton energy loss

Measurements:
nuclear modification factor

Dense & deconfined medium

?




Signatures of QGP in small systems?
N B

~

Dense medium

- ®e® Dilute system .
* Sl imit of
initial state OR?| o%0% ¢, (fewinteractions |OR? (Imit of many

Interactions
N the final state)

(=before coallision) e*ler n the final state)

hadron J K J

low multiplicity  ~— " ° N high multiplicity

Collectively expanding

Signatures:
modification of momentum and
angular distributions

Measurements: ‘ ?
anisotropic flow m
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Anisotropic flow in small systems

No sharp turn-off
as a function of multiplicity

VWe do not “switch-off” collectivity 7
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Anisotropic flow in small systems

PP o—+<«o p-Pb o»«% Pb-Pb %»«%
vo similar eeoaoeaee g one V{2, |An| > 1.4} -
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0.04 Lo 502 13 5.02 5.44 5.02 |sy, (TeV)
~ : e = 5K [0 ALCE
Response to initial geometry 0.02~ NN ) 77 IP-Glasma+MUSIC+UrQMD
Subnucleon fluctuations 0— e - PYTHIA8
mportant in small systems o S | S _
0.04— (a) V{2, 1An| > 1.0}
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Sensitivity to the presence of jets

Long-range correlations not affected 0.2
by the presence of hard process
No significant change in ve when: 0.1
* Removing particles associated with jets
e Selecting events with jets (while removing
particles associated with jets) 0

Non-Perturbative and Topological aspects of QCD | 28.05.2024

ATLAS, PRL 131, 162301 (2023)

I I 1 1 1 I 1 I I I 1 1 1 I 1 I I 1 1 I I

T |
~ ATLAS o.5<pj'b<4 GeV
. pp Vs=13TeV, 15.8 pb™ .
 h-h e B
~ h'"-h"": o AllEvents O NodJets A WithJets
" h™5h” :op8>40 GeV -
I | l | l 1 | I 1 | | I ] 1 1 I | | | I 1 1 | I l_
20 40 60 80 100 120 140
rec,corr
Nch



Signatures of QGP in small systems?
N B

~

2 Dense medium
" Salate S Dilute system -
Initial state ° 0% _ _ imit of man
Seneg (=before collision) OR? oo :": .:: (few interactions OR? <interactiong
e\ o®. 2% n the final state) . .
colliding N the final state)

hadron J \ J

low multiplicity _ ~ "~ ° S hioh multiplicity

Collectively expanding

Signatures:
modification of momentum and
angular distributions

Measurements: [oFT RN Al a Mo i
anisotropic flow
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Measurements at the extremes

low multiplicity
PP =13Tev Near-side long-range ridge yield in pp down to low multiplicity

But not in ete- collisions = good, baseline stays a baseline

32 <N, =37
1 < P71 trigrassoc <2 GeV/c

2.0 ALEPH, PRL 123, 212002 (2019)  ALICE, PRL 132, 172302 (2024)

S

J x1072

% 37 | Note: signs of ridge visible in ete- collisions at high Nen o be understood)
E\ 3.0

$ 20

= 2'8 ALEPH, arXiv: 2312.05084

2:, .

W<V |the ridge

=15

L I
op collisions ALICE | .
pp VS =13TeV o O ® ©
!
\ALEPH e’e’ — hadrons, Vs = 91GeV O v
= | ..’:N"k 230, |cos(®, ) < 0.94 B 1 < P, trigrassoc < 2 GeV/c
<7 | P >02GeV ' 1.4<|An|<1.8
' £ . N\ ete-

Thrust coordinates

= |2
:Zg- 2.5-’.’- ® ALICE
ol 2 ’_ ALEPH thrust
1_§z§ 1,51 - 95% CL ete” 91 GeV
_|_ - H W
4 ere” collisions I 059%, CL'-:—l ALEPH thrust

7 ete” 183-209 GeV
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Ultraperipheral collisions to probe the IS effects?

