Collective Flow Across System Size:

Experimental overview on the most recent results
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What is collective flow

Jean-Yves Ollitrault,
PRD 46, 229 (1992)
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ow Vs honflow

Workshop on Collectivity in Small Collision Systems

Call for Abstracts

—— flow vs nonflow

Timetable

Contribution List

Author List

My Conference

L. My Contributions

Registration

/ 4 !
Accommodation N | v
N ’ . ™
Participant List A S - I\ ! i -

Eractical o ation Is there collectivity in small systems? Copenhagen interpretation @
Workshop on Collectivity in Small Collision Systems

Second international workshop on Collectivity in Small Collision Systems

(CSCS2018)

Overview

Call for Abstracts . - R .. .
CSCS2018 is the second edition of workshop on Collectivity in Small Collision Systems, following the

Timetable recent event in Copenhagen (2017). It brings together physicists from around the world to discuss new
Contribution List developments in collectivity in small collision system. It aims at building a consensus on how to
measure flow and interprete the results for small collision systems.

Registration The workshop will take place at Central China Normal University (CCNU) in Wuhan, China.

 Conceptually flow is the global anisotropic particle expansion that described by a unified p.d.f.

£ . . . . ® . . .
Workshop on collectivity of small systems in high-energy collisions ** work'“g deflnltlon‘ LO ng" Ra ﬂgC M U | Cl- p'd rtic I € corre l ations Small System workshops:
L 16 ar 2010  Short-range correlation -> NBI/Copenhagen (2017),
. : CCNU/Wuhan (2018),
SR There has been long ongoing debate about the question whether the data on anisotropic particle ¢ Few Partl c I e co rre I atlo n s-> RiCC/HouSton (20 1 9) ’

Scientific Programme emission in small systems are unambiguous evidence of collective flow from a hydrodynamic,

“ o
g expanding QGP medium, or whether they can also be explained in models describing the data as effects SD U/angdao (2024)

caused by the initial-state parton structure of the colliding nuclei.

You Zhou (NBI) @ Qingdao, China June 24, 2024

ghel4th International Workshop on QCD Collectivity at the Smallest
cales

24-28 Jun 2024
Qingdao Haitian Financial Center Hotel, Qingdao, China
Asia/Shanghai timezone

ORI The 4th edition of the International Workshop on QCD Collectivity at the Smallest Scales will be held

Program Committee June 24-28, 2024 in Qingdao. The workshop is organized by the institute of frontier and interdisciplinary
science, Shandong University. It is dedicated to bring together experimentalist and theorist to discuss
the recent experimental results and theoretical developments, to improve our understanding of

Timetable collectivity in small systems, and to explore the future opportunities.

Call for Abstracts

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026




Working definition

% How about 2-particle (di-hadron) correlations?

CMS, JHEP 09 (2010) 091
(d)CMS N=110,1 .OGeV/c<pT<3.OGeV/c

. v%ﬁZ:fi PYTHIA
Vo N PYTHIA

After template fit: residual non-flow is ~ 0

o

8 £ 10
pT (GOV/(')

* The 2-particle correlations in the nonflow
model, after subtraction, are compatible
with zero (necessary conditions)

You Zhou (NBI) @ Qingdao, China June 24th, 2024

Non-flow subtraction in di-hadron correlation
e Peripheral subtraction

 Template fit

e Improved template fit
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Working definition

% How about 2-particle (di-hadron) correlations? < Working definition: Long-Range Multi-particle correlations

CMS, JHEP 09 (2010) 091
(d) CMS N2 110, 1.0GeV/c<p <3.0GeV/c : ‘ CMS 2p

alL ——————7 . - Ce e
L pp1s=13TeV o 202 Ay>2}+ PPD |5y =5TeV ] =} - Standerd method
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CMS, PLB765 (2017) 193
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, } ATLAS I _
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* v2{4} = v2{6} = v»{8}

* The 2-particle correlations in the nonflow * Compatible results of multi-particle cumulants with two-sub, three-sub and four-subevent methods

model, after subtraction, are compatible

with zero (necessary conditions) * Evidence of flow in small collisions systems at the LHC

You Zhou (NBI) @ Qingdao, China June 24th, 2024 ‘ You Zhou (NBI) @ Qingdao, China June 24th, 2024

Non-flow subtraction in di-hadron correlation Sub-event method:
e Peripheral subtraction e J. Jia etc., PRC 96 (2017) 3, 034906
 Template fit e P. Huo etc., PLB 777 (2018) 201

 Improved template fit

For nonflow subtraction in multi-particle correlations, see:
Z.. Wang etc., arXiv:2606.10258
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Status before July 2025

dense system
many interactions

low multiplicity high multiplicity
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Status before July 2025

dense system
many interactions

low multiplicity | high multiplicity

Heavy-ion

“* Observation of flow
“* Signature of QGP
¢ Nicely described by theory
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Status before July 2025

dense system
many interactions

low multiplicity high multiplicity

HM pp/p-Pb Heavy-ion

R/

Observation of flow % Observation of flow
Signature of QGP Signature of QGP
Not described by theory Nicely described by theory

R/
%

N/
0’0
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Status before July 2025

dense system
many interactions

low multiplicity high multiplicity

M.B. pp/p-Pb HM pp/p-Pb Heavy-ion

R/

Observation of flow % Observation of flow
Signature of QGP Signature of QGP
Not described by theory Nicely described by theory

Observation of flow
No signature of QGP
Not described by any theory
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Bridges the gap with light-ion collisions

dense system
many interactions

high multiplicity

low multiplicity

pp and p-Pb Pb—Pb
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Geometry fluctuation-driven flow
= \/ery challenging to model

You Zhou (NBI) @ Small system Workshop, Paris

Geometry-driven flow

= Precise model description

June 29th, 2026 7




Bridges the gap with light-ion collisions

Run 3 Run 3 Run 3 Run 3

T ST

dense system
many interactions

low multiplicity - high multiplicity
July 2025, OO and Ne-Ne Pb—Pb
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Geometry fluctuation-driven flow Emergence of geometry-driven flow Geometry-driven flow

= \/ery challenging to model = \Nell known Nuclear Structure as input = Precise model description
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Summary in the CERN Yellow Report

Observable or effect | Pb-Pb p—Pb (high mult.) pp (high mult.)

CERN-LPCC-2018-07
February 26, 2019

Azimuthal anisotropy (v,,) V1—Uy U1—Us Vog—Uy
(from two particle correlations)
Characteristic mass dependence Vo—Usg Vg, U3 Vg
o o 0 0 0 Directed flow (from spectators) yes no no
Future thSlCS Opportunltles for hlgh-denSlty QCD Charge-dependen[ correlations yes yes yes
o . Higher-order cumulants “d~6~8~LYZL" “4~6~8~LYZL" “4 ~ 67
at the LHC Wlth heaVY'lon and pl‘OtOn beamS (mainly vo{n}, n > 4) +higher harmonics +higher harmonics
Symmetric cumulants up to SC(5, 3) only SC(4,2),SC(3,2) | only SC(4,2),SC(3,2)
RepOl't from WOl'klng GI’Ollp 5 on the PhySlCS Of the HL'LHC, and Pel’SpeCtlveS at the HE'LHC Non-linear flow modes up to Vg not measured not measured
Weak 7 dependence yes yes not measured
Factorization breaking yes (n = 2,3) yes (n = 2,3) not measured

9 Emergence of hot and dense QCD matter in small systems Event-by-event v distributions =94 ot measured hot measured

Ag, An

Jean-Yves Ollitrault,
> \ PRD 46, 229 (1992)
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ALICE, PRL123, 142301 (2019)

| lIIIIII | |

Hydro ALICE
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ALICE, PRL123, 142301 (2019)
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You Zhou (NBI) @ Small system Workshop, Paris

» Flow in small systems is driven by
the fluctuating initial geometry
through the final state effects (FSE)

= What FSE!?
* Hydro?
* Parton escape?
* String shoving?
* Others!?

