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Relativistic heavy-ion collisions

e e . . . final detected
Relativistic HCGVY"IO” Collisions particle distributions

made by Chun Shen Kinetic

3 Initial energy

freeze-out

density

156 MeV ~ 1012 K

For the scale, our Sun has approximately 6,000 K on the
surface

and up to 1,000,000 K in its core

QGP: Thermalized state of quarks and gluons with a dimension much larger than that of a nucleon (deconfined).
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Outline

* Quark-gluon plasma (QGP—thermalized and deconfined partonic medium) formation in relativistic heavy-ion
collisions— baseline for collectivity in small collision systems.

 Comparison beween small systems and the heavy-ion results—what do we learn?

 |s there an on/off switch for this phenomenon??
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Collectivity in heavy-ion collisons (Anatomy)

Initial state geometry + Final state interaction (Hydrodynamics

Single particle ditribution: P(¢) =
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Driven by system properties
P(¢)— (pressure+ geometry)

Debojit Sarkar (NBI) 3



Collectivity in heavy-ion collisons (Anatomy)

Initial state geometry + Final state interaction (Hydrodynamics description)
Fmal partlcle dlstrlbutlons
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sooé -
4N Singles 0:1'3 T T 2 §:
Single particle ditribution: P(¢) = o 1+2 ) 1, cos(n — i) ;
n
v, = (cosn(¢p — 1)) Driven by system properties

P(¢p)— (pressure+ geometry)

deairS
x1+2
dA¢

Pair distribution:  P(¢,) * P(¢h,) = Z V,acos(nAg)

Via ={{cosn(p1 — ¥p) - cosn(pz — ¥p))) = ((cosn[(p1 — ¥n) — (02 — ¥n)])) = ((cosn(p1 — 2)))

The pair distribution gets rid of the event plane (difficult to determine experimantally)
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Collectivity in heavy-ion collisons (Anatomy)

Initial state geometry + Final state interaction (Hydrodynamics description)
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Non flow: need to be removed
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Near-side (A, An ~ 0) correlations from single jets
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Away-side (A ~ 11) back-to-back jet correlations:
two jets may have different rapidities: An # 0
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Non flow:

need to be removed

ATLAS Preliminary
|'Sun=5.02 TeV, 22 ub™’
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Near-side (A, An ~ 0) correlations from single jets

Non-flow: Jets, resonances
Short range correlations
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Away-side (A ~ 11) back-to-back jet correlations:
two jets may have different rapidities: An # 0

Major issue — non-flow removal.
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Baseline: Collective features in heavy-ion collisions
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8 10 What about “deconfined™?

ALICE, JHEP 243 (2023) 243 pT (GeV/c)

low pt (Pt S 3 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (Hydro: Thermalized).

Intermediate pT (3 < pp S 8 GeV/c) —NCQ driven Baryon-meson splitting and grouping — quark coalescence,
sign of partonic collectivity (Thermalized + deconfined).

What about small (pp, p-Pb) collision systems? Just a non-QGP baseline?
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1< ptTrig <3 GeV/c
1<p > <3 GeVic

Collectivity in small systems?

(b) CMS pPb |s,,, = 5.02 TeV, 220 < NJV'"™ < 260

trig
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(d) CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

Everything flows (?) - Initial state geometry + Final state interaction (hydro description)
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Most unexpected discovery at the LHC!

Th Eurv
Guardlan

World US elections 2024 UK Climate crisis Ukraine Environment Science Global development Football Tech Business Obituaries

Life and Physics © This article is more than 14 years old

Science
Ry Most viewed

A surprise from the LHC already!

Trump and Harris:
to win votes in key
i ; finaldayof ¢ '
The CMS experiment at the Large Hadron Collider (LHC) nalday of campai
announced a surprise yesterday which may dramatically |
change our ideas about quarks, gluons and protons C
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. . , rejects legal challe
Jon Butterworth There was a special Cern seminar yesterday evening on some new results against Musk’s $1n
22 09 201 0 Wed 22 Sep 2010 12.05 CEST from the CMS experiment, one of the detectors at the Large Hadron Collider. giveavgays; Harris
- : g The result is summarised in this colourful landscape. apresident for all
g Americans

N>110, 1.0GeV/c<p<3.0GeV/c .
T 5 Narendra Modi cor
. . ., attackon Hindu te
The CMS experiment at the Large Hadron Collider (LHC) Canadaastension:

announced a surprise yesterday which may dramatically
change our ideas about quarks, gluons and protons

Trump’'s lead over
betting market ero
platforms tighten «

US presidential ele
& updates: Poll show

= ahead inearly voti
Trump jokes abou
reporters being she

%
—
S -
=4

Courtesy: Jan Fiete Grosse-Oetringhaus

Article link
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Similarity with heavy-ions? Partonic collectivity?

2< thrig <4 GeVic p-Pb \/37NN =35.02 TeV e O 25 r 111 11 1 1 11 1 11 T 1.1 1 1 11 1 11 111
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ALICE, Phys.Lett. B719 (2013) 29-41 ALICE, Phys. Lett. B 726 (2013) 164—177

o low pr (pr S 2.5 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (Hydro: Thermalized).
* No evidence of jet-quenching in p-Pb.

e partonic collectivity can still be probed — probe the NCQ driven baryon-meson splitting and grouping of v2 at

intermadiate pT(Q ).
Focus: Baryon and meson v,(pr) at intermediate pr.
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e Detectors primarily used in this analysis:

1. VO Detector
Triggering and event classification.

2. Forward Multiplicity Detector (FMD)
Unigue coverage for long range correlation in ALICE.

3. Time-of-Flight (TOF)
Particle identification.

10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE

4. Time Projection Chamber (TPC)
Tracking and particle identification.

e Ng. Number of tracks in TPC with (|| < 0.8, and
pr > 0.2 GeV/c). Used as event classifier.

1®

CoNOGO~ONOE

The ALICE Detector

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VOand TO

e. FMD

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal
DCal

PHOS, CPV

Long-range correlation in ALICE

_— T~

e Datasets: FMDC TPC FMDA
1. p—Pb collisions at \/E = 5.02 TeV
.. NN —34<n<—1.7 -10<7< 1.0 1.7<n<5.1
2. pp collisions at \/E =13 TeV
Dec 19, 2024 Villum Symposium, NBI Debojit Sarkar (NBI) 9



Everything flows, everywhere...

ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

Two-particle correlation Two-particle correlation Two-particle correlation @ = & p(p)

+ +*
IAnl > 2.0 AHET 1.1<IAnl <7.8 1.1<IAnl<6.4 O KO
¢ K

+ %

o ¥
: + * P8 - +
.,':;- ALICE » s ALICE ' e B
Pb-Pb, {5, = 5.02 TeV ~Pb, ysy = 5.02 TeV+
40-50% VOM (N ) ~ 478) 0-20% VOA (N )~ 35) 0-0.07% VOM (N ) ~ 35)

pp, Vs =13 TeV ﬁ

e Low pr (pr £ 3 GeV/c) — Mass ordering of v,.

o Intermediate pr (3 < pr S5 GeV/c) — Baryon-meson grouping (~1o confidence) + splitting (> So confidence) of v,
— quark coalescence, evidence of partonic collectivity ().
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https://arxiv.org/abs/2411.09323

Partonic collectivity in small collision systems!

High multiplicity p—Pb

ALICE
p-Pb, |5\, = 5.02 TeV
0-20% VOA % Hydro: Hydrodynamics

j i Coal: Coalescence model of hadronization

Frag: Jet fragmentation

V,{2PC, 1.1 <IAnl < 7.8}

0 5 10 0 5 T 10
p.. (GeV/ce) p.. (GeV/c)

ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

o Hydro+Coal+Frag explains the baryon-meson v, grouping and splitting. @

 Hydro+Frag fails to describe the pattern (despite parameters adjustments).
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Partonic collectivity in small collision systems!

High multiplicity p—Pb

6 0.25 8 —rr 1 - 1 1 1
~ ALICE G 03 ~ AMPT (String melting) = DBpp) _
vV gof P-Pb V Sy =502 TeV v - p-Pb, |5, = 5.02 TeV K* AR) -
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< = i ]
Y% v - _
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P, (GeV/c) P, (GeV/c) P (GeV/c)

ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

o Hydro+Coal+Frag explains the baryon-meson v, grouping and splitting. @

 Hydro+Frag fails to describe the pattern (despite parameters adjustments).

* Transport model with coalescence model of hadronization (AMPT) fails to describe the data.

Coalescence of flowing partons necessary to describe the pattern
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Partonic collectivity in small collision systems!

High multiplicity pp

~= 025 | ; ; I ; ; ; ; Lt ; ; ; ; I ; ; ; I
) [ ALICE I s #p() -
= " 0-0.07% VOM 1t 0 .
%/ r B Hydro-Coal-Frag ) | W *Ks Hydro: Hydrodynamics
0.15F -

i P it Coal: Coalescence model of hadronization
g 0.1 - oot t W + - : Frag: Jet fragmentation
% ; .QEE S I
= .05 o *+ 3 W. Zhao et al., Phys. Rev. Lett. 125, 072301 (2020)

ot E—T Absence of proper initial condition

p. (GeVic) might contribute to the quantitative

discrepancy between data and
models.

ALICE, arXiv:2411.09323 [nucl-ex], submitted in Nature Physics

o Hydro+Coal+Frag explains the baryon-meson v, grouping and splitting. &

 Hydro+Frag fails to describe the pattern (despite parameters adjustments). &
e PYTHIA String-Shoving doesn’t describe the data. @

Coalescence of flowing quarks necessary to describe the pattern
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Partonic collectivity in small collision systems!

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
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| Two-particle correlation Two-particle correlation Two-particle correlation @ 7= & p(p)
CERN-EP-2024-299 0.3 F 1Al + * ~\ -

- nl>2.0 4 & 1.1<IAnl <7.8 1.1<IAnl<6.4 m K ¥ A(A)
13 November 2024 ' .!.;" = + KO '
| + L : |
- > - u + L
Observation of partonic flow in proton—proton and proton—nucleus 0o F ﬂ ¥ -
. . b » “ * L
collisions [ -, a + +* _
. é . L .
. apt @4 o ¥ + % 1
ALICE Collaboration] 0.1 F : ¥ o ~ ta, + -
l . - L

.,':_g- ALICE o ALICE 0 +¢ J’AUCE ‘e ' W
Abstract Pb-Pb, VSNN =5.02 TeV f p-PDb, \[SNN =5.02 TeV g‘ pp, ¥s = 13 TeV 'ﬁ .
OF 40-50% VOM ((Nch> ~ 478) 0-20% VOA ((Nch> ~ 35) 0-0.07% VOM ((Nch) ~ 35) 7
antum Chromodynamics predicts a phase transition from ordinary hadronic matter to the quark— | T SR S TN TR [ TR TR N S 5 1 T TR S T S S S Sy w1 1 ST S T T S S S S T

gluon plasma (QGP) at high temperatures and energy densities, where quarks and gluons (partons) 0 5 100 5 100 5 10
are not confined within hadrons. The QGP is generated in ultrarelativistic heavy-ion collisions. P, (GeV/c) P, (GeV/c) P, (GeV/c)

Anisotropic flow coefficients, quantifying the anisotropic azimuthal expansion of the produced mat-
ter, provide a unique tool to unravel QGP properties. Flow measurements in high-energy heavy-ion
collisions show a distinctive grouping of anisotropic flow for baryons and mesons at intermediate
transverse momentum, a feature associated with flow being imparted at the quark level, confirming
the existence of the QGP. The observation of QGP-like features in relativistic proton—proton and
proton—ion collisions has sparked debate about possible QGP formation in smaller collision sys-
tems, which remains unresolved. In this article, we demonstrate for the first time the distinctive
grouping of anisotropic flow for baryons and mesons in high-multiplicity proton-lead and proton—
proton collisions at the Large Hadron Collider (LHC). These results are described by a model that
includes hydrodynamic flow followed by hadron formation via quark coalescence, replicating fea-
tures observed in heavy-ion collisions. This observation is consistent with the formation of a partonic
flowing system in proton—proton and proton—lead collisions at the LHC.