UPC investigate saturation effects in the incoming nucleus

= \very early collision times Pbg—
ATLAS, PRC 104, 014903 (2021)
>C i [ | [ | | D | [ | [ | [ j <+ Pb
0.14— ATLAS Template Fit —
. Pb+Pb |5, =5.02TeV 2.0<|An|<50
0.12- 1.0 ub™'- 1.7 nb™ b _
! ivjn > 2.5, gnoxg ' 0.5 < %T’ < 5-;]) SeV : Finite vz, but with smaller magnitude
- 04<p7<2.0Ge pp V, 5 . ..
0.1: ‘v, o o DiPb kv, LV, - than in hadron collisions
0.0l ¥ Vs Photonuclear - Eifects of the Initial state "Standard flow model”:
s ) . * - (CGC-like) 7 response 1o geometry
0.06- 5 ° ° o 77
0.04F * ¢ + - or
002- & T ¥ . i -
i 3 O _
- D | | —
| 1 1 1 1 { 1 1 1| | | 1 1 1 {1 1 1 1 I I [ 1 1 |
20 30 40 50 60 70 80

Nrec
ch CGC model: Shi et al.,, PRD 103, 054017 (2021)
Hydro model: Zhao et al., PRL 129 (2022) 252302
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Enhanced azimuthal anisotropies in jets”?

0.3

o

A
¢*=n/4 . 0.2

<

n*=inf Q:
U 5N 0.1

Flow with respect to 0
jet axis

Unexpected enhanced correlations in high-multiplicity jets

S It just a corner of phase space not yet captured by
particle-production models, or new effects ?

CMS

138 fb™" (pp 13 TeV)

 —@— DATA

0.3 <jT < 3.0 GeV

LR
......

—— PYTHIA
------ SHERPA

0.5« 1T < 3.0 GeV

Ml <1.6

An*l > 2
Anti-k;R=0.8

P’ > 550 GeV

L 1 L L ' l 1 . . 1 2 ' L l L L L l .

20 40 60 80

CMS, arXiv: 2312.17103 N,
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Signatures of QGP in small systems?

Initial state
(=before collision)

~

nadron J

O— «— 0O

low multiplicity

OR?

o o
.'.'..0.‘:: Dilute system
o :o‘. ** (few interactions
e n the final state)

~

Collectively expanding

Signatures:
modification of momentum and
angular distributions

Measurements:
anisotropic flow
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Thermalised medium

Signatures:
modification of hadronisation

Measurements: ?
particle yields !
particle spectra

OR?

~

Dense medium
(lImit of many
Interactions

in the final state)




Hadron species dependence of flow in p-Pb/pp

Collectively expanding medium
= constituents flow with similar velocity, and coalesce into hadrons

ALICE, Quark Matter 2022

3 ALICE Preliminary Improved template fit -
v 02 b pp s =502 TeV

5 VOA, 0-20% H

< 0.15 S}E E

o) : : :

& 0.1 B

> Mass ordering

0.05 Tt Particle-type grouping
Ki

One of the most prominent signatures of
partonic (deconfined) medium
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Again: how low in Nch do we observe this?

PID flow down to low multiplicity in pPb VWhat about pp, ete 7
Features of partqn!g collectivity remain . Hint: check talks at SQM )
at smaller multiplicities
p—Pb 20-40% O — < % p—Pb 40-60% O — < %
a i N A L | '66 0.3 L L L
N 93 ALICE Preliminary 5 bt ot _ w _ ALICE Preliminary 5 1 o |
— [ pPbysy=502TeV wk'  #pp) ) = [ PPbys,=502TeV wk'  #pp) -
al - 20-40% (VOA) ¢ K ¥ A(A) - < 0.0 40-60% (VOA) ¢ K ¥ A(A) ]
,\_/. 0ol Template fit _ ,_V - Template fit + -
— - * - — B =
o [ + v + . o [ 4 4 X .
Q. B * - 0 - -
Q& 01‘ "‘ﬁ A ¥ N “N’& 0.1 ..'*09 B + —
S . : ' . g s 5 + ]
i ‘i 3 _ I ,; )
- . 0
e - - I -
0 _.' _____________________________________________ Q. ________________ — OF=---------mm -—$ ———————————————— —
| | | | 1 : _ | | | | -
0 2 4 6 8 10 0 2 4 5 8 10
p. (GeV/ce) p_ (GeV/c)
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Even charm flows in small systems ?