» Both hydro and AMPT have been
updated since 2019, details see:
* Hydro:Wenbin Zhao @ Thursday
» AMPT: Ziwei Lin @ Tuesday

June 29th, 2026



Geometry-driven hydrodynamic flow in OO and Ne-Ne

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.

LHC 20Ne 20Ne

. Ne-Ne, | s, =025.36 TeV
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Geometry-driven hydrodynamic flow in OO and Ne-Ne

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.

160 160 LHC 20Ne 20Ne

'Ne-Ne, {5,=536TeV_ %* Nicely described by predictions from

Trajectum

2
L 0.2 3 GeV/ NLEFT PGCM 1
L <<O_§T< evic 2 00 523 Tra]ectum(NS+hyd I’O)
B 2

AARANAL & O
- g 3
0000 600%6%6%5%0%:%%%%%% 00%0® *0%0% " *4%4 %S 0o %V %

* Nuclear geometry driven hydrodynamic flow

G ’ 2 , R observed in light ion collisions
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* For the first time reasonable agreement
i R R IS (equivalent if not better than Pb-Pb) between
hydro predictions and data in small systems
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Comprehensive flow pattens across systems
Run 3 Run 3 Run 3 Run 3
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Comprehensive flow pattens across systems
Run 3 Run 3 Run 3 Run 3

-n . - = i

V2{2 An| > 1 4}

¢ Characteristic flow patterns in ALICE data

. > > > v2(0O0)
> v2(p-Pb) > v2(pO) > va(pp)

» The differences in v3 and v4 might be due to different
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Comprehensive flow pattens across systems
Run 3 Run 3 Run 3 Run 3
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¢ Characteristic flow patterns in ALICE data
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* NLEFT+3D-Glauber+MUSIC+UrQMD

* Quantitively describe vz in Ne-Ne and OO for the high
multiplicity, overestimates the v, at low multiplicity (Nch < 100)
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Multi-particle cumulant and P(v3)

Vojtech Machacek (NBI), SQM2026

L rrr+rrr 1 """ 11
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Multi-particle cumulant and P(v3)

Vojtech Machacek (NBI), SQM2026 / -
L e o e B LI B e ey 1 S v v,{2}
ALICE Preliminary § 02, [an > 1.4} F w2, Ay > 1.4) v v,{4}
‘/Ui{@- P(v2)
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\ PDF of elliptic flow/

\

02 <p_|_ < 30 GeV/C Q V2{6} V4{2, |A’I’]| > 14}
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L. Yan etc., PRC 90, 024903 (2014)
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Multi- partlcle cumulant and P(v2)

VOJtech Machacek (N BI), SQM2026
%) ‘ (V ()
1 7 | 7 | 7 I & - v v,{2}
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0O, Yy = 5.36 TeV B v{4, |An| >0} % v.{4, |An| > 0}
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| < 0.8
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First-ever reconstruction of P(v2) distribution in small systems
* Direct access to all moments of distribution
EE e Larger <v2> in Ne-Ne than in OO over a wide range of centralities due to
centrailty (%) bowling-pin like structure of 20Ne
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Geometry scan at the LHC

PHENIX, Nature Physics 15, 214 (2019)
L B I L IR &
PHENIX \s\y = 200 GeV 0-5%

4 *He+Au
- d+Au
-o- p+Au

-
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Geometry scan at the LHC

O
N

PHENIX, Nature Physics 15, 2114 (20191)_ Thor K. Jensen (NBI), New since HP2026
’,_l;

' I I I
PHENIX = 200 GeV 0-5% — - —_— 3 N
V5w ° ; — ALICE preliminary, Run3 = Ne-Ne, |s,,=5.36 TeV j
~ Ne-Ne and O-O : 13<N,, <64 % p-O, »,’;SNN;S‘_SZ TeV | £ o
- p-O: 13<N,,<63 + p-p, (s=13.6 TeV - .
—Pp-p: 14<'Ncm<69' o 0-0, |s=5.36 TeV — :
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First geometry scan of v2(pt) in small systems at the LHC
* Follow naive expectations of v2(pp) < v2(pO) < v2(OO) < v2(Ne-Ne)
LA * Careful initial eccentricity calculations in various systems and fixed Nch

1.0 1.5 2.0 2.5 3.0 I”anges are necessary
p;(GeV ¢)

-
l
—{
1

i e

o
o

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026




ALICE, PLB850 (2024) 138477 ALICE. JHEP01(2024)199
ALICE Pb—-Pb vy Syn = 5.02TeV E Q_;%E@ﬂ.oz o AT

O n=2,m=2 n=3 m=2
® n=2 m=4 O nN=4 m=2

0.11

~ 0.09}
50.07-
> 0.05¢

S

~ 0.03}
> 0.01}

0.11

~ 0.09}
S 0.07f =
> 0.05*

S

~ 0.03
> 0.01}

0.11

~ 0.09}
50.07—
~0.05¢}

S

~ 0.03}
> 0.01}

0.08

pT >0 GeV/c ~v,{2,TF}

[ [ 13D Glauber+MUSIC+UrQMD
|

& o

0.06

* ®

L E%,

—— (CLVisc 0.04

0.02

noo |An|>3.8 |An|>2.0 T S S S S S

l[I|III|III|lI[|III

IIIIIIIIIIIIIII|

3DGlauber+MUSIC+UrQMD 3DGlauber+MUSIC+UrQMD 1

Florward Mlid | 5—10% |

|An|>2.0 |An|>0.0 - ALICE VOA multiplicity
p-Pb 5 =5.02TeV  0-5%
p, > 0 GeV/c

| +v,{2,TF}
- [JvoMPT{2,TF}

I I I I | I I I I | I
| | | | | | | | | | |

¢ Anisotropic flow over a very wide pseudorapidity coverage
(-3.5<n<5.0) is observed in both Pb-Pb and p-Pb collisions

¢ The results in p-Pb can be reproduced by 3D
Glauber+MUSIC+UrQMD model and model

* |ndication of partonic/hydrodynamic flow in p-Pb collisions?
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ALICE, PLB784(2018)82

| ALICE Data Centrality: 0-5%

‘_ Xe-Xe \/sNN =5.44 TeV
Pb-Pb \/sNN =5.02 TeV

¢ v,{2IAn > 0.8}
¢ V{2,]Anl > 2.2}

¥

@:a
%‘
)

For illustration, real ALICE
data available in a few days

Phys.Lett.B 850 (2024) 138477

3 2 -1 0 1 2 3 4

M

“* The impact of NS persists over a very wide pseudorapidity range (-5 <1 < 5)
= Geometry driven flow
= New input for the low-x physics (any impact from CGC, which yields short-range correlations)
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Martijn Laarhoven (NBI), HP2026 Approval

ALICE, PLB784(2018)82

| ALICE Data Centrality: 0-5%

‘_ Xe-Xe \/SNN =5.44 TeV
Pb-Pb \/SNN =5.02 TeV

— ALICE Preliminary 0.0
| 3x2PC, 0-20% (pt corrected 3 Ne

Ne

Lblivomncad nnints

¢ v,{2IAn > 0.8}
¢ V{2,]Anl > 2.2}

¥

@:a
%‘
)

For illustration, real ALICE
data available in a few days

Phys.Lett.B 850 (2024) 138477

3 2 -1 0 1 2 3 4

M

“* The impact of NS persists over a very wide pseudorapidity range (-5 <1 < 5)
= Geometry driven flow
= New input for the low-x physics (any impact from CGC, which yields short-range correlations)
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Partonic flow in hlgh multlpIICIty p-Pb and pp

Pb-Pb

Two-particle correlation Two-particle correlation Two-particle correlation g 5=

+
IAnl > 2.0 S 1.1<IAnl <7.8 1.1<IAnl <6.4

=
+

+
4

"l'

ALICE, Nature Communications
17,2585 (2026)

ALICE : ALICE /\
Pb-Pb, \s,,, = 5.02 TeV p-Pb, Y5, =5.02 TeV pp, Vs = 13 TeV | ~— ¥

40-50% VOM ((N_) ~ 478) 0-20% VOA (N ) ~35) 0-0.07% VOM (N naure
i COMMUNICATIONS

"+
(Y
o+
€
T
7

100
P, (GeV/c)

in Pb-Pb, high multiplicity p-Pb and pp collisions!