Coalescence of flowing quarks necessary to describe 3 systems

Any further similarities between

2411.09323v1 [nucl-ex] 14 Nov 2024

small systems and heavy-ions?

o
L4

ALICE, arXiv:2411.09323 [nucl-ex]

arxXiv
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Similarities: High multiplicity small systems and heavy-ions
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 Event geometry driven final state effects — correlated across large rapidity intervals.
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Similarities: High multiplicity small systems and heavv_ianc
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> B e i ¥ . . o ood # between particles, usually called the “ridge” phenomenon, were discovered in heavy-ion
0.04 = #EEEB 1 ﬁ % B E ﬁﬂ “’qn 1 ﬁ E&!E % : collisions, and later found in pp and p-Pb collisions. In large systems, they are thought
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[ S| B | e @ o @ @ o @ ] -5 0 5 -5 0 S systems. In this Letter, measurements of the long-range correlations in p-Pb collisions at
-9 0 5 =9 0 S n n V3NN = 5.02TeV are extended to a pseudorapidity gap of An ~ 8 between particles using
n n the ALICE forward multiplicity detectors. After suppressing non-flow correlations, e.g., from

jet and resonance decays, the ridge structure is observed to persist up to a very large gap
ALICE’ JHEP 01 (202 4) 199 of An ~ 8 for the first time in p-Pb collisions. This shows that the collective flow-like
correlations extend over an extensive pseudorapidity range also in small collision systems
such as p-Pb collisions. The pseudorapidity dependence of the second-order anisotropic
flow coefficient, v3(n), is extracted from the long-range correlations. The wvy(n) results are
presented for a wide pseudorapidity range of —3.1 < 1 < 4.8 in various centrality classes in

V V p-PDb collisions. To gain a comprehensive understanding of the source of anisotropic flow
n ,’n, (na, 9 nb) n ,’n, (na, . 776) in small collision systems, the v2(7) measurements are compared with hydrodynamic and
vn (77 a) — ) transport model calculations. The comparison suggests that the final-state interactions play
V a dominant role in developing the anisotropic flow in small collision systems.
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 Event geometry driven final state effects — correlated across large rapidity intervals.
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Similarities: Flow vector fluctutation- probes 3D initial conditions

Boost invariant approaches fine in heavy-ions?

(a) CMS PbPb |s,, =2.76 TeV, 220 < NJ;""® < 260

0'50/0 1 <ptTrig<3 GeV/c
1 < p255°° <3 GeV/c
@ Pb-Pb ys, =5.02 TeV "
O|Pb-Pb {5 =276 Tev  [F2FP

3 Pb—><—P
$ DO TPC FMDA
TRENTO+EBE-VISHNU ® V., V3,
AMPT+EBE-VISHNU |
V*

05 115 2 25 3 3.5

34 18 08 0 0.8 18 34 50 Eta
p_ (GeVi/c)
ALICE, JHEP09(2017)032
ALICE, PRC Letter 107 (2023) 051901
ALICE, PRC109, 065202 (2024) vn{2} B (v, (PF) 'v;ef cos| n(¥,(pF) — ¥,)])
5 =
Un|2] NICR A \/ (vref)2) ALICE, PLB850 (2024) 138477

e Flow symmetry plane W, depends on the kinematic regions of prand n.

e Flow fluctuations probe the intial geometry and density variations in both transverse and longitudinal

directions (3D Iinitial condition). Similar flow vector fluctuations in small systems?
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Similarities: Flow vector fluctutation- probes 3D initial conditions

S i
z_ 1.2 — —
3\1 - p'Pb V SNN =5.02 TeV ]
O L. VOA 0-20% -
0 1.1— —]
® Pb-Pb ys,, =5.02 TeV RO }
O|Pb-Pb ys,,, =2.76 TeV ™ ]
o= - “-3- ----------- o -
0.9 — ]
¢ - mmem ALICE 3
- 3DGlauber+MUSIC+UrQMD -
TRENTo0+EBE-VISHNU P 0.8 AMP'Ie'u:/v.esr’:;in gm i éQ -
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O. _I ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] ]
05 1152 25 3 3.5 ’ 0.5 1 15 2 25 oy,
p. (GeV/c) P, (GeVic)
ALICE, JHEP09(2017)032 e prt-dependent flow vector fluctuations:
ALICE, PRC Letter 107 (2023) 051901
ALICE, PRC109, 065202 (2024) f
vn{2} _ (Un(pF) v cos[ n(¥,(pT) — ¥n)l)
n 2 a Tre
i Vo @) (@)

e Evidence of flow vector decorrelations in pt in p-Pb collisions (Similar to Pb-Pb).

e Small systems results can not be explained by nonflow. AMPT and 3D Hydro reasonably explains the data!
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Similarities: Flow vector fluctutation- probes 3D initial conditions

ALICEPb_Pb 1.00 - ||||||||||||||||||||||||||||||||||||
s —502TeyV - = = T N
e 2.0<ner<2.4 0.951 ﬂg 1.2— p-Pb \/SNN= 5.02 TeV ]
= 28<ner<3.2 090 p - ono _
B AMPT 5‘\' i VOA 0-20% ]
—  CLVisc 0.85¢+ [~ 1.8 < |77b| <3.2
% 1— 0.2< p_< 3.0 GeV/c 7
T N __. __________________________________________________________________ ]
1.00} | I i . i
| i .
0.95 — @ ALICE B
< 0.90| i ! [ AMPT )
“Y120-30% 30—40% ‘ ] 3DGlauber+MUSIC+UrQMD
0.85¢ { | 0.8 _
|||||||||||||||||||||||||||||||||||||||
0.80¢t, 0 01 02 03 04 05 06 0.7 0.8

0.0 0.3 06 090.0 03 06 0090 |
n n n

ALICE, Physics Letters B, Volume 850, 2024, 138477

ar e by = Vaa(=n"n") _ (ua(=1")on(n”) cos[n(¥n(—n") — Ya(n’))])
o 7-dependent flow vector fluctuations: r.(n%1°) = Vaa(mm®)  (vn(n®)vn(n?) cos[n(¥n(n®) — ¥n(n®))])

For asymmmetric system: \/rn(n“,nb)rn(—n“, —n?)
. Evidence of flow vector decorrelations in 7 in p-Pb collisions (Similar to Pb-Pb)

- Small systems results can not be explained by nonflow. AMPT and 3D Hydro qualitatively captures the trend.

