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 Baseline: Heavy-ion collisions— collective phenomena are well established and widely studied.

* Explore similarities and differences between small systems and heavy-ion collisions.
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Anatomy: Collectivity in heavy-ion collisions

Initial state geometry + Final state interaction (Hydrodynamics description)

Particle distribution in x-y plane

dN |
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Azimuthal distribution of particles: P(¢) = y x 1+ 22 v.cos(ng —n¥) P — Tn
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Second Fourier Coefficient —— V) = ({(cos2(¢p — ¥,)))

Hydro prediction (V,, & €,,)
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Anatomy: Collectivity in heavy-ion collisions

Initial state geometry + Final state interaction (Hydrodynamics description)

Pair distribution in x-y plane
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Azimuthal distribution of particles: P(¢) = y x 1 +2 Z v, cos(ng —n'?,) Ag
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Second Fourier Coefficient —— V) = ({(cos2(¢p — ¥,)))
Hydro prediction (V,;, &X €,)
. s . ANPT?
Azimuthal distribution of pairs: P(¢,) * P(¢,) = A x 1+ 22 V_,cos(nAg)
¢ n

V,a ={{cosn(pr = Wy) - cosn(py — Wn))) = ((cosn[(p1 — ¥n) — (p2 — ¥n)])) = ({cosn(p1 — ¢2)))
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Anatomy: Collectivity in heavy-ion collisions

Initial state geometry + Final state interaction (Hydrodynamics description)

Pair distribution in x-y plane

deairs
Azimuthal distribution of pairs: TV 1 + 22 V,ac0s(nAg) Ay

P
Second Fourier Coefficient —— v, =({c0s2(¢; — ¢,)))

1< p:, <3 GeVic
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Hydro prediction (V,, & €,,)
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Phys. Lett. B 724 (2013) 213
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Anatomy: Collectivity in heavy-ion collisions

Initial state geometry + Final state interaction (Hydrodynamics description)

Pair distribution in x-y plane

. o . dNP"
Azimuthal distribution of pairs: TV 1 + 22 V,ac0s(nAg)
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CMS pp Vs =13 TeV
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Phys. Lett. B 724 (2013) 213

; ivi |
- bﬂpp Collectivity emerges! Pb-Pb

CMS, Phys.Lett. B 765 (2017) 193
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Baseline: Collective features in heavy-ion collisions
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ALICE, PLB 708 (2012) 249-264

ALICE, JHEP 243 (2023) 243

p_ (GeV/c)
PID v, measurements in Pb-Pb (CCNU, Wuhan)
Low pr (p S 3 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (hydrodynamics).

June 19, 2025 HENPIC Seminar

Deboijit Sarkar (NBI) Page 5



Baseline: Collective features in heavy-ion collisions
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PT (GeV/c) ALICE, THEP 243 (2023) 243

PID v, measurements in Pb-Pb (CCNU, Wuhan)

Low pr (p S 3 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (hydrodynamics).

Intermediate pr (3 < pr S 8 GeV/c) — Baryon-meson splitting and grouping — quark coalescence, sign of
partonic collectivity (@&).
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Baseline: Collective features in heavy-ion collisions

[ | | [ |
ALICE 20-30%
Pb-Pb |s,, =5.02 TeV 1
ml < 0.8 . &

¥ . |
o OX '
' g ]

(o0) é 8 ¢ o

1 ; r | L

2 4 6 8 10

p. (GeV/c)

X 4+ 0 B < e

2K

PID v, measurements in Pb-Pb (CCNU, Wuhan)
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ALICE, JHEP 243 (2023) 243

Low pr (p S 3 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (hydrodynamics).

Intermediate pr (3 < pr S 8 GeV/c) — Baryon-meson splitting and grouping — quark coalescence, sign of

partonic collectivity (@&).

Jet quenching + Finite v, at high p; — path length dependent jet-energy loss— sign of partonic collectivity. (€)
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Baseline: Collective features in heavy-ion collisions
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ALICE, JHEP 243 (2023) 243

Low pr (p S 3 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (hydrodynamics).