Pb%—“—%Pb

collision medium

created in vacuum (partially) eqguilibrateo
during early with the medium
hard scatterings via Interactions
T heavy quark
participates in » v, > ()

the collective expansion
of the medium
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Even charm flows in small systems ?

Pb%—“—%Pb

collision

medium

created in vacuum
during early
hard scatterings

T heavy quark
participates In
the collective expansion
of the medium

(partially) equilibrated
with the medium
via Interactions

= v, >0

Nonzero vz of charm hadrons in pp and p—Pb
Sign of thermalisation with (some) medium 7
Left-over from initial state effects

CMS, PLB 813 (2021) 136036

CMS pPb 186 nb™ (8.16 TeV)
B | I 1 I | 1 I | I 1 I | I | I ]
03— W I<1 CGC (Zhang etal.)  —
: O Kg ® Prompt D’ - - - Prompt D’ :
- o7 A W D’ from b hadrons —— Prompt J/y 7
0.2 __ 1.2 < Iylabl <24 —— D" from B mesons _—
- = Prompt J/y op i i
0 B 9P &b -
aN -
N i . MO I3 b
0.1 WY -
- D II:{:I}! I - ¢/ .- . ~ —
. ‘*d e - o -
O oy - T
P 1 T =
- D /Lﬂ:' .

ot + .......................................... —
- 185 < Noy " < 250 i
IR T T T BT T BT

0 1 2 3 4 5 6 7 8

VWhat about charm baryons”? Grouping effect”?
Measurements at low Nen 72

p O—»«%Pb

v2(D0)

1 vo(J/W)
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Signatures of QGP in small systems?
N B

~

Siast Dense medium
" Salate S Dilute system -
Initial state R . . imit of man
\7, (=before collision) OR?| % :'.‘":: (few interactions | OR ? <interactiong
e\ o®. 2% n the final state) . .
colliding in the final state)

nadron J \ J

O— «— 0O

low multiplicity

Collectively expanding

Signatures:
modification of momentum and
angular distributions

Measurements:
anisotropic flow
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Signatures:
modification of hadronisation

Measurements:
particle yields
particle spectra

More about this topic

In the next talk




Signatures of QGP in small systems?

Initial state

\ L7y
colliding
hadron

(=before collision)

~

O— «— 0O

low multiplicity

OR?

o o
.'.'..0.‘:: Dilute system
o :o‘. ** (few interactions
e n the final state)

~

Signatures:

Collectively expanding

modification of momentum and

angular distributions

Measurements:
anisotropic flow
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Signatures:
modification of hadronisation

Measurements:
particle yields
particle spectra

OR?

Dense medium

(lImit of many
Interactions
in the final state)

~

Signatures:
parton energy loss

Measurements:
nuclear modification factor

?




Parton energy loss in p-Pb collisions?

IN-medium

. =P cnergy 0SS
iNteractions Pb& -« R Pb

LI LI L UL I L LI LI L L
I I I I I I I I I

ALICE, charged particles
/ 6E° p-Pb \s,=5.02TeV, NSD, |n_ |<0.3
"~ = Pb-Pb \Syn = 2.76 TeV, 0-5% central, | n| < 0.8

|

—
Q0
T

Mmedium-modified

IIIIlIIllIlllIIl

1 4f-A Pb-Pb \sy, =276 TeV, 70-80% central, | n| < 0.8 fragmentation
o) 5 ..
5§12 H
Ty I -- po=+SPb
o | ]
S 0.8 A L .
oC - Absence of suppression in p—Pb collisions

Does it mean absence of parton
. ' f?
0.4E Pb % - % Pb energy loss in small systems".

[ IIIllIIlIIllIIIIIIIIIIlllIIlIIllli
O 2 4 6 8 10 12 14 16 18 20

ALICE, PRL 110 (2013) 082302 pT (GeV/C)

Note: both ALICE and ATLAS observe non-zero v ALICE, arXiv: 221212609
of (mini)-jets and high-pr hadrons  ATLAS, EPJC (2020) 80:73