* low p1 (pT < 3 GeV/c) - Mass ordering.
* Intermediate pt1 (3< pt < 6 GeV/c)
* Baryon-meson grouping (~1o confidence)
* Splitting between baryons and mesons vz (> 50 confidence)
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Importance of quark-coalescence in small systems

With quark-coalescence Without quark-coalescence

O
N
1

ALICE
ALICE, Nature Communications

0-20% VOA %
LN\

nature

COMMUNICATIONS

O
N

O
e

°+
Oy

=
Ce)
N
V
=
<
j_’ 0.15
O
al
q,
QA
>

PKU model:

O
=)
9

o . R
or¥ I Hydro-Coal-Frag k- W. Zhao etc., PRL125 (2020), 072301

- g
O
Y. Wang etc, arXiv:2401.00913

** Low pt (pt < 3 GeV/c)

* Mass ordering, reproduced by both models (hydro dominant)

** Intermediate pT (3< pt < 6 GeV/c)
* With quark-coalescence: successfully reproduces baryon/meson grouping and splitting
* Without quark-coalescence: mass dependence, fails to reproduce grouping and splitting effects
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New PID v; in the light-ion collisions

Preet B. Pati (NBI), SQM2026 Preet B. Pati (NBI), Quark Confinement 2026

O
N
U1

CALICE Preliminary LT

- OO, \syy = 5.36 TeV
L 0-5% N, |17l < 0.8

Hydro-Coal-Frag

O
N
01

ALICE Ne-Ne, \[s = 5.36 TeV
0-20% FTOC, Iyl < 0.8
0.2} Baseline: 80-100% FTOC

¢ ¥ 4
.

= K
P

O
N

O
vA2PC, 1.2 <Ayl < 1.6}
o
o

V,{2PC, 1.2 < |An| < 1.6}
O
o

m_llll|IIII|IIII|IIII|IIII|_

OO

“* PID v, in OO and Ne-Ne are similar to that in Pb-Pb
* low pt1 (pT < 3 GeV/c) - Mass ordering.
* Intermediate pT (3< p1 < 6 GeV/c)
* v(TT) = v2(K%) (with | O confidence)
* Splitting between baryons and mesons v (with 5 0 confidence)
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New PID v; in the light-ion collisions

Preet B. Pati (NBI), SQM2026 Preet B. Pati (NBI), Quark Confinement 2026

O
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CALICE Preliminary LT

- OO, \syy = 5.36 TeV
L 0-5% N, |17l < 0.8

Hydro-Coal-Frag

O
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01

ALICE Ne-Ne, \[s = 5.36 TeV
0-20% FTOC, Iyl < 0.8
0.2} Baseline: 80-100% FTOC

+ +

= K
P

O
N

O
vA2PC, 1.2 <Ayl < 1.6}
o
o

V,{2PC, 1.2 < |An| < 1.6}
O
o
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OO

“* PID v, in OO and Ne-Ne are similar to that in Pb-Pb
* low pt1 (pT < 3 GeV/c) - Mass ordering.
* Intermediate pT (3< p1 < 6 GeV/c)
* v2(TD) = v2(K%) (with | O confidence)
* Splitting between baryons and mesons v, (with 5 0 confidence)
* No surprise in the measurement, a nice agreement with predictions will be.

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026 19



Potential issue in the existing results and future publication

Stefano Politano (CERN) Moriond 2026
BERLL | « * PID v2 in OO and Ne-Ne are similar

_ ALICE Preliminary 0-5%

" 00,|5,=536Tev 2k

— |7 <0.8 p

O
N
O

* When putting the results together with Ks%, A

O
N
o

and @ vy, there is an indication that @ v is

.
43¢

slightly larger

-
—
Ol

V,{2PC, 1.2 < |An| < 1.8}

¥
%
®

g |

* This could be explained by the event selection

:
'

bias (i.e., when asking for a ® meson at 4-5 GeV/

K =
- 3

:
* 4

¢, the selected events are no longer regular

L ad

events but “®-targeted” events with larger [pT])

-~ O

* Caution:it might be the same for |/W, D etc.

 ALICE must revisit the @ v, results the
publication!
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Potential issue in the existing results and future publication

Stefano Politano (CERN) Moriond 2026
BERLL | « * PID v2 in OO and Ne-Ne are similar

_ ALICE Preliminary 0-5%

_ o
~ 00, \s,,=5.36 TeV K
— |n| <0.8

O
N
O

* When putting the results together with Ks%, A

O
N
o

and @ vy, there is an indication that @ v is
slightly larger

-
—
Ol

V,{2PC, 1.2 < |An| < 1.8}

¥
%
®

* This could be explained by the event selection

:
;

bias (i.e., when asking for a ® meson at 4-5 GeV/

.
o i

¢, the selected events are no longer regular

L ad

events but “®-targeted” events with larger [pT])

* Caution:it might be the same for |/W, D etc.

 ALICE must revisit the @ v, results the
publication!

@ v2is a bit larger?
Why? Selection bias? -
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How does vi f, How does Pn , How do nand
fluctuate 3 fluctuate | Pm correlate

| }, Pl Al gl _Bad LR 4 hat B <\

P(v,,) Y P(U,,, U, Uy, ...
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Initial symmetry planes Final symmetry planes ?? Initial proposal:

=W, (pr) W,(p:’) U. Heinz etc., PRC87, 034913 (2013)
2es " " F. G. Gardim etc., PRC 87, 031901(R) (2013).

wZ(pWT' )

VzA(P%»PTb) B <Vn(]91q) Vn(P%)COS n[Y¥,(pr) — Tn(p%)> Flow angle fluctuations
\/ Vaa(ph P Vaa(ph. p) v Oup92) 1/ (P2

20-30% 40-50%

*-0-0-0-90--0---9g-{0-0-0-0-9--g---9--
®@Pb-Pb\s .= 502TeV
5 Pb-Pb |5, = 2.76 TeV

05 115225335 05115 225335 05115 2 25 3 35 4
p? (GeV/c) p2 (GeV/c) p? (GeV/c)

a a a
T T T

E.G. Nielsen, YZ, EPJC 83 (2023) 6, 545
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Initial symmetry planes Final symmetry planes ?? Initial proposal:

Wy (P1) W,(p,) U. Heinz etc., PRC87, 034913 (2013)
B | 2 ‘ F. G. Gardim etc., PRC 87, 031901(R) (2013).

wZ(pWT' )

VzA(P%»PTb) B <Vn(]91q) Vn(P%)COS n[Y¥,(pr) — Tn(p%)> Flow angle fluctuations
\/ Vaa(ph P Vaa(ph. p) v Oup92) 1/ (P2

20-30% 40-50%

ALICE, JHEP 09 (2017) 032
-0-0--0-0--0---9 - -Q--Q--Q"'Q"g""e"
@ Pb—Pb VST\JN — 502 TeV ALICE, PRC107 (2023) L051901
O Pb-Pb \s,, =2.76 TeV ALICE, PRC109 (2024) 065202

05 115225335 05115 225335 05115 2 25 3 35 4
p? (GeV/c) p2 (GeV/c) p? (GeV/c)

a a d

T T T
r2(p@, ptP) deviates from unity, observation of flow-vector fluctuations in Pb-Pb collisions
* Driven by the initial geometrical fluctuations E.G. Nielsen, YZ, EPJC 83 (2023) 6, 545
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(va(PP) vu(p)cos n[P,(pf) — P, (pr) )

L) =

\/ QnP)?) \/ (n(PR?) “* rz decrease with increasing |pt2-pt?b]|,

deviation from unity is observed

ALICE aerv 2602. 10645 accepted by JHEP

llllllllllll Illllllllllll

I ALICE

AMPT w. string melting |
3DGlauber+MUSIC

+UrQMD

llllllllllll Illllll

i prv =5.02 TeV

1 0-20%

O.8<p1‘?‘<1.OGeV/o
Illllllllllllllllll

IlIIlIl||||

lllll T : * Results can not be explained by nonflow

I _ * Evidence of flow vector decorrelations in pt
----- 18 1 in p-Pb collisions

“* AMPT model can reproduce the data,

2.0 <p1‘?l <2.5GeV/e

hydrodynamic model underestimates
the decorrelation effect.