Similar flow vector fluctuations in small and large systems!
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Similarities: Flow vector fluctutation- probes 3D initial conditions

- 11T 11T 11T 11T 11T 11T 11T 11T
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH CR | | | | -
[
~1.2— _ - —
) = p-Pb (s, = 5.02 TeV
@ O VOA 0-20% |
NS —~
e - —
CERN-EP-2024-XX < 1.8 < Inbl <3.2
December 16 2024 cut“ B 0.2<p_<3.0GeV/c B
T
~—"
3 pector fluctuations in | /s = 5.02 TeV p-Pb collisions LN T B o
i — B LN R - [ N il
ALICE Collaboration] [] B
B o ALICE -
[ AMPT i
st ) 3DGlauber+MUSIC+UrQMD
vleasurements of transverse momentum (pr) and pseudorapidity (1) dependent flow vector fluc- O 8 A —
tuations in p-Pb collisions at , /5. = 5.02 TeV at the CERN Large Hadron Collider are presented. )
Utilizing long-range two-particle correlations with the template fit method, potential biases from non- L1 | | | [ | ] | [ ] | [ ] | [ ] | [ ] | [ ] | [ ]

l
flow effects such as jets and resonance decays are effectively suppressed. Significant pt and 1) depen- O O 1 O
dent fluctuations of the second-harmonic flow vector are observed with more than 50 confidence in .

p—Pb collisions, mirroring observations in Pb—Pb collisions. These results cannot be solely attributed

12 to non-flow effects, providing new evidence for flow vector fluctuations in small collision systems at |77 al
13 the LHC. Comparisons with hydrodynamic model calculations from 3DGlauber+MUSIC+UrQMD

14 and parton transport model calculations from AMPT significantly enhance the understanding of the

15 three-dimensional initial geometry and its event-by-event fluctuations, offering critical insights into

16 the origin of collective flow in small collision systems at the LHC.

. Evidence of flow vector decorrelations in 7 in p-Pb collisions (Similar to Pb-Pb)

- Small systems results can not be explained by nonflow. AMPT and 3D Hydro qualitatively captures the trend.

Similar flow vector fluctuations in small and large systems!
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Similarities in p(vzz, |pr]): Tracing back “Initial stage” from “Final Effect”

. I 1 II I
Initial State Final State sma V2 arge v2
| | | I | | | | | | | | | | | | | | I 1 | | | I I | | |

3 [ ALIC - n
oo 0.3 [p.]: Il <0.4, v, A7l >0.8 small P> Jarge <pt>
SO Inl <0.8 - Initial State ~ Final State
u 0.2<p_<3.0GeV/c -
0.2 T - I/R,E < pr>
B l + _ e Pearson correlation coefficient:
01| ! ¢ . o —
- . _
- ' _— 2 : cov (v,f, [pT])
N R - p (v Ipd ) =
- B \/Var (v,%) \/Var ( [pT] )
- | » | pp, \s =13 TeV ]
-0.1— = | p-Pb, \sy=5.02TeV ~ — e Traces back “initial cause” from “final effect”:
- ] Pb-Pb, |s,y=5.02TeV _
_0 2 B | | | | | | | | I | | | | l | | | | l | | | | l | | | | |
' 50 100 150 200 250 300

N, (Il <0.8,0.2 < p_<3.0 GeV/c)

. (p(v22 , Lpr1)) similar across all three systems (pp, p—Pb, and Pb—Pb) for Non< 80.

e Small systems results can not be explained by nonflow (PYTHIA).

Similar p(vzz, | pr])in small and large systems at comparable multiplicities!
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Similarities in p(vzz, |pr]): Tracing back “Initial stage” from “Final Effect”

Initial State  Final State small v2 large vz
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

€n Vn

small <spt> . ge <pt>
@ Initial State ~~ Final State @
ALICE z L e

CERN-EP-XXXX-XXX
Day Month XXXX

N

e Pearson correlation coefficient:

s  Mea rexgent of correlations between elliptic flow and mean transverse
momentum in pp, p—Pb and Pb-Pb collisions Cov (V;% ; [PT] )
2 —
| p (vn ’ [p T] ) _
ALICE Collaboration*| )
V/var (33) /var ( P )
Abstract

e Traces back “initial cause” from “final effect”:

Measurements of correlation between elliptic flow (v;) and the mean transverse momentum ([pr])
8 using the modified Pearson correlation coefficient p(v%, [pr]) are reported in pp collisions at /s =

9 13 TeV, p—Pb and Pb—Pb collisions at a center-of-mass energy per nucleon pair ,/sny = 5.02 TeV
10 recorded with the ALICE detector. In Pb—Pb collisions, the correlation initially decreases and then
11 increases with the multiplicity. A similar decreasing trend is observed in p—Pb collisions, with a
12 subtle indication of crossing zero. A positive correlation is also noted in pp collisions, which de-
13 creases with the multiplicity. The correlations in pp, p—Pb, and Pb—Pb collisions are consistent for
14 multiplicities less than 70. The measurements in pp or p—Pb collisions cannot be reproduced by
15 the non-collectivity model PYTHIA. By comparing the measurements with AMPT and IP-Glasma
16 + MUSIC + UrQMD, it becomes evident that these measurements offer a unique theoretical under-
17 standing of collectivity in small collision systems. This includes insights into the initial state, such as
18 geometry, initial momentum correlation from color glass condensate, and hydrodynamics evolution
19 times.

Similar p(vzz, | pr])in small and large systems at comparable multiplicities!
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The Old Milestone

‘ Semi-central Pb—Pb \ High multiplicity p—Pb High multiplicity pp

(a) CMS PbPb |s, = 2.76 TeV, 220 < NJ; " < 260 (b) CMS pPb (5 = 5.02 TeV, 220 < o™ < 260 (d)CMSN=>110,1 .OGeV/c<pT<3.OGeV/c

1<p:'°<3GeV/c /_/ N

assoc

1<p, "<3GeV/c f’f

1< p;"g <3 GeV/c
1< p;"“ <3 GeV/c

o~

©-

= |5 g § 34{ q

a_|o

d — 33  ——

I3 o o S
o | 2 a1

iy XY =
4

For the last 14 years: these plots appear within the first 2 slides of any talk on small systems!