Non-Perturbative and Topological aspects of QCD | 28.05.2024

34



Other way to address parton energy loss

hadron - jet acoplanarity

R 1 e S [
) trigger | | | -  ALCEmR wE.:lf%TeV ‘ﬂ" [ Py, €(40,60) GeV/e ,’.
looking at broadening/suppression o 6.4~ Charged-particle jets 1F - 2 hoCD@LO + Sudakov (MB) 4424
O \ 9’ i . d L -
of the recolling jet » 1ol Anti-ky R =0.4, |7 _|<0.5 ]| paw 1 g
/. Wt trigger high-pr hadron L THR0. 30 - T1e. 7 1p ™ MB 1
/ % - ph €(20,40) GeV/e {} — HM -
O 32 he - F —1.2
~ - Syst. uncert. 1 PYTHIA&: -
E I [ — MB ]
1 d2N, 1 d2N, 2 1.6 - 0.6
Arecoil(pTaA(P) = No dpeh Jth — CRef X Neo dpch Jth < - y
trig AP jet (pPT,trigETTSig trig AP jet (PPngeTrRef B
LR AL B DL DL BLELEL RS N 5 L
15E + —e— Data 1t
T L Syst. uncert. 1E
z|m - 1 E
TIZ - - - e - - - - 1t
" 0 PYTHIA 8 == _ 1t
. . OS5B. ot b e bye s by by by b Bey g s by g byga by :
No confirmation of parton energy loss yet R R L s
. . < i )
The effect is reproduced with PY THIA Monash <= : £ + —— .
S F — i
= el S D e
~ 1¢[ + }
| | | | | | 2

O_S:I'lll R NN AN NN NN NN T - :I'lll T T Y T T
16 1.8 2 222426 28 3 1618 2 222426 28 3

A@ (rad)
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Signatures of QGP in small systems?

nadron

Initial state
(=before collision)

~

low multiplicity

Signatures:

Collectively expanding

O— «— 0O

OR?

o o
.'.'..0.‘:: Dilute system
o :o‘. ** (few interactions
e n the final state)

~

modification of momentum and
angular distributions

Measurements:
anisotropic flow
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Signatures:
modification of hadronisation

Measurements:
particle yields
particle spectra

OR?

~

Dense medium
(lImit of many
Interactions

in the final state)

Signatures:

atslaialalalara)

I\JUI (AN B AN B AN

Measurements:
nuclear modification factor

?




How sure are we about the QGP hypothesis?

\

" Standard heavy-ion paradigm of flow:
Initial geometry final state interactions = Ccollective correlations
(fluctuating nucleon/subnucleon (strings, partons, hadrons, ...) (flow)

k distributions)

s the underlying physics of small & dilute in essence the same as in large & dense?
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How sure are we about the QGP hypothesis?

\

" Standard heavy-ion paradigm of flow:
Initial geometry final state interactions = Ccollective correlations
(fluctuating nucleon/subnucleon (strings, partons, hadrons, ...) (flow)

k distributions)

s the underlying physics of small & dilute in essence the same as in large & dense?

NO Alternative explanations (initial gluon momentum correlations - CGCO)

ruled out / not dominant

— Such correlations may vanish very quickly,

or are excluded from measurements by applying An gaps
Schenke, Schlichting, Singh, PRD 105, 094023 (2022)

seems to be the preferrable option (7) Y ES Flow bullt as a response to initial geometry

— But, does this mean that we accept hydro-like picture
down to minimum bias pp collisions"?

— Hydrodynamics has its limitations
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The big picture of small systems
N O ™

~

0 0 e Dilute system Dense medium
Initial state o 0o’y _ _ (imit of many
EEN ) (o collision) OR?| % :.'.‘: . (fewinteractions |OR ? interactions
rer o e N the final state) . |
in the final state)
hadron J \ J

low multiplicity _ ~ "~ ° e ST hioh multiplicity

... should we expect jet quenching?

How do other phenomena

fit into the picture? ... should we expect to see any thermal radiation?

... Should we expect to see any quarkonia dissociation?