¢ Constraining initial conditions in

lll1.51lll

ll112.51ll-llll

Ip Ta—prI (GeV/c)

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026



. . Vaa(—=n®,—n°) Vaa(n®,n°)
\/7“2(77 777b)7“2(_77 7_77b) — \/ VZA(na7 _nb) VZA(_naanb)

B \/ (Un (N%)0n (=) cos(n(1hn® — 1)) (v (—1®)vn () cos(n(vp — 1))
(Un (=)o (=n") cos(n(yb; = ¥7))) (vn(n®)vn(n®) cos(n(vn® — ¢n")))

IlllllllllllllllllllllllllllIIlIIII

ALICE, p-Pb, {5 = 5.02 TeV - ALICE,
0—20% 1 arXiv:2602.10645,
0.2<p_<3.0GeVic 1 accepted by JHEP

n direction

Vo (1) # Vo (m2)

1.1

1.8<In1<2.6
*¥26<In1<3.2

s AMPT w. string melting

0.8 3DGlauber+MUSIC+UrQMD
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** Constraining initial conditions in longitudinal direction
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Lukas Cernusak (NBI), WPCF2026 Lukas Cernusak (NBI), WPCF2026

__IIIIIIIIIIIIIIIIIIIIIIII|IIII__IIIIIIIIIIIIIIIIIIIIIIIIIIIII_
05<p <1.0GeV T 10<p <1.5GeV =

15<p’<20GeV ¥ o<pd<2. 25 <p? <3.0GeV
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ALICE Preliminary

Sy = 5-36 TeV

0—-20% 500
0.2 <,O_I_ <3 GeV/c INe-Ne

-3.3 <™ < -2.1

Vs =536Tev =
OO0 0-20%
An| > 1.2

ALICE Prellmlnary
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3 0.5 i T 55 B

Lukas Cernusak (NBI), WPCF2026
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03<p <0.5GeV E 05<p <1.0GeV Ef_ 10<p <1.5GeV _E

0.1 0.2 0.3 0.4 0.5 0.6 0.7

p_lllllllI|III|III|III;III|II

-

F & :
S y E

=
Q

: 'Ne—NeAL'CEE ¢ Evidence of both pr- and 17-dependent flow-vector fluctuations

e 3 b T e in both OO and Ne-Ne
L +""'"'_ =l g LIS % fluctuations become stronger with |p2 — p®|or |n* — 7
@5?5%33 “* Results in OO and Ne-Ne are compatible with uncertainties,
: no significant impact from nuclear structure found yet

ref |

| ALICE Prellmlnary
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Correlations between vy and vy

How does vi How does n [ ind vm | How do ynand
fluctuate fluctuate . correlate | bm correlate

P(vy,) P(¥,,) Plo, v, v ) P(U,, U, Uy )
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Correlations between vy and vy

ALICE PLB818 (2021) 136354 | | Mingrui Zhao (NBI) @ QM2023
Symmetric cumulants: __ ALICE Pb-Pb | T ———— .

SC(m,n) = (vy, vs) — (v5,) - {vi)

In] < 0.8
0.2 < p, < 3.0 GeV/c

o 2.76 TeV
m n

b ¢ ¢

¢o
7N %%
“ : % 3O

(Suggested by Jean-Yves in QM5 to look at normalised SC)

iEBE-VISHNU
7] TRENTo-IC, 1/s(T)
I TRENTo-IC
w5 AMPT-IC, 1/s = 0.08
AMPT-IC, 1/s = 0.20
AMPT-IC

(YN R N N I T T TN T NN NN WO T TR N TN NONNE SONNN MO (NN TN TR TN M NN NN NN NN
I'Q‘III L L L L L L LI L L LI L L L L L

Vg X €9 (v3v3) —(v3) (vs) _ (€3€3
V3 X €3 (v3) (v3)

Or:NSC¥(3,2) = NSC®(3,2

: —
2) I NSC(3,2) SC(4,2) / NSC(4,2)
P Pb-Pb pp Pb-Pb
1 502 13 5.02 |s (TeV)
[e] ALICE Preliminary ]
[©]1PRL123(2019)142301 m
R B IP-Glasma+MUSIC+UrQMD
PYTHIA 8

SC(3,

YZ, K. Xiao, F. Zhao, F. Liu, R. Snellings, PRC93, 034909 (2016)

X. Zhu, YZ, H. Xu, and H. Song, PRC95, 044902 (2017)
Z.. Moravcova , K. Gulbrandsen, YZ, PRC103, 024913 (2021) —
M. L1, YZ, ...H. Song, PRC104.024903(2021) Centrality percentile Ny, (In1<0.8,0.2 < p_<3.0 GeV/c)

Hydro / Data
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Correlations between vy and v, in Ne-Ne and OO

O
N

Vojtech Machacek (NBI), SQM2026
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** For central and semi-central collisions:

* Negative NSC(2,3), positive NSC(2,4)

40 50
Centrality (%)

* Qualitatively described by hydrodynamic predictions incorporating nuclear structure

* Similar to non-peripheral heavy-ion collisions
For more peripheral collisions

» Discrepancy w.r.t. hydro, similar to peripheral heavy-ion collisions
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Correlations between vy and vy

How does vn How does Yn i How do ynand
fluctuate fluctuate L m correlate

P(vn) P(\Ijn)
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Correlations between vy and vy

How does Vi, How does U i How do pnand
fluctuate fluctuate L m correlate

P(vn) P(\Ijn)
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home message

Flow-like behavior observed in small system
* Flow from Pb-Pb down to M.B. pp
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Flow-I3€ behavior observed in small system
* FIow from Pb-Pb down to M.B. pp

Smoking gun evidence of partonic flow,

established in AA, discovered in small system.

Please cite ALICE, Nature Commun. 17 (2026) 1, 2585
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home message

Flow-I3€ behavior observed in small system
* FIow from Pb-Pb down to M.B. pp

Smoking gun evidence of partonic flow,
established in AA, discovered in small system.

Please cite ALICE, Nature Commun. 17 (2026) 1, 2585

> To confirm existence of QGP in small systems,
after hydrodynamic flow and jet quenching,

what’s else missing!?
=VVhen can we start to say QGP in the light

ion collisions?
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home message

Flow-I3€ behavior observed in small system
* FIow from Pb-Pb down to M.B. pp

Smoking gun evidence of partonic flow,
established in AA, discovered in small system.

Please cite ALICE, Nature Commun. 17 (2026) 1, 2585

- To confirm existence of QGP in small systems,
after hydrodynamic flow and jet quenching,

what’s else missing!?
=VVhen can we start to say QGP in the light

ion collisions?
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PID v for low N

o >Ji o o»@‘ge g,@g

dense system
many interactions

low multiplicity “ high multiplicity

ALICE, in preparation for PLB (post CR1)

' ALléE F'>re||'m|riary' o '+F;(5)I

: ALlCE'Prelimméry' - | '+p(§)

*A(A)

)
LO
V
=
<
V
.
O
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Y
~

v,{2PC, 1.1 < |An| < 5.8}

1
6
p. (GeV/c)

¢ For pp collisions: non-zero PID vz:
* Nch > 25 : Baryon-meson grouping (~ | 0 confidence) and splitting (50 confidence) of v, at intermediate pT

* |5 < Nch < 25:grouping and splitting (within | 0 confidence) diminished!
* Results could be improved by using the entire Run 3 pp data
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oair | dAN dA@)

(d°N

1/Nyq

Observation of ultra-long-range correlation

o >k » flire
@ ALICE, arXiv: 2504.02359, submitted to Phys. Rev. Lett.