High multiplicity events in small systems: Qualitatively similar to the heavy-ion results!

Is it partonic collectivity (thermalized and deconfined)?
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A New Milestone...And

Two-particle correlation Two-particle correlation Two-particle correlation @ = & p(p)

I : x
IAnl > 2.0 AHET 1.1<IAnl <7.8 1.1<IAnl<6.4 O KO * A(A)
+ ¢ K

I,

”’F v t
® + %

o ¥
.,':;- ALICE +. ALICE * o B

Pb-Pb, VSNN =5.02 TeV -PDb, VSNN =5.02 TeV pp, ¥s = 13 TeV ’K
40-50% VOM ((Nch> ~ 478) 0-20% VOA ((Nch> ~ 35) 0-0.07% VOM ((Nch) ~ 35)

It is partonic collectivity!
Where does it switch off? At which multiplicity? | ¢—— |New open gquestion
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p—Pb : N, dependence of v, of identified particles

25 < N, < 50 p—Pb

'55 | ' ' ' 7 ' ' | ' ' ' | ' ' '
~ - ALICE Preliminary ot #p()
v L p-Pb, |5, =502TeV . _ -
T | 25<N,<50 mFAN
v 0.2~ Low Multiplicity Template: N_ <15 4K’ -
1_.., i & | -
O i L i -

& 6o o

5 § " T '
> 0.1 = B
. '+'\ -
v LI
0 | | | .
0 2 4 6 8
p_ (GeV/c)

. N_, > 25 : Baryon-meson grouping (~10) + splitting (> 50) of v, at intermediate p;. @
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p—Pb : N, dependence of v, of identified particles

‘25<Nch<50\ p—Pb 15 < N, <25
— = | —T T 1 T T T 1

=) T ICE Prelimi
N . ALICE Preliminary et #pP) - 2 _ ALICE Preliminary ont ¥pp) -
v - p—PDb, \s, =5.02 TeV < = Vv - p-Pb, \s,, =5.02 TeV s -
S [ 25<Ng<30 EOEAMAY = L 15en <25 EKTOFAA)
< s 0 _ < ch="~ 0
v 0.2 Low Multiplicity Template: N,<15 4K v 0.2 Low Multiplicity Template: N, <15 4K —
1—; i F 3 | - : : -
O i + .|.¥ - &) i _
o & . o -
&\I'c-\'] ry ® ® P = Sl’_’ - * * -
> 0.1 ! : — = 0.1 ‘ : m + —
_ _ A : i )
¢ ; + | ) - o + i,
_ e W _
v A RE ? _
0 | | | Ly 0 4t ¥ | | |
p. (GeVic) p_ (GeV/c)

 N_, > 25 : Baryon-meson grouping (~106) + splitting (> S0) of v, at intermediate p;. @

.+ N, < 25 : grouping and splitting (within 26) diluted.
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pp : NV, dependence of v, of identified particles

‘25<Nch<50\ PP ‘15<Nch<25\

) [ T T T — T T & [ frcor ] — T
o ~ ALICE Preliminary et #*p@E) fg I ALICE Preliminary et #pp)

v - pp, Vs=13TeV . . % pp, Vs =13 TeV . _
g 0.2 25<N_ <50 =K XA — 5 0.2~ 15<N_<25 K™ *A(A) —
v - Low Multiplicity Template: N_ <15  +K® 1 v [ LowMultiplicity Template: Ny <15 +K{ ]
O I 1 o I )
_ o . _ B _
S * 1 s o4 _
>C\I 0.1 | ! i’ g * ] >C\l 0.1 i ]

®

- . : X : * - - ‘t *’ t+ -
A ¢ Tt 3! R R
i I: ¥ * - = i
O | | | ¢ — O : | | : 1
0 2 4 6 8 0 2 4 6
p_ (GeV/c) p_ (GeV/ce)

 N_, > 25 : Baryon-meson grouping (~106) + splitting (> S0) of v, at intermediate p;. @

. N, < 25 : grouping and splitting (within 20) diluted. @

Where is the onset of collectivity?
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What is the low multiplicity limit for collectivity?

No evidence of baryon-meson grouping and splitting of v, at intermediate pr.

p—Pb: 15 < N, < 25 pp: IS5 < Ny, <25
—_— . . . . . . . . . o) i ' ' L ' ' ' ' ' ' ' I
2 [ ALICE Preliminary | B #p(5) i 6 | AL'C\}E P;§|$|Q/ary ent #p(P) _
v L p-Pb, sy =5.02TeV o Y bp, 15= 12 1€ =K: ¥A(R)
= L BN 0B KT ¥A(A) _ 5 0.2~ 15<N_, <25 ]
< ch — _ BTN : 0 -
v 0.2 Low Multiplicity Template: N,<15  +K® — v [ LowMuliplicity Template: Nop<15 K l
o | i - e | -
S T ': 0 - = 0.1 —
> 0.1 " . — i . ]
- z -1 — i ¢ + N
- o - N ® i
R % _ ot % @ "y 3
 em ¥ | - o _
0 T ah I | T 0 I | | 1
| 0 2 4 6
0 2 4 6
p. (GeV/c) P, (GeV/c)

1.02 ¢ CGC+Lund (p+p 7 TeV), 6 <Ng, / (Ng,) <8
0.3<p$>°<4 GeV

i 0<ptTrig<1 GeV

 Maybe Initial state effects are dominant in these dilute systems!

o Continue the search for collectivity towards lower N, in p—Pb and pp
collisions— with unidentified particles...

A Dumitru et al, Phys. Lett. B 697:21-25,2011
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Initial state etfects might be short range...

THE 3D IP-GLASMA MODEL

1%’""“‘*’%&

0.8
C (?Jl,yz)
CH (y1,92) = 2 -
06 | O 10w PYO(w) %)
5 4 3 2 4 0 1 2 3 4 5 5 -4 -3 2 -1 0 1 2 3 4 5
Ay Ay

B. Schenke, S. Schlichting, P. Singh; Phys. Rev. D 105, 094023 (2022)

e |nitial state momentum correlations — relatively short-range (still has finite
contribution for | An| < 3.0).

e Event geometry (transverse) — correlated across large rapidity intervals.