Intermediate pr (3 < pr S 8 GeV/c) — Baryon-meson splitting and grouping — quark coalescence, sign of

partonic collectivity (@&).

Jet quenching + Finite v, at high p; — path length dependent jet-energy loss— sign of partonic collectivity. (€)

What about small collision systems?
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Collectivity in small systems?

Pb—Pb High multiplicity p—Pb High multiplicity pp

offline
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ALICE, PLB 708 (2012) 249-264 ALICE, Phys.Lett. B 719 (2013) 29-41 CMS, Phys.Lett. B 765 (2017) 193

Everything flows (?) - Initial state geometry + Final state interaction (hydro description?)

(a) CMS PbPb |'s, = 2.76 TeV, 220 < N, < 260

Y 1< ptTrig <3 GeV/c
_ Py 1<p™> <3 GeVic
>
Collective interaction .
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x Oy - P
. v
¥
[
Coordinate space: Momentum space:
initial asymmetry final asymmetry
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Collectivity in small systems?
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Everything flows (?) - Initial state geometry + Final state interaction (hydro description? Geometry driven?)

(a) CMS PbPb |'s, = 2.76 TeV, 220 < N, < 260
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Initial geometry driven...

Hydro prediction (V,, X €,)
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PHENIX, Nature Physics 15, 214-219 (2019) : . « =g g
Consistent with latest results: PHENIX: PRC 107 (2023) 024907 Hyd rOdynamICS appllcable (Inltlal CondltlonS?)
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Initial State — still a mystery!

Nucleon Nucleon & Subnucleon
Fluctuation Fluctuation

e Possible contributions: (nucleonic + sub-nucleonic) fluctuations /
CGC / clustering /? —any universal recipe?

 Boost invariant approaches are inadequate!

STAR, Phys. Rev. Lett. 130, 242301 (2023)
| ' | ' | ' | ' |

' ' | ' |
1.57 @)  UCp+Au (N, )=34.1 1 b)  Vagnen Fit

0-10% d+Au <Nch>=356 B ® .- _3He+Au 1o 0
10-20% “He+Au (N_)=83.1 . -
i m - —p+Au

Hydro prediction (V,, X €,))
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June 19, 2025 HENPIC Seminar Debojit Sarkar (NBI) Page 8



Vo (m) # Vi (n2)

Flow vector fluctutates in both small and large systems!
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e Evidence of flow vector decorrelations in pr and 7 in p-Pb collisions (Similar to Pb-PDb).

e Small systems results can not be explained by nonflow.

Similarities in transverse and longitudinal expansion dynamics small and large systems!
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https://www.sciencedirect.com/journal/physics-letters-b

Overall, Hydrodynamics applicable...

Hydro prediction (V,, X €,))
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Similar collective behavior in small systems?

o) 0-25_'"'I""I""I""I""I""I""I""I_
2<pT,trig<4GeV/c p-Pb \'s, = 5.02 TeV =3 . ALICE _
1<p__ <2GeVi T 7IN(0-20%) - (60-100%) - _  p-Pb s, =5.02 TeV 3
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ALICE, Phys.Lett. B719 (2013) 29-41 |\/|ajor ISsue — non-flow removal.| ALICE, Phys. Lett. B 726 (2013) 164-177

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

Intermediate pr (3 < pr S 6 GeV/c) — No evidence of baryon-meson grouping and splitting of v, — no concrete
evidence of partonic collectivity (insufficient 2013 statistics to confirm baryon-meson v, grouping/splitting).
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Similar collective behavior in small systems?
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ALICE, JHEP 1811 (2018) 013

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

Intermediate pr (3 < pr S 6 GeV/c) — No evidence of baryon-meson grouping and splitting of v, — no concrete
evidence of partonic collectivity (insufficient 2013 statistics to confirm baryon-meson v, grouping/splitting).