Can we reach a unified picture of QCD collectivity across system size?
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Mass dependence of momentum distributions

I 1 ! | |
Pb-Pb \s,, = 5.02 TeV 40-50%
0.3+ ml<0.8
e ALICE
o0
o
N 0.2k
S
N : $ o
2, 0.1F .
>
¢ K m AQ) ™ EE)
low mass o Ko ¥ ¢ X Q(Q)

ALICE, JHEP 05 (2023) 243

d LS

0 2 4 6
p_ (GeV/c
)

* Anisotropic flow described by model that incluc

eS

hydrodynamics + coalescence + fragmentation (at high pr)
e Low-pr: Interplay of radial and anisotropic expansion = mass ordering

* Intermediate-pr: coalescence — particle-type grouping

|~ Pb-Pb \/s,, = 5.02 TeV ALICE CoLBT
10 53l m<08 I -
40-50%
N N * pP) p(P)
0.1 :}’.. %% . o |
-}:,.-' Hydro+coal+frag
O — | | ] | | ] | | ] —
0 1 2 3 4 5 6 7 8 9 1C
p_ (GeV/c)

Pb-Pb \/sy = 5.02 TeV ALICE CoLBT
0.3+Ml<0.8 ’ n‘-; T
40-50% Kk

ailliell + * p(P) p(p)
0.2 ) 3:_!'70- . g ]
00: o~ % . 4
0.1_..::I. ..... . ° ¢ B
| & Hydro+frag k.
O 1 2 3 4 5 6 7 8 9 10

P (GeV/c)
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Anisotropic flow in small systems

B. Schenke, Ch. Shen, P. Tribedy, PLB 803 (2020) 135322
B. Schenke, QM19

No sharp turn-off p+Au O**% d+Au 8""% SHe+Au <§++§
- = 2SN IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
T U 4 I O e et Y P A
y - v PHENIX v3{EP} 1 theory v3{SP} 4 -
0.2 W STARu T 0-5% d+Au T .
—~ | ¢ STARuy
= - 0-5% p+Au

Response to initial geometry = 0
Subnucleon fluctuations |
important in small systems
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Anisotropic flow in heavy-ion collisions

number of particles used to quantify vn:

WL DWW W W

oY, o O 4"_7/A\§-’

V2 0.05|
. o V3 b{2 IAn|>2}
® w4

vo{2}

various processes can give
two-particle correlation signal

v2{4} ~ v2{6} ~ V28

¥

No matter nhow many particles we use,
they will show the same signal

¥

genuine collectivity

we focus on multiparticle
correlations

CMS, PLB 765 (2017) 193

[T 1 11
0.10F

I 1 ] 1 1 l 1 1 1 ] l 1 1
PbPb \'Saun = 2.76 TeV o8 o
o °

+ v, {6}

.......

111111111

200
particle multiplicity
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Collectivity observed across systems

ATLAS, PRC 97, 024904 (2018)
ALICE, PRL 123, 142301 (2019)

Small systems
exhibit collective
behavior

}

VWhat Is the origin

of collectivity”?

0.10

>
0.05

v2{4} ~ vo{6} ~ V2{8}

B. Seidlitz, Heavy lons, Thursday 14:40 |

CMS, PLB 765 (2017) 193

CMS l 1 1 I I 1 1 1 1 I 1 1 I I l 1 1
L ppVs=13TeV o vS¥{2, |An[>2}+ PPb \sNN =5TeV PbPb s, = 2.76 TeV .
m v,{4} s ® .
Pe=*°pP 4+ v,(6} o
O V,{8}
O V,{LYZ}
_ o 4
| s
® = I
Q
<
O3<p < 3.0 GeV/c | 03<p < 3.0 GeV/c 03<p <SOGeV/C
I <24 <24 <24
l 1 l I !T]II 1 II | | | 1 I 1 1 1 mll I | | | 1 I 1 1 I | 1 1 1 I | | | |n1| l | | | | I | |
0 50 100 1 50 100 200 300 0 100 200 300
offline offlin fflin
N c Ntrk ’ N?rk| ’

trk
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Anisotropic flow in small systems

No sharp turn-off

as a function of multiplicity
We do not “switch-off” collectivity ?