How to disentangle Initial and Final state effects?
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Initial state etfects might be short range...

THE 3D IP-GLASMA MODEL
1.4 — —
Initial state (O- 5)% Initial state -5) Ultra Long-range correlation in ALICE
-2 momentum correlation (40-50)% _ eccentricity correlation 20)
1 & (60-70)% —eo— | -70) . L T~
~ os! 0—Pb 5.02 TeV (80-90)% - p—Pb 5.02 TeV (80-90)% FMDC TPC FMDA
N < 1 -34<n<-1.7 -1.0<7<1.0 1.7<n<5.1
=z 0.6} Z & E!? : I ﬁ f
@) @)
: 08 FMDA—FMDC correlation
. C'g(yl yo) = Co(y1,y2) ' (|A77 >0 |)
0.6 | VA{I0(y1)[2){|O(y2) %) pa=e>0 GeV/c
| | | | | | | | | FMD1,2-FMD3
46<ntg <4.8 :
-5 -4 -3 -2 -1 o 1 2 3 4 5 5 4 -3 -2 -1 0 1 2 3 4 b5 B <0 2 -
o
Ay Ay & 13.23..'-':1
9 1053{" .
B. Schenke, S. Schlichting, P. Singh; Phys. Rev. D 105, 094023 (2022) SR Ll .
= .7.9 4
e |nitial state momentum correlations — relatively short-range (still has finite i

contribution for | An| < 3.0).

ALICE, JHEP 01 (2024) 199

e Event geometry (transverse) — correlated across large rapidity intervals.

Goal: Explore the longest-range correlation down to minimum bias multiplicity
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Flow coefficients: Ultra long-range correlation in ALICE

6 L | 1Tl | 1T | L | 1Tl | L 1Tl 1T
T - mpp Vs =13 TeV (5.0 < IAn < 6.0) -
A - @p-Pb s, =5.02 TeV (5.0 < [An| < 6.0) -
p-Pb \Syy = 5.02 TeV 5 " Gp-Pb {5y =5.02 TeV (6.5 < IAn] < 7.5) -
7 <N, <40 . 0.002 T _ —]
Low multiplicity template: N, < 4 %_) = Low MUIt!pI!C!ty Template (pp)' NCh <10 _
N  Low Multiplicity Template (p-Pb): N, <4 )
0.001 o D _
_ + o ™ O _
i o Lo o _
B 8 _
O L1 1 1 | L1 1 1 | L1 1 1 | I I | | L1 1 1 | I I | | L1 1 1 | L1 1 1

0 10 20 30 40 50 60 70 80
N, (pT > 0.2 GeV/c, Inl <0.8)

| ongest-range correlation ever measured down to or lower than minimum bias multiplicity in pp and p—Pb
collisions.
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Flow coefficients: Ultra long-range correlation in ALICE

O _I T T 1 | T T T 1 | 1T T 1 | 1T T 1 | T 1T T 1 | T 1T T 1 T 1 1 1 1 1 |_ 8 0_0025 _I L | L | | I I | | I I | | I I | L | L L I_
= 0.002 [~ M3DGlauber+MUSIC+UrQMD: (5.0 < lAn| < 6.0) - = 0,002 9PPP S =5.02TeV (6.5 <lAnl <7.5) i
A " Low Multiplicity Template: N <10 ] O ~ [J3DGlauber+MUSIC+UrQMD: (6.5 < IAnl < 7.5). i
% 0.0015 - - _ — & 0.0015 [~ —
§ 00018 I A : _
> - - [ - - - > - -
0-001~ B - - - — 0.001 - . 0 o
B : - - i e ° O -
i - - - o0 o °© ]
0.0005 — B — 0.0005 — g O —
: /\/f I i i Low Multiplicity Template: N <4 _
O _Iirl 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | 1 1 I_ O _| 1 1 | | [ | | I I | | | I | | I | | | I I | | I I | L1 1 |_

0 /‘lﬁ 20 30 40 50 60 70 80 0 10 2 30 40 50 60 70 80
N, (pT > 0.2 GeV/c, nl <0.8) Ng (p.>0.2 GeV/c, Inl <0.8)

~MB <N ch > 3dGlauber+MUSIC+UrQMD: W Zhao, S Ryu, C Shen, and B Schenke; ~MB < NCh >

Phys. Rev. C 107, 014904 (2023)

e SM of heavy-ions: Hydro (3DGlauber+MUSIC+UrQMD) doesn’t explain the results.
e SM of pp physics (PYTHIA) fails. Altrenative approach such as PYTHIA with shoving fails too!
e Critical challenge to both paradigms (HI and small systems) at once.
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Flow coefficients: Ultra long-range correlation in ALICE

“UROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

1 8 O . 0025 | I I | L | | I I | | I I | | I I | L | L L
e @\ O - ®p-Pb |5, =5.02 TeV (5.0 < IAn| < 6.0) -
7 A 0.002 [ OPPb 5y =5.02 TeV (6.5 <IAn| <7.5) .
= . B ]
CERN-EP-XXXX-XXX 5 3DGlauber+MUSIC+UrQMD: (5.0 < IAn| < 6.0)
Day Month XXXX - B B
O ~ []3DGlauber+MUSIC+UrQMD: (6.5 < IAnl < 7.5) i
L . 4 . *® .
;  First observation of Ultra-Long Range Azimuthal Correlations in Low & 0.0015 — —]
s Multiplicity pp and p-Pb Collisions at the LHC Vﬁ u O |
ALICE Collaborationf] 0.001— ® ® |
. B o O = _
| o _
= 1 o) _
Abstract B ® O O a
This study presents the first observation of two-particle correlations with pseudorapidity separation O 0005 [ l ! ]
of |An| > 5.0 and |An| > 6.5 (ultra-long range) in proton-proton (pp) and proton-lead (p—Pb) col- B N
lisions at the LHC, down to or below the minimum-bias multiplicity. The two-particle correlation : :
coefficients (V;4) are measured after removing non-flow contributions using the template-fit method B Low Multi p| |C|ty Tem p| ate: N . <4 |
across various multiplicity classes, providing novel insights into the origin of long-range correlations O | ch ]
in small systems. Initial-state momentum anisotropy, as modeled in 3D Glasma models generate T T T T T
only short-range correlations and do not contribute to ultra-long correlations measured in this paper.
14 Comparisons with the 3D Glauber + MUSIC + UrQMD hydrodynamic model reveal significant dis- O 1 O 2 30 40 50 60 70 80
15 crepancies at low multiplicities, indicating possible dynamics beyond typical hydrodynamic behavior
18 and highlighting the current lack of understanding of the initial conditions in small systems. PYTHIA N ch (,DT > 0.2 GeV/c, |T'|| < 0.8)
17 simulations with string shoving mechanism, fail to capture these ultra-long range correlations, em-
18 phasizing the limitations of current models. These results challenge existing paradigms, suggesting ~ M B < N >
19 that neither initial-state models, hydrodynamics, nor PYTHIA variants can fully account for the un- ch
20 derlying mechanisms in low-multiplicity pp and p—Pb collisions. The findings impose significant
21 constraints on models describing collective phenomena in small collision systems and advance the
22 understanding of origin of long-range correlations at LHC energies.