No evidence of jet-quenching in p-Pb!
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Similar collective behavior in small systems?

o) 0-25_'"'I""I""I""I""I""I""I""I_
2<pT,trig<4GeV/c p-Pb \'s, = 5.02 TeV =3 . ALICE _
1<p__ <2GeVi T 7IN(0-20%) - (60-100%) - _  p-Pb s, =5.02 TeV 3
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- *K op i
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0.5 1 1.5 2 2.5 3 3.5 4

2 p_ (GeV/c)
ALICE, Phys.Lett. B719 (2013) 29-41 |\/|ajor ISsue — non-flow removal.| ALICE, Phys. Lett. B 726 (2013) 164-177

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

Intermediate pr (3 < pr S 6 GeV/c) — No evidence of baryon-meson grouping and splitting of v, — no concrete
evidence of partonic collectivity (insufficient 2013 statistics to confirm baryon-meson v, grouping/splitting).

No evidence of jet-quenching in p-Pb!

Focus: Baryon and meson v,(p) at intermediate p
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The ALICE Detector (Run 2)

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

e. FMD

Detectors primarily used in this analysis: | SN a. ITS SPD (Pivel)

1. VO Detector
Triggering and event classification.

2. Forward Multiplicity Detector (FMD) <

Unique coverage for long range correlation in ALICE. % ggg,m.vo
5. TOF

3. Time-of-Flight (TOF) 7. ENcal

Particle identification. 10.L3 Vagnet
13, Muon wall

4. Time Projection Chamber (TPC) 15 Do Nizgne

Tracking and particle identification. 15, 720C

19. ACORDE

. N, : Number of tracks in TPC with (|7 < 0.8, and

)2 0.2 GeV/C) Used as event classifier. Long-range correlation in ALICE
. Datasets — T
. p—PDb collisions at \/_ = 5.02 TeV FMDC TPC FMDA
2. pp collisions at \/_ = 13 TeV —34<n<-17 ~1.0<7< 1.0 1.7<n<5.1
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V,, and v, measurement from long-range correlation in ALICE

S —

_— T~

FMDC ——— TPC — FMDA

-34<n<-—-1.7 -1.0<7n<1.0 1.7<n<35.1

* Long-range correlations: TPC—FMDA, TPC—FMDC and FMDA—FMDC correlations.

TPC-FMD - ,,TPC,,FMD

1/TPC—FMDA |, TPC—FMDC %
TPC — nA nA -~
Vi /FMDA-FMDC % —
nA &

. V,, estimated from Template Fit method:

Higher multiplicity event = Scaled baseline event (non-flow) + Additional flow

| 05 Major issue— non-flow removal.
Y(AQ) = FY(A@)P" +G[1+ Y 2V,acos(nAg)]

V4 N4 n—="> o ALICE, arXiv:2411.09323
Probed Baseline Flow expansion
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V,, and v, measurement from long-range correlation in ALICE

e ———

_— T~

FMDC ——— TPC — FMDA

-34<n<-—-1.7 -1.0<7n<1.0 1.7<n<35.1

* Long-range correlations: TPC—FMDA, TPC—FMDC and FMDA—FMDC correlations.

VTPC —FMD TPC EMD Non-flow removal

NVZ 2 I N I O B B

<
VTPC —FMDA VTPC —FMDC ~Y 0,004

VTPC —
n VFN[DA—FMDC 0.003

Higher multiplicity event = Scaled baseline event (non-flow) + Additional flow oﬂ PSR T Ah% '

. V,, estimated from Template Fit method: .
|
——
, o0 S N T B B B T B B B
\peri . 1 2 3 4 5 6 7 8 9 10
Y(A@) = FY(A@)™ +G[1 + Z 2V,acos(nA@)| Pr(GeVic)
V4 n—"> AW ALICE, arXiv:2411.09323
Probed Baseline Flow expansion
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Everything flows, everywhere...