Response to initial geometry

Subnucleon fluctuations

important in small systems
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1.4

1.4

0.8

CMS CMS, PRC 101, 014912 (2020)

0.3<p <3.0 GeV/c
nl <2.4

1 pPb 5.02 TeV
B pPb 8.16 TeV

O pPb 5.02 TeV
® pPb 8.16 TeV

o

— Fluctuation-Driven Eccentricities
I | | 1 1 | 1 1 1 | I 1 1 | | |
0.6 0.7 0.8 0.9
sub
vA4}/ v, {2H1An>2)

Ratios of multi-particle cumulants
consistent with geometry-driven assumption



Do heavy quarks flow in small systems?

v2(D9) vo(J/W)

CMS CMS, PLB 813 (2021) 136036

p O—»«%Pb

pPb 186 nb™' (8.16 TeV)

I ] 1 l I ] 1 I I

0t

CMS Preliminary

va(Y)

pPb 186 nb” (8.16 TeV)

0.15

ll.llllll]lI

Il]lllllllll]ll

|I|

Y (1S),0< Iylabl <24

03— W I<1 CGC (Zhang etal.)  —
: 0 Kg ® Prompt D? - - - Prompt D? :
- op A [ D? from b hadrons —— Prompt J/y -
i —— D from B mesons 7
02— 1.2 < |y|ab| <24 |
" o= Prompt J/vy o it i
o) B 9P ¢h 7
B - -
S L 5 B O - R
0.1 g - B
L e R P i
i O . re "--g o
L 0O "ﬂ" g --@__
i et |

0 .....................................................................
n I offline —

185 < N, <2350

Quantitative description of charm flow

b Tosngme

<300 (N <50 sub.) -

—
4
—

-0.05F

- CMS, PAS HIN-21-001

L) ll'll'llllllllllllllllll'll

||

—_—

0 5 10

15 20 25

P, (GeV/c)

with the initial state model
(though charm and bottom flow
predicted to be the same)

30 0-30

po—~<+ep v2(c) va(b)
ATLAS, PRL 124, 082301 (2020)

>C\lo15_ 'I""I""I""I""I""I""I""_
- ATLAS |
- pp Vs=13 TeV i
0.1 NZ°>60 e # ~
0.05 ..' #’ -
: R
O = Charged hadron % ~
- e oou T % : :
- o b-u -
—0.00 e e T
0 1 2 3 4 5 6 7/ 8
p. [GeV]

/hang et al., PRD 102, 034010 (2020)
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Parton energy loss in p-Pb collisions?

. §emi-inc|usive hadron_-jet correlations ALICE
% i Measurement HL-LHC Projection
= 10000— '
s [ .
o i . .
E 8000 % Pb-Pb 0-10% op 16=14TeV L, =200 " e [f there Is parton energy loss In small systems,
2 T | HERsEeIenTe - PRb Y =3 T8V by =050 how big should we expect the signal?
5 B : Stat. unc. only
] i
% 6000 —
= i * Are there other olbservables with good enough
— BN precision to reveal a small signal of parton energy
- < Ch>
600 |— _ l0SS”
= p-Pb 0-20%
PO - Limits for pp collisions could be set in Run 3
2001~  p-Pb pp
B . 0-5% pp 7-10<N_>
5-7 <N_>
O_ \ 4 I v I \ 4

ALICE, JHEP 09 (2015) 170 ALICE, PLB 783 (2018) 95 ALICE-PUBLIC-2019-001
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Parton energy loss In peripheral Pb-Pb

Explained by increasing importance of geometry of

the overlapping nucleon-nucleon collisions
CMS, PRL 127 (2021) 102002

Rj A < 1 observed all the way to
the most peripheral Po-Pb collisions

=)

ALICE, PLB 793 (2019) 420 0 6CMS 1.7 nb (5.02 TeV PbPb)
§ [T r T T T T T T T T T T T T ] . :I L L L L .
X | Pb-Pb, s, =5.02 TeV, charged particles, || < 0.8 - - 60 < m, < 120 GeV .
1.2_— = ALICE data,8<pT<20 GeV/c B 0'555_ ‘y ‘ <21 _E
- —— HG-PYTHIA, PLB 773 (2017) 408 - o5~ - model
S J ~ mode Q G i . i without
i //' without e 0.45 ' o B = nuclear
0.8 Pb%—“—%Pb J  huciear < 0.4F //_: modification
! .|n { modification _| £ YL R .
i = \\ i ;“ Iy — T m : ]
0.6 L . _ 50.35:— —
- (w] - Z o307 0-90% data E
W) \ 3 ]
0.4 (] = — — N
i o ) 0.25( > HG-PYTHIA scaled by 0-90% =
0.2_—“3:-3“3[.] - 612:! -
- e . 4v] L E
i i g -8 1 -y - o m .......... R
Y i R B B B B i = 0.8k - - - - =
‘ 0 20 40 60 80 100 ( @ 0 20 40 60 80 0-90