dense system

many interactions

low multiplicity

ALICE p-Pb \s,, =5.02 TeV
7<N, <40
Low multiplicity template: N, <4

| | | I D
m/ALICE, pp V/s=13 TeV

3D-Glauber+MUSIC+UrQMD
B PYTHIA8 Shoving (g = 3)

PYTHIA8 Shoving (g = 40)
BPYTHIA8 Ropes

(5.0 <IAnl <6.0)

~  Low Multiplicity Template: N, < 10

‘

)

10 20

T

30

40 50 60 70

80

N, (b >0.2 GeVic, Inl <0.8)

<N.,>M:B.pp

You Zhou (NBI) @ Small system Workshop, Paris
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Observation of ultra-long-range correlation

o >k » flire
@ ALICE, arXiv: 2504.02359, submitted to Phys. Rev. Lett.

dense system
manyinteractions . IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

m/ALICE, pp Vs =13 TeV (5.0 <IAnl < 6.0)
3D-Glauber+MUSIC+UrQMD
B PYTHIA8 Shoving (g = 3)

PYTHIA8 Shoving (g = 40)
BPYTHIA8 Ropes

low multiplicity

ALICE p-Pb \s,, =5.02 TeV
7<N, <40
Low multiplicity template: N, <4

oair / dAn dAg)

(d°N

~ Low Multiplicity Template: N, <10

1/Nyq

‘
I|IIII|IIII|IIII|II | II|IIII

20 30 40 50 60 70 80
T Ny, (p, > 0.2 GeV/c, Inl < 0.8)

<Nch>M.B.pp

¢ Observation of ultra-long-range correlation in low multiplicity region

¢ Currently huge discrepancies between data and model calculations
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Status by June 2025

o s o .Hg

dense system
many interactions

low multiplicity | high multiplicity

“Regular” pp “Regular” Heavy-ion

R/

Observation of flow % Observation of flow
Signature of QGP Signature of QGP
Not described by theory Nicely described by theory

Observation of flow
No signature of QGP
Not described by any theory
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OO and Ne-Ne collisions at the LHC

* Nov 2024, Light ion workshop
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OO and Ne-Ne collisions at the LHC

* Nov 2024, Light ion workshop * July 2025, OO and Ne-Ne collisions at the LHC
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cem.d/lightions

ALICE
Run 3 O-O

VSNN =5.36 TeV
5th July 2025
05:37:41
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OO and Ne-Ne collisions at the LHC

* Nov 2024, Light ion workshop * July 2025, OO and Ne-Ne collisions at the LHC

~ —a Y IR

iglifieon: colliSiomegat the LHC

Locetdon: 4/3-006, CERN
cem.d/lightions

-~
®
[~
P

Run 3 O-O

VSNN =5.36 TeV
5th July 2025
05:37:41

* September 2025, Flow measurements in OO and Ne-Ne

d I‘le > nucl-ex > arXiv:2509.06428

Nuclear Experiment

160 [Submitted on 8 Sep 2025]
cemcccmmcmen o-- Evidence of nuclear geometry-driven anisotropic flow in OO and Ne—Ne collisions

' "&(‘ at ./SN\N = 5.36 TeV
ALICE Collaboration

A central question in strong-interaction physics, governed by quantum chromodynamics (QCD), is whether femto-scale droplets of quark—
gluon plasma (QGP) form in small collision systems involving projectiles significantly smaller than heavy ions. Collisions of light ions such as
16 0 and 20 Ne offer a unique opportunity to probe the emergence of collective behavior in QCD matter. This Letter presents the first
measurements of elliptic (v,) and triangular (v3) flow of charged particles in 1 0—160 and 20 Ne—2° Ne collisions at a center-of-mass energy
per nucleon pair of Vi = 5.36 TeV with the ALICE detector. The hydrodynamic model predictions, explicitly incorporating the nuclear
structures of 10 and 2% Ne, exhibit a good agreement with the flow measurements presented. The observed increase of v, in central Ne—Ne
collisions relative to OO collisions, driven by the nuclear geometries, highlights the importance of utilizing light nuclei with well-defined
geometric shapes to constrain the initial conditions. These findings support the presence of nuclear geometry-driven hydrodynamic flow in
light-ion collisions at the LHC.

ALICE, arXiv:2509.06428, accepted by PRL.
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Geometry-driven hydrodynamic flow in OO and Ne-Ne

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.
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Geometry-driven hydrodynamic flow in OO and Ne-Ne

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.

160 160 LHC 20Ne 20Ne

'Ne-Ne, {5,=536TeV_ %* Nicely described by predictions from

Trajectum
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L <<O_§T< evic 2 00 523 Tra]ectum(NS+hyd I’O)
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* Nuclear geometry driven hydrodynamic flow

G ’ 2 , R observed in light ion collisions
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* For the first time reasonable agreement
i R R IS (equivalent if not better than Pb-Pb) between
hydro predictions and data in small systems
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Bridges the gap with light-ion collisions

dense system
many interactions

low multiplicity ' high multiplicity

Observation of flow % Observation of flow % Observation of flow
Signature of QGP creation  Signature of QGP creation Signature of QGP creation
Not described by any theory ¢ Nicely described by theory Nicely described by theory
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Many new flow results approved last week

Run 3 Run 3

dense system
many interactions

low multiplicity high multiplicity

Thor K. Jensen (NBI), HP2026 Approval | Martijn Laarhoven (NBI), HP2026 Approval Dina Derv1sev1c (NBI), HP2026 Approval
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Significant non-linear dynamic response

20Ne 20Ne

Centrality (%) Centrality (%)

ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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Significant non-linear dynamic response
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C. Loizides, arXiv:2507.05853 ALICE, arXiv:2509.06428, submitted to Phys. Rev. Lett.
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cMS CMS, PLB765 (2017) 193
| T rrrrrprrrrp T

I | AL WAL AL L L R BN
_ pp \s=13TeV o vsi(2 |An>2}+ PPb {syy=5TeV
m v,{4}
+ v,{6}
O V.{8}
0 V{LYZ}

TIL 4

0.3 < P, < 3.0 GeV/c | 0.3< p. < 3.0 GeV/c |
| < 2.4 | 1 ml < 2|.4 | -

100 150 200 300

offline offline
Ntrk Ntrk

[EXP]
% va{4}=v2{6}=v{8}!
* Observed also by ATLAS and ALICE

* Confirm collective flow of multi-particles
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cMs CMS, PLB765 (2017) 193 W. Zhao, YZ etc. , PLB 780 (2018) 495
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ch

< vo{4)=vo{6}=v2{8}? X Long-.standing difficulty to l.*eproduc.e.
. Observed also by ATLAS and ALICE negative c2{4} with hydro in pp collisions

* Confirm collective flow of multi-particles
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cMs CMS, PLB765 (2017) 193 W. Zhao, YZ etc. , PLB 780 (2018) 495
IR D L
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ch

< vo{4)=vo{6}=v2{8}? X Long-.standing difficulty to l.*eproduc.e.
. Observed also by ATLAS and ALICE negative c2{4} with hydro in pp collisions
“* What is the problem:

* Confirm collective flow of multi-particles
* Inpreicse initial conditions!?

* Significant improvements in hydro needed?
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Flow ratios (Ne-Ne / OQO)

ALICE, aerivz2509.06428, accepted by Phys. Rev. Lett.

" ALICE OO and Ne-Ne, \s, = 5.36 TeV '
0.2< ,DT <3 GeV/c Data

Il <0.8 ¢ vy {2}

v, (Ne—Ne / O0O)
o

]
30
Centrality (%)
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Flow ratios (Ne-Ne / OQO)

ALICE, aerivz2509.06428, accepted by Phys. Rev. Lett. .
B ' ' ' ' - o ' -
ALICE 00 and Ne_Ne, (5. = 5.36 TeV ¢ Enhanced vz in Ne-Ne than OO
0.2< ,DT <3 GeV/c Data
Inl < 0.8 ¢ vy {2}

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

v, (Ne—Ne / O0O)
o

]
30
Centrality (%)
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Flow ratios (Ne-Ne / OQO)

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.