ALICE, arXiv:2411.09323

Two-particle correlation Two-particle correlation Two-particle correlation g gt

A7| > 2.0 +.|,g-u-+¥+ 11<|An|<7.8 1.1 <|An| < 6.4 m K

3 + ¢+ K2
.#l b". L]
d &

Ny o
@4 + %

o+
:-if ¥ e - +
..:;- ALICE . ALICE * e |
Pb—Pb, ys,, = 5.02 TeV p—Pb, Ys,, = 5.02 TeV+
40-50% VOM (N ) ~ 478) 0-20% VOA (N _) ~ 35) 0-0.07% VOM (N ) ~ 35)

pp, ¥s = 13 TeV #

« Low pr (pr S 3 GeV/c) — Mass ordering of v,.

o Intermediate p; (3 < pr S 6 GeV/c) — Baryon-meson grouping (~1o confidence) + splitting (> 56 confidence) of v,
— quark coalescence, evidence of partonic collectivity ().
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Partonic collectivity in small collision systems!

High multiplicity p—Pb

ALICE, arXiv:2411.09323

013 ALICE
V. 9o p—Pb, s\ = 5.02 TeV
;s: [ 0-20% VOA Hydro: Hydrodynamics
= +
V' 0.15 2 . Coal: Coalescence model of hadronization
— Frag: Jet fragmentation
O 0.1
. W. Zhao et al., Phys. Rev. Lett. 125, 072301 (2020)
> 0.05
0 0 5 10 0 5 10

P, (GeV/c) P (GeV/c)

« Baryon-meson grouping (~106) + splitting (> S0) of v, at intermediate p+. @
» 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
1511 MuTIplerty p ALICE, arXiv:2411.09323

—~ 0.25

025 ' ! ! 1 [ T T T T
OIE ALICE . ALICE e Hp(p) -
Vo g0 P—F’b; VS =502 TeV 0.0 P-Pb. {5 =5.02TeV FKE ®AQR)
2‘ 0-20% VOA i | - 0-20% VOA ¥ R Kg .
Y, ar < B ]
YV 0.5 . 0.15F =
g O 0.1 -
QN N _
> 0.05 0.05F —
] N H 1

’ v O 1 1 1 1 | 1 1 1 L

’ 0 5 100 5 10 0 5 10

p-. (GeV/c) p- (GeV/c) p_ (GeVic)

AMPT: S. Tang et al; NUCL SCI TECH 35, 32 (2024)
« Baryon-meson grouping (~106) + splitting (> S0) of v, at intermediate p+. @

» 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 multiplicit
5 pTICTLY PP ALICE, arXiv:2411.09323

—~ 0.25

N ALICE

©

vV gof PP Vs =13 TeV |

) 0-0.07% VOM Hydro: Hydrodynamics

— B Hydro-Coal-Frag P
V' 0.15 Coal: Coalescence model of hadronization
'_., Frag: Jet fragmentation

O 0.1

~ W. Zhao et al., Phys. Rev. Lett. 125, 072301 (2020)
N

= 0.05

10 0
OB (GeV/c) p- (GeV/c)

« Baryon-meson grouping (~106) + splitting (> S0) of v, at intermediate p+. @
» Hydro+Coal+Frag explains the baryon-meson v, grouping and splitting. &

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

Coalescence of flowing partons necessary to describe the pattern
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The Old Milestone
High multiplicity p—Pb High multiplicity pp

offline

105 < NJI'"™ < 150
1< ptT"g, p>*°° <3 GeVic_~"

. 2< P, <4GeVie p-Pb |'s, =5.02 TeV
3 < pTTng < 4 GeV/c Pb—Pb 2.76 TeV 1< p;sic <2 GeVic (0-20%;q i (60-100%) CMS pp s =13 TeV

2 < phs* <25 GeVlc | 0—10%

1 d2 Npair

e

SENE 1.65
r.\ %“."— — "‘_ -"'-\.__._
SRESSSAS
1_ . ' i f Of?ﬁ ﬁith;-utx.‘ - -
s ===
'*-.._‘ .‘. *. : \__ -- L *_‘_ - :
is' \\ Y .