Centrality (%)

Centrality (%)

Y. Mao, Heavy lons, Tuesday 14:42 |
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Other way to address parton energy loss

o

c 0.08———
> ATLAS

. - E Zhang, Liao 5
Non-zero flow at high pr 0.07F p4pb (s =8.16TeV, 165 nb" ... sszea
UNderstood as a ConsequencCe  0.06F  ——v,  0-5% central - vysizeb =
of path length dependence 0.0501 — v vlszeb =
of energy loss 0.04F * E

0.03F- . H } } * -
0.02 =~y ---J}IF::;;- ------ | B -
0.01F * ST
Oi_._-_ A A i v e e e e;-.-.-:.-_--,..._cm._-.,...._g
-0.01F | =
-0.025———— 1 S —
6 7 8 910 20 30 40 50 60
p A [GeV]

—xperiment: No suppression in Ry 4, but finite flow at high pr

Theory: this magnitude of flow at high pr
should come with a significant jet guenching

Pb

ATLAS, ERPJC (2020) 80:73

B 1 | 1 I I 1 i
1.4F -
= i
1.2 =
= + —
- B -
= | + ~
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0.4 F p+Pb \s . =5.02 TeV -
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0 2 - PPb ™ coll |
S sssssseeen Zhang, Liao: size a -
- SETRYRYE .+ Zhang, Liao: size b B
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EXPERIMENT THEORY

?JQ(]?T) > () Ug(pT) > ()
Rpr ) 1| Rppb <1
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IS effects may be important for flow

g
Final state effects

A
y |

-
Flow = initial geometry + final state interactions

Flow = initial (gluon) momentum correlations

Re(e; - V&) correlation of flow with

(&, V2) = — initial spatial anisotropy
VUBPXITP)
Pearson
correlation
coefficients Re@’ : 75) - -
0 (Gp, V,) correlation of flow with

f

Q =1 = full correlation

iNitial momentum anisotropy

VAG PRIV

AN

X —
' 0.8F ’}k"F_‘F_*_-dr--ir__—dr—---qkr |
oy 0.6F —h—Q (&2, V2) Q(Ey, Va) -

—ffects of the initial state may become significant
pbelow some multiplicity region

S 04F w
0.2 (b)
(1) b R —
0 3 10 15 20 25 30 35 40
Giacalone et al., PRL 125, 192301 (2020) d]\/?(‘h/df'7
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Inconclusive results ?

Correlation between flow and mean-pr

Cov(v4, [pr])
/ Var(:3)y/Var(Tp;D

P(V22 , Lprl) =

Caveat: the rapidity separat

SIgN change dissapears when large rapidity gap between
correlated particles Is used to suppress contamination

iON may also remove

0.3 . i Co
» sign change should indicate the desired effects of the initial state
0.1 the onset of dominant IS effects | m
= | pp 13 TeV pPb 8.16 TeV
s 00 | -  IP-Glasma+MUSIC+UrQMD
0.1 0.1 ELInI>0 75 for C {2} —p(v2 p.)
= _ 09 — [ = -o-i>1.0forc {2} _ ATLA803<p <2.0GeV
| O i —pv [p_]) "Inl>0.75
~0.3F p+Pb 5020 GeV = O N g Tely it -
04k 0.2 <pr <2 GeV Q ¢ oo Eﬁl@m w
' ' ' Ql
. LT T 3 _01 B 1 QWG a e _
= 08 —O(E, V) Q(SV) | & PYTHIAS Inl>0.75
~ 0.61 () (C2, V2 2(Cpy V2) - [ - ni= 1
% 04t # | : i —PYTHIA8 ni>1.0 + Wj‘
8(2) by o 0 20 40 60 80 100 O 50 100 150 200
0 5 10 15 20 25 30 35 40 45 Nch (0.5 < pT <5.0 GeV. h’ll < 2_4)
Giacalone et al., PRL 125, 1923071 (2020) AN, C"/ dn CMS, PAS HIN-21-012
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