- ALICE OO and Ne-Ne, |s, = 5.36 TeV
0.2< pT <3 GeV/c Data

“["ml<o0.8 ¢ v{2)

Trajectum
NLEFT

vi2} * Trajectum prediction using NLEFT-NS overestimates
the ratio

** Enhanced v; in Ne-Ne than OO

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

1 S N\

V, (Ne—f\ie / O0)
o

]
30
Centrality (%)
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Flow ratios (Ne-Ne / OQO)

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.

** Enhanced v; in Ne-Ne than OO

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

- ALICE OO and Ne-Ne, |s,, = 5.36 TeV
0.2< pT <3 GeV/c Data

Il <0.8 ¢ v{2)

Trajectum
PGCM NLEFT

v{2} * Trajectum prediction using NLEFT-NS overestimates
the ratio

v, (Ne—Ne / OO)
o

* Trajectum prediction using PGCM-NS agrees better
although still overestimates the ratio

]
30
Centrality (%)
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Flow ratios (Ne-Ne / OQO)

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.

- ** Enhanced v; in Ne-Ne than OO

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

" ALICE OO and Ne-Ne, |/s,, = 5.36 TeV
0.2< pT <3 GeV/c Data

“I " Iml<0.8 ¢ v{2)

3DGlauber IP-Glasma Trajectum
PGCM PGCM PGCM NLEFT

v{2} * Trajectum prediction using NLEFT-NS overestimates
the ratio

v, (Ne—Ne / OO)
o

* Trajectum prediction using PGCM-NS agrees better
although still overestimates the ratio

| glo * predictions from 3DGlauber and IP-Glasma using
Rl PGCM describes the data
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Flow ratios (Ne-Ne / OQO)

ALICE, arXiv:2509.06428, accepted by Phys. Rev. Lett.

- ** Enhanced v; in Ne-Ne than OO

* Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

" ALICE OO and Ne-Ne, |/s,, = 5.36 TeV
0.2< pT <3 GeV/c Data

“I " Iml<0.8 ¢ v{2)

3DGlauber IP-Glasma Trajectum
PGCM PGCM PGCM NLEFT

v{2} * Trajectum prediction using NLEFT-NS overestimates
the ratio

v, (Ne—Ne / OO)
o

* Trajectum prediction using PGCM-NS agrees better
although still overestimates the ratio

| glo * predictions from 3DGlauber and IP-Glasma using
Rl PGCM describes the data

* Data better described by the models using a
smaller sub-nucleon (~ 0.1 fm)
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Flow ratios (Ne-Ne / OQO)

ALICE, aerv 2509.06428, accepted by Phys Rev Lett.

- ALICE 0O and Ne-Ne, |5y, = 5.36 TeV . ** Enhanced v, in Ne-Ne than OO
0.2< P, <3 GeV/c Data

<08 * Driven by nuclear geometrical shape of 20Ne
(larger deformation compared to ¢O)

v,{2} [Ne-Ne / QO]

* Trajectum prediction using NLEFT-NS overestimates
the ratio

* Trajectum prediction using PGCM-NS agrees better
although still overestimates the ratio

- 3DGlauber IP-Glasma Trajectélg * predictions from 3DGlauber and IP-Glasma using
PGCM PGCM  NLEFT PGCM .
PGCM describes the data

* Data better described by the models using a
smaller sub-nucleon (~ 0.1 fm)
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G
>

¢ v3 ratio is close to unity in the central

collisions due to large 33 from
contratity (o0 tetrahedral shape of 'O, then increases
entrality (%)

toward peripheral collisions
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Behavior of NCQ scaling is predictable

p-p@yVsyny=13 TeV,0-0.1%

kKOs pp data/2
lambda pp data/3
pion/2

kaon/2

proton/3

O
o
o

V2\PTI

p-p@yVsyny=13 TeV,0-0.1%

Hydro-Coal-Frag

1 B

2.0 2.5

pr/n

A
&

kOs pp data/2
lambda pp data/3
pion/2

kaon/2

proton/3

Hydro-Frag

June 29th, 2026




NCQ scaling is NOT an ideal tool

V,(SP) Pb+Pb @ (s =5.02 TeV,40%-50%

—
&)

' Pb-Pb 40-50% —+— hydro
: coal
®— frag

fraction(pion)

—k

l, [ I I I | I I I I | [

‘*What do we learn:
e hydro:va(T) > va(K) > v2(p)  ——> No scaling
o quark-coal: v2(p) > v2(K) ~ v2(TT) = scaling
o Jet-frag: va(p) ~ v2(K) ~ v2(TT). — > No scaling J B
« Contributions from hydro & frag will break the NCQ scaling, as Very detailed discussions:
observed in Pb-Pb collisions and small systems iI ALICE, JHEP 05 (2023) 243 |

Model: W. Zhao etc., PRL128 (2022), 022302
W. Zhao etc., PRL125 (2020), 072301
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Large v2 but no parton energy loss: Puzzle (?)

B

2
o
~

\Y

¢ n* (Hydro+Coal+Frag) &— n* (Frag)
K* (Hydro+Coal+Frag) K* (Frag)
+— p(p) (Hydro+Coal+Frag) o— p(p) (Frag)

o
&)

©
N
<&
IIII|IIII|IIII

o
—h
-

al

8
P, (GeV/c)

_‘
=
0

o

¢ v2 from jet-fragmentation with LBT (one possible explanation) Calculations: Yuanyuan W ete
® vy(jet-frag) in Pb-Pb is significant/dominant at high pt -> large parton energy loss Figures from Wenya W.
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Large v2 but no parton energy loss: Puzzle (?)

.%@ - ) @{Q@

Vs
o
~

Vs
o
N

¢ n* (Hydro+Coal+Frag) &— n* (Frag)
K* (Hydro+Coal+Frag) K* (Frag)
+— p(p) (Hydro+Coal+Frag) o— p(P) (Frag)

¢+ n* (Hydro+Coal+Frag) &— m* (Frag)
K* (Hydro+Coal+Frag) K* (Frag)
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¢ v2 from jet-fragmentation with LBT (one possible explanation) Calculations: Yoanyuan W et
® vy(jet-frag) in Pb-Pb is significant/dominant at high pt -> large parton energy loss Figures from Wenya W.
® vy(jet-frag) in p-Pb is very small and close to zero  -> little to no parton energy loss
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Large v2 but no parton energy loss: Puzzle (?)

o 3k o o ik @

—
~

o

2
o
~
2
o
~

\Y
\Y

¢ 7n* (Hydro+Coal+Frag)

¢+ n* (Hydro+Coal+Frag) &— m* (Frag)
K* (Hydro+Coal+Frag) K* (Frag)
+— p(p) (Hydro+Coal+Frag) o— p(p) (Frag)

K* (Hydro+Coal+Frag)

o

w
o
&)
o
&)

+— p(p) (Hydro+Coal+Frag)

o
N
o
\

©
V)

o

—
o
—

o
—h

|
¢
g 09 00Bag0do

@

+

n* (Hydro+Coal+Frag) &— n* (Frag)
K* (Hydro+Coal+Frag) K* (Frag)
p(P) (Hydro+Coal+Frag) o— p(P) (Frag)

¢

<&

O

OII‘II|IIII|IIII|IIII

CDCLIII|IIII|IIII|IIII

ot8
0

o

2 8
p. (GeV/ce)

¢ v2 from jet-fragmentation with LBT (one possible explanation)
® vy(jet-frag) in Pb-Pb is significant/dominant at high pt -> large parton energy loss

8
P, (GeV/c)

Calculations: Yuanyuan W etc
Figures from Wenya W.