e SM of heavy-ions: Hydro (3DGlauber+MUSIC+UrQMD) doesn’t explain the results.
e SM of pp physics (PYTHIA) fails. Altrenative approach such as PYTHIA with shoving fails too!

e (Critical challenge to both paradigms (HI and small systems) at once.
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Collectivity in low multiplicity pp and p-Pb: A new paradigm!

Ultra Long range correlation exist after non-flow removal

even below m|n b|aS mU|t|p||C|ty (F”’St Observatlon) > :ISlca;arlpr!)d:JctlmletAoé T I::IT:Nol-pélrtilcleI c:')rrlela!tiolnI R I::IT:Nol-p;lrtich(; c:)rrlela!tioln I. Inxl I.|.Ip(%) I:
0.3 I 1ani>2.0 _|_..,¢m.+,‘+ T 11<lani<78 T 11<ani<6.4 mK* ¥ AR) T
. . o f K
Hydro paradigm fails. ol .;!u'*-a.: t,
L o % ® ¥ 1 ]
. . . . . P " H PO A |
PYTHIA paradigm (including shoving) fails. ot b & A | A" Ve 1 wta. .'
: { ALICE (JHEP 09(2018)006) :_""‘AUCE ¢ ° l" ﬁAUCE “ ° +4|§i
CGC doesn’t contribute. S S osAT T £ oo T & Gy ]
| I I I T N T T T IR i I N NI TN IR BN B B BT ETTrT EEET R |
. 0 2 4 6 5 V/8 0 2 4 6 5 V/8 0 2 4 6 5 V/8
Transport model (AMPT) fails (see the back up). Py (G0 7\ Pr (52

* Partonic collectivity,
hydro applicable

e Standard approach
of HI physics works!

dense system
| = i dilute system?few interactions? many interactions

low multiplicity high multiplicity

. ' i£t9
A new paradigm! paradigm shift” Hydro paradigm

Can we locate?
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Ultra Long range correlation exist after non-flow removal

even below m|n b|aS mU|t|p||C|ty (F”’St Observatlon) > :ISlca;arlpr!)d:JctlmletAoé o I::IT:Nol-pélrtilcleI c:')rrlela!tiolnI R I::IT:Nol-p;lrtich(; c:)rrlela!tioln I. Inxl I.|.Ip(%) I:
0.3 I 1ani>2.0 _|_..,¢m.+,‘+ T 11<lani<78 T 11<ani<6.4 mK* ¥ AR) T

. . [ +t‘ t K

Hydro paradigm fails. b ATy b,
! o * .,. 1 -t 1 )
. . . . M ' PSS I | |
PYTHIA paradigm (including shoving) fails. or | & R | A" . 1 wte, _-
. ..+ALICE (JHEP 09(2018)006) 1 :_""‘AUCE ¢ °lu | ﬁALICE * ° +4|§i !
’ . | ¥ —Pb, {Sy =5.02 Te I ¢ p-Pb,y5,,=502Te I | ,{s=13Te :
CGC doesn’t contribute. % SR & 0T & Sy svib ]
L+ o 15 5 51, 5,1 ' B B PR I BRI e N N DRI R T R A A | |
. 0 2 4 6 5 V/8 0 2 4 6 5 V/8 0 2 4 6 5 V/8
Transport model (AMPT) fails (see the back up). Py (GeVE 7\l Py (GVIO
a * Partonic collectivity,

hydro applicable

e Standard approach

of HI physics works!
. dense system
e*e’: new baseline* SRR | dilute system?few interactions? many interactions
low multiplicity high multiplicity

. ' i£t9
A new paradigm! paradigm shift” Hydro paradigm

Can we locate?
Only Initial state effects (not CGC )?
Initial state effects (not CGC )? + final state effects ?
Hydro still applicable?
new physics?
What are the possibilities?
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Summary and Outlook

e Small systems: partonic collectivity in high multiplicity classes of small systems!

* A new open question: Collective effects at low multiplicity pp and p—Pb collisions (down to MB muiltiplicity).
Origin: initial and/or final state effects? Run 3 pp and O-O data will be useful.

« Ultra long-range correlation (| An| > 5.0) down to the minimum bias multiplicity measured in pp and p-Pb
collisions for the first time.

* Inclusive e+e- collsions at 91 GeV and and 183-209 GeV show no ridge. New baseline?

* High multiplicity e+e- collisions (183-209 GeV) show ridge. Where is the onset of collective phenomena?

* New paradigm of collectivity search in small systems. Baseline: Min Bias e+e-; Target system: low mult pp, p-
Pb and OO, UPC, DIS etc. LHC Run3 will provide more insights.
Thank You
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Boundaries to be pushed with the Run 3 data
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ALICE-PUBLIC-2020-005

 Multiplicty dependent precision measurements for PID flow, long range correlations— search for the onset of
collectivity

 Multiplicty dependent flow vector fluctuations study using mid and forwrad rapidity detectors — constrain the
3D initial state effects.
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32 <N <37
1 < P, trig/assoc <2GeV/c

(1/Nirig)d2NP2"/dAndAg
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o
N

ALICE
pp Vs =13TeV

What is the low multiplicity limit for collectivity?