® vy(jet-frag) in p-Pb is very small and close to zero  -> little to no parton energy loss

® vy(jet-frag) in pp is compatible with zero -> no parton energy loss
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Large v2 but no parton energy loss: Puzzle (?)
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¢ v2 from jet-fragmentation with LBT (one possible explanation) Calculations: Yoanyuan W et
® vy(jet-frag) in Pb-Pb is significant/dominant at high pt -> large parton energy loss Figures from Wenya W.
® vy(jet-frag) in p-Pb is very small and close to zero  -> little to no parton energy loss

® vy(jet-frag) in pp is compatible with zero -> no parton energy loss

¢ Observed finite v, for the presented pr in small systems
-> contributions mainly from left-over hydro and/or quark-coalescence, not parton energy loss.
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Pb —><—P

TPC FMDA

- ‘ — v, ** Deviation from unity in
v, — I data indicates 7-

>
-3.4 -1.8 -0.8 0 0.8 1.8 34 5.0 €Eta

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII decorrelations
ALICE Preliminary S8 ALICE, 1.8 < [ <26 B

2/ poPb 5, =5.02TeV HE ALICE,26 <17, <32 **First measurement of
i O.%<O/;T2(i/§.0 GeV/c Pseudgrapidity-
dependent flow vector
fluctuations in ALICE

for p—Pb collisions

01 02 03 04 05 06 07 08
uR

a
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PID v for low N

o >Ji o o»@‘ge g,@g

dense system
many interactions

low multiplicity “ high multiplicity

| ALICE Preliminary

L p-Pb, s, = 5.02 TeV

- 25<N_ <50

— Low Multiplicity Template: N, <15

" ALICE Preliminary

L p-Pb, {5 = 5.02 TeV

- 15<N <25

— Low Multiplicity Template: N <15

)
N~
Vv
=
<
; 0.2

&)
al
QA
Y
>

V,{2PC, 1.1 < |An| < 7.8}
o
N

o

—
-
—

* For p-Pb collisions:
* Nch > 25: Baryon-meson grouping (~ |0 confidence) and splitting ( > 50 confidence) of v; at intermediate pt
* |5 < Nc < 25: grouping and splitting (within 20 confidence), partonic flow picture is not very clear
* Full investigations through careful data & model comparisons are ongoing
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Initial symmetry planes Final Symmetry planes ? ? Initial proposal:

W,(py) W,(p;) U. Heinz etc., PRC87, 034913 (2013)
Bl . L|J3 (b1’ ) : F. G. Gardim etc., PRC 87, 031901(R) (2013).

(o,

VQA pT , ref)

2P re re
1}2[ C] \/VZA pTva \/VA prvaf

1 2 ALICE 0_50/0
1

N,
Al
>
~
——
Al
—
Al
>

TRENTo+EBE-VISHNU
AMPT+EBE-VISHNU

056115225335 051152 253 35 0511522533514
P (GeV/c) P (GeV/c) P, (GeV/c)

E.G. Nielsen, YZ, EPJC 83 (2023) 6, 545
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Initial symmetry planes Final Symmetry planes ? ? Initial proposal:

=W, (pr) W,(py) U. Heinz etc., PRC87, 034913 (2013)
IR Lle (b1 ) * F. G. Gardim etc., PRC 87, 031901(R) (2013).

(o,

VQA pT , ref)

\/VZA (p, p3) \/VA (pret, pEet

(95) [QPC]

1.2FALICE 0-5% - 10-20%
1.1

169@-@”-8- ........... RO 80-G00 00y =g == == = == - e e Jalroiraly

$

N,
Al
>
~
——
Al
—
Al
>

ALICE, JHEP 09 (2017) 032

o® Q
® Pb-Pb \s,, =5.02 TeV TRENTo+EBE-VISHNU ALICE, PRC107 (2023) L051901
Pb—Pb s, = 2.76 TeV AMPT+EBE-VISHNU ALICE, PRC109 (2024) 065202

056115225335 051152 253 35 0511522533514
P (GeV/c) P (GeV/c) P, (GeV/c)
C

* v2{2}/v2[2] deviates from unity, observation of flow-vector fluctuations in Pb-Pb collisions
* Driven by the initial geometrical fluctuations E.G. Nielsen, YZ, EPJC 83 (2023) 6, 545
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Correlations between vn,

P(Vp,, Uy, Vg ooy

How does vi

How does Yn

U, U, U, oll)

How do Ynand

fluctuate Pm correlate

P(U,,, U, Uy, ...

fluctuate
P(vy,)

ALICE PLB818 (2021) 136354

8o O. 1— ALICE Pb Pb
- el 5.02 TeV

Ny | 0 2.76 TeV

Mingrui Zhao @QM2023
| <o |
0.2< p, < 3.0 GeV/c

Symmetric cumulants:
(U V) = (Vm) - (V)

(Suggested by Jean-Yves in QMI5 to look at normalised SC)

SC(m,n) =

iEBE-VISHNU
. 1 TRENTo-IC, 1y/s(T), {/s(T)
I TRENTo-IC
s AMPT-IC, /s = 0.08
AMPT-IC, n/s = 0.20
AMPT-IC
I T N T NN TN N N |

III|III|III|III|III

III|IIIII|I||II|III

Vo X &9
U3 X &3

C(4P28 /P §80(4 2)
5.02 \sy (TeV)
ALICE Preliminary
[©]PRL123(2019)142301
23 IP-Glasma+MUSIC+UrQM
PYTHIA 8

Or:NSC¥(3,2) = NSC®(3,2

YZ, K. Xiao, F. Zhao, F. Liu, R. Snellings, PRC93, 034909 (2016)

X.Zhu, YZ, H. Xu, and H. Song, PRC95, 044902 (2017) R s N
Z. Moravcova , K. Gulbrandsen, YZ, PRC103, 024913 (2021) A AERREES ,620
M. Li, YZ, ...H. Song, PRC104.024903(2021)

Centrality percentile

L 8.8 @ eeeeeuu

AATATI s A gy
A\ AR

Hydro / Data

0 0
N, (In] <0.8,0.2 < p. < 3.0 GeV/c)

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026




ALICE Preliminary
OO and Ne-Ne, s, = 5.36 TeV Ne-Ne OO
0.2<p_<3.0 GeVic ¢

nl <0.8 # NSC(2,3: |An]| > 0.4)
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Early proposal:
7. Qiu, U. Heinz, PLB717, 261 (2012)

How does vn How does Y i How do ynand |
fluctuate fluctuate j q)m correlate ]

P(vy) P(\Ijn)

— . | 1 ] 1 1 I 1 1 1 1 I 1 1 1 1 I 1 | ] 1 I 1 | 1

- 04,22
1.0}
: ATLAS

0.8} - =
_ _ - B -0 pp 13 TeV
non-linear flow mode linear flow mode : -6~ p+Pb 5.02 TeV

el 8- Pb+Pb 2.76 TeV

i - =% =EKRT, /s =0.20, (/s =0
0.4} 4 ==EKRT, 1/s(T), (/s = 0 ++§
- = =®=TRENTo, 1/s(T), ¢/s(T) &
PLB744 (2015) 82 4 S :
L 02 — =>=AMPT, /s =0.08,(/s=0
, _ n/s = 0.095,
Vz n =m#|P-Glasma, 1)/s = 0.095, ¢ /s(T) LJIJ[:][:]U&QM@MEDD O

J.Qian,U.Heinz 00
PRC 93, 064901 (2016) 1.5}
: 0.5<p_<5 GeV

1'05 a Three-subevent method
0.5 - 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1

~ (cos(4¥4 — 4¥,)) 10 20 30 40 50 60 100 200 300 400
Centrality (%) (N,

Model/Data

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026 50




Elliptic power function reconstruction

4 N
vpi2} = \cnl2}), vp {4} =  —cnid}, f Construction via measured cumulants \

e
vn{6} = /lcn{6}, va{8} = {2} = k3(1 - f1),
= : J / c {4} = —k3(1 = 2fy + 2f{ = f3),

c2{6} = kS(4 + 182 — 122 + 12fi(Bfa — 1) — 6> — f3),
c,{8} = —k8(33 — 288f + 144 — 66f, + 18fF — 242 (=11 + 6fF) —
12f3 + 4f1 (=33 + 42f, + 4f3) — f3),

a 1
fr =ﬂ(1—£§)" 2F; (k +§,k;a+k +a,so)

,."' Ot i )
..t" e l'q
. a
10 - A
ALICE Pb-Pb Y :

02<p <3 GeVic

»
W<08 } K -

| Pb-Pb5.02 TeV, hj<0.8
- I AucE: 0.2<p <3 Gevic ¥

276 502TeV

* cqm)

L

-

1

+= 1 2V,E
(1—€§)a 2 ,Fy (2.1‘*'2(1;1. 22

V&g — k2

{ IP-Glasma + MUSIC

@ a> 1A o <1 o FEEEE] AMPT-IC + IEBE-VISHNU
- TRENTo-IC + IEBE-VISHNU .
L2 | B 1. ! .

| | 2 4 12,2 s
10 ' . a0 3o ;o . 0 o _ 7 exp o v2 + k2 80 1 (2“8082) 0.5 1 15 2 2.:/’
n ' ra - - v./(v_ )
e e e k3 k3 °\ K, ALICE, JHEP 1807 (2018) 103 .