Ridge yield: No non-flow subtraction

= ALICE pp Vs =13TeV

0.0125 1 <P, trigrassoc < 2 GeV/c
- 1.4<|An|<1.8
0.0100 |~

C 32 <N <37
0.0075

L == F(AQ) a, term
0.0050 - ....F(Ag) a5 term
0.0025

(1/Ntrig)deair/dA¢ — Czvam

R I B

e C (A D)
= Fourier fit
N

Yridge

ALICE
pp VS =13TeV
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| ey
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. i
v

1 < P, trig/assoc < 2 GeV/c

1.4<|An|<1.8

® ALICE

ALEPH thrust
ete™ 91 GeV

=l P f——]

v 95%CL !

ALICE, PRL 132, 172302 (2024)

e Ridge Yield: YPP > Y¢ ¢ 56 (best) at 91 GeV; 6.30 (best) at 183—209 GeV

e Correlation at mid-rapidity: relatively short range (| An| < 1.8), non-flow removal might depend on the kinematics.

What is the origin of flow-like behavior at low multiplicity?
Initial and/or Final effects?
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Boundaries to be pushed with the Run 3 data
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See talk by C. Cheshkov : Link ALICE-PUBLIC-2021-004

 Multiplicity overlap with pp, p-Pb and Pb-Pb: scanning from fluctuation-dominant region to geometry-dominant
region.

 Multiplicity dependence of ultralong range correlation, PID flow, flow vector fluctuations can probe the initial
conditions (role of a-clustering).

e Measurements will provide constraints on initial state effects in both small systems and heavy-ion collisions.
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https://indico.cern.ch/event/1436085/contributions/6107409/attachments/2964440/5214988/ALICE%20Highlights-4.pdf

The Endgame: A consistent description with an onset possible?

Image Courtesy: Yen-die Lee (MIT)
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System size decreasing

e e+e-: Well-defined initial conditions. No uncertainties on initial geometry or PDF.description.
 No multi-parton interaction.

* No gluonic initial state radiation.
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low multiplicity or smaller system: where is the limit?
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Collective features at low multiplicity: Need more model input

Non-flow removal by Template fit method

8 0_003 1 1T 1 | 1T 1T 1 | I 1T 1 | L | 17 1T 1 | I T 1 | 1T 1 1 | 17 1 1
© i mpp Vs =13 TeV ALICE Preliminary
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N, (pT > 0.2 GeV/c, m| < 0.8)

* Hydrodynamics (3DGlauber + Music + UrQMD) underestimates the data. AMPT overestimates.

* Proper understanding of the initial state is missing.

Unprecedented constraint for hydrodynamic and alternative models. Need more theory/model input.
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ALICE
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ALICE Collaboration, S.Acharya et al., Eur.Phys.J.C 80 (2020) 8, 693
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Baseline: Collective features in heavy-ion collisions %

CoLBT: PRL128, 022302

1 ! » ]
: : . CE
ALICE 20-30% e h Pb-Pb \[syy = 5.02 TeV ALICE CoLBT
03" Pb-Pb {5 i=5.02 TeV 5 Tie = 0.3-m <08 R
IY]I <0.8 ! i . . 10_200/0 + K_ K—
5 ¢ K ¥ p(P) p(@)
E
-
0 ¢ 2
e | =
E Q{é‘@ X
L L] 13
8 10

ALICE, JHEP 243 (2023) 243 pT (GeV/c)

low pt (P S 3 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (hydrodynamics).

Intermediate pT (3 < pp S 8 GeV/c) —NCQ driven Baryon-meson splitting and grouping — quark coalescence,
sign of partonic collectivity ( &).

Well described by the model with hydro and quark-coalescence(@).
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Everything flows, everywhere...
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o Intermediate pr (3 < pr S5 GeV/c) — Baryon-meson grouping (~lo confidence) + splitting (> 5S¢ confidence) of v,
— quark coalescence, evidence of partonic collectivity ().
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Punsithike D] Steatie efifets + Hiydio
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STAR, Phys. Rev. Lett. 130, 242301 (2023)

Dec 19, 2024 Villum Symposium, NBI Debojit Sarkar (NBI) 5


https://indico.cern.ch/event/1436085/contributions/6107442/attachments/2964572/5215296/CERNShengliHuang4.pdf

Basics

e Strong interaction with force carriers gluons. (Quarks and gluons = . 1. 1.

partons)
Mass 1.27 Gev 171.2 GeV
e Quarks have never been observed free (confinement). Quarks behave charge e e t
as asymptotically free at short distances (asymptotic freedom). spin 112 1/2
name charm top
'} Static quark potential H O aQ ¢ Tdecays 010, o
09 | DtllSl_i(L?ts «g\'l-()‘)- o 104 MeV 4.2 GeV
03¢ O Hcin"y Quarkonia (NLO) .
0.8 o ¢'e jets & shapes (res. NNLO) 0 - -1/3 -1/3
. Z.‘_pl)olc.ﬁtm-‘LO» % 12 S 12 b
= v > jets (NLO)
4 07} | e % strange bottom
06 |
0s F
0.1} .
=) = QCD 0(M_) =0.1185 +0.0006 | Hadrons
03 - - - o & 1 10 0 [GeV] 100 1000

e At extreme temperatures and/or pressure, the hadronic medium undergoes a

transition into quark-gluon plasma
K. Olive et al. (Particle Data Group).

- Extreme temperature — early Universe Review of Particle Physics.
Chin.Phys., C38:090001, 2014.

- Extreme pressure — cores of neutron stars | N
G. S. Bali and K. Schilling.
T A\V/ ' ' ; - . m n
. ) (//tb — O) ~ 156 1\/[e Physical Review D, 46: 2636-2646, 1992 €SO
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V,, and v, measurement from long-range correlation in ALICE
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e Long-range correlations: TPC—FMDA/C and FMDA—FMDC corelations.
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Higher multiplicity event = Scaled baseline event (non-flow) + Additional flow 0

Y(AQ) = FY(AQ)P" +G[1+ ) 2V,pcos(nAg)]
' ' n=2 N
Probed Baseline Flow expansion
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Non-flow removal
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— | After Template Fit: residual non-flow is ~ 0
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Initial geometry driven...
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