ALICE, JHEP 1807 (2018) 103

Bessel-Gaussian function
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Dense partonic matter (?)

— 7T
_ PYTHIA with rope
- pp, Vs =13.6 TeV
| N, >25

- Without template fit

v,{2PC, 1.1<IAn|<6.0}

~ I ]

Xm0
g o

e o

g
K}.

v,{2PC, 1.7 < IAnl < 8.0}

o

“*PYTHIA with rope, which well explains the
baryon/meson splitting and grouping, similar for UrQMD -> Importance of partonic matter

O
0o

O
N

I
—r

()
)

S. Tang etc, Nucl. Sci. Tech. 35 (2024) 32
— 1 r r 1 r 1 1

" AMPT (String melting) Tt p(P)
- p-Pb, s, =5.02 TeV K* A(A)

0-20%

AN

)

¢ Transport model with coalescence (AMPT) predicts only mass dependence.
* Even using same quark-coalescence code, AMPT fails to reproduce the baryon/meson grouping and splitting.
-> System is too diluted to have a sufficient quark-coalescence.

Default AMPT % -

, fails to predict the

“* Further suggests that one needs dense partonic matter with quark-coalescence to reproduce the data.

You Zhou (NBI) @ Small system Workshop, Paris
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Partonic flow in Pb-Pb collisions

ALICE, JHEP 0S5 (2023) 243
| [ | l

|
ALICE 20-30%
Pb-Pb \s,, =5.02 TeV

p_ (GeV/c)
X in Pb-Pb.

* low p1 (pT < 3 GeV/c) - Mass ordering.
* Intermediate pt (3< pt < 6 GeV/c)
* Baryon-meson grouping (~ |0 confidence)

* Splitting between baryons and mesons v, (> 50 confidence)
e Smoking gun evidence of partonic flow in Pb-Pb
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Partonic flow in Pb-Pb collisions

CoLLBT: PRL128, 022302

ALICE, JHEP 0S5 (2023) 243
| [ | l

ALICE
Pb-Pb |5, = 5.02 TeV

I
20-30%

10-20%

| |
Pb—Pb \'sy\ =
31Ml<0.8

| | | | | |
5.02 TeV ALICE ColLBT
$ T =
§ K K*

# P(P)

P(P)

:’,;’F’ 4 Y
ovm
o+

®

o

¢

u

- 27y i

' 7 .

X .:‘.;‘,- Hydro+coal+frag

¥ 0 1 2 3 4 5 6 7 9 10
p. (GeV/c)

p_ (GeV/c)

o in Pb-Pb. VVell described by the model with hydro and quark-coalescence

* low p1 (pT < 3 GeV/c) - Mass ordering.
* Intermediate pt (3< pt < 6 GeV/c)

* Baryon-meson grouping (~ |0 confidence)

* Splitting between baryons and mesons v, (> 50 confidence)
e Smoking gun evidence of partonic flow in Pb-Pb
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Working definition for small systems

* Working definition: Long-Range Multi-particle correlations

CMS CMS, PLB765 (2017) 193

LA L R L B BNLENLL A | LI B R BN B
10 PP Vs=13TeV o ysu(2 |An>2} 4 PPb sy =5TeV
" v {4) { | 0.08
+ v, {6} 1 _
0 V48} { | 0.06

0 VALYZ} | o ® 0000,

o8
,ebnega s T SATCngagnd b
I .'+* | 00

ALICE, PRL123, 142301 (2019)
L | | | | | | | | I | |
(d)

A %
.' -
.
A D
.
A
v
L
a D "SRR
OO
*4
.4
h
/) .

3
= 0.04

pp p-Pb Xe-Xe Pb-Pb %
13 502 5.44 502 |Sy (TeV)

o mO Jor 40 v.{4
6

IIIIIIIlIIl'IIIlII

lll|lll|lll|lll|lll||||

{
03<p_<3.0GeV/c] 0.3<p_<3.0GeV/c ] 0{—open = without n-subevent [ < [ap] AA V)
T ' {

}
}
...m|.<|2.'4...|... |h]|<2|4| l . - | . 8.3Yv.v28}1.

100 150 100 200 300 102 103
offine NCffine N, (' <0.8)

| solid = with n=subevent

* Multi-particle correlations: v2{4} = v2{6} = v2{8}
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Working definition for small systems

* Working definition: Long-Range Multi-particle correlations

CMS CMS, PLB765 (2017) 193

LA L R L B BNLENLL A | LI B R BN B
10 PP Vs=13TeV o ysu(2 |An>2} 4 PPb sy =5TeV
" v {4) { | 0.08
+ v, {6} 1 _
0 V48} { | 0.06

0 VALYZ} | o ® 0000,

o8
L ebnege s T SRTVGmgant b
I .'+* | oo

éILICFIZ, P.R1L11213’. }4}2301 (2.019). - | 10ATLAS, PLB789 (2019) 444

(d) i | | - Standlard methoé i
—©— Two-subevent method
— Three-subevent method—
—4— Four-subevent method

. -
.' -
g
A D
O
n
D
5
Q b ¥\ * 9
* 44
4
4. ¢
s
/) .

3
= 0.04

pp p-Pb Xe-Xe Pb-Pb %
13 502 5.44 502 |Sy (TeV)

o mO Jor 40 v.{4
6

IIIIIIIlIIl'IIIlII

ATLAS p
0.3<p <3 GeV Pb+Pb2.76 TeV, 7 ub" -

1 1 I 1 | 1 1 I 1 1 1 | I | 1 | 1 I | | |
100 200 300 400

(N,

lll|lll|lll|lll|lll||||

{
03<p_<3.0GeV/c] 0.3<p_<3.0GeV/c ] 0{—open = without n-subevent [ < [ap] AA V)
T ' {

}
}
...m|.<|2.'4...|... |h]|<2|4| l . - | . 8.3Yv.v28}1.

100 150 100 200 300 102 103
offine NCffine N, (' <0.8)

| solid = with n=subevent

* Multi-particle correlations: v2{4} = v2{6} = v2{8}

* Long-range: Compatible results with two-sub, three-sub and four-subevent methods
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Working definition for small systems

* Working definition: Long-Range Multi-particle correlations

CMS CMS PLB765 (2017) 193 ALICE, PRL123, }4}2301 (2019)

10ATLAS, PLB789 (2019) 444
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* Multi-particle correlations: v2{4} = v2{6} = v2{8}
* Long-range: Compatible results with two-sub, three-sub and four-subevent methods

* Evidence of flow in small collisions systems at the LHC

You Zhou (NBI) @ Small system Workshop, Paris
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Working definition for small systems

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026



Working definition for small systems

¢ How about 2-particle (di-hadron) correlations?

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026



Working definition for small systems

¢ How about 2-particle (di-hadron) correlations?

CMS, JHEP 09 (2010) 091
(d) CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026



< How about

Working definition for small systems

2-particle (di-hadron) correlations!?

CMS, JHEP 09 (2010) 091

(d) CMS N > 110,
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After template fit: residual non-flow is ~ 0
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* The 2-particle correlations in the nonflow

model, after subtraction, are compatible
with zero (necessary conditions)

You Zhou (NBI) @ Small system Workshop, Paris June 29th; 2026