LT
1

0

dn 4

ALICE, PLB 708 (2012) 249-264

2
A [rad]

Is it partonic collectivity?
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The New Milestone...And

ALICE, arXiv:2411.09323

Two-particle correlation Two-particle correlation Two-particle correlation g gt

A7| > 2.0 +.|,g-u-+¥+ 11<|An|<7.8 1.1 <|An| < 6.4 m K
' K

+ %

iu.- +*

ALICE +.|. ALICE * e

Pb—Pb, Ys,, = 5.02 TeV p-Pb, Y5, = 5.02 TeV pp, ¥s = 13 TeV #
40-50% VOM  ((N_) =~ 478) 0-20% VOA ((N_) =~ 35) 0-0.07% VOM ((N ) ~ 35)

o Intermediate p+ (3 < pr S 6 GeV/c) — Baryon-meson grouping (~1 o confidence) + splitting (> So confidence) of v,
— quark coalescence, evidence of partonic collectivity ().

Where does it switch off? At which multiplicity? | ¢=——New open question
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p—Pb

p—Pb: N, dependence of v, of identified particles

‘25 < Ny < 50\
— T T T I
N - ALICE Preliminary et *p(P) -
y - p-Pb, s, = 5.02 TeV ) _ -
T | 25<N,<50 BREEAL)
v 0.2~ Low Multiplicity Template: N_ <15 4K’ -
1_.., i & | -
O i o i -
ol M ¢
‘(“\IH *. ® ® m
~ @
> 0.1 > = B
. + T
Vv . -
Tt
O . . I | 1 1 I | 1 1 1 | ]
0 2 4 6 8
p_ (GeV/c)
N,

C

Wenya Wu, Qiye Shou (Fudan University)

1 - Number of tracks in TPC with (|7 | < 0.8, and py > 0.2 GeV/c)

« N_, > 25 : Baryon-meson grouping (~1o) + splitting (> 50) of v, at intermediate pr. @
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25 <N, <50 p—Pb
) A | R o)
N . ALICE Preliminary et #p[@) - >
Vv - p-Pb, sy, = 5.02 TeV .\ — - Y
£ | 25<N,<50 S A
v 0.2 Low Multiplicity Template: N <15  + K ] v 0.2
1—; _ # | — :
O - & +¥ - O
al ¥ ¢ al
SI’('\’I *. ® ® = = SI’_’
> 0.1 ! - — > 0.1
o t-
v . -
Tt
0 A SR T R TR SR S NN SR T T ] 0
0 2 4 6 8
p. (GeV/c)

p—Pb: N dependence of v, of identified particles

15 < N, <25

| 1 I 1 |_I_I_I_|_ T
_ ALICE Preliminary ot

- p-Pb, \s,, =5.02 TeV
- 15<N, <25
— Low Multiplicity Template: N, <15

=K

+K?

N

C

Wenya Wu, Qiye Shou (Fudan University)

1 - Number of tracks in TPC with (|7 | < 0.8, and py > 0.2 GeV/c)

« N_, > 25 : Baryon-meson grouping (~1o) + splitting (> 50) of v, at intermediate pr. @

« N, < 25 :grouping and splitting (within 20) diluted. ©
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S
S

‘25 <N,y < 50\

—~— |_ I I I | . ' : | . . . -

~ ALICE Preliminary 8 Bob)
v - pp, \s=13 TeV ) V-
g 0.2 25<N,,<50 5K ¥AR) —
v - Low Multiplicity Template: N, <15  +K -
3 i _
_ o . l
S L W - -
R _
- e B ¥ ' ¥ _
- ':_ t v, + =B -
- ‘: ¥ o -

[ ]

0 T | I | . ¢ ST
P (GeV/c)

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

pp: V., dependence of v, of identified particles

‘15 <N, < 25\
| ' T 1 | | | : |
~ ALICE Preliminary ot Ho@)
- pp, Vs =13 TeV e
0.2~ 15<N_ <25 =K ¥AA) —
- Low Multiplicity Template: N, <15  +K -
0.1 _
i i *0 * + -
_ e : | o e I # |

’ t

- - & ]
O | | —
0 2 4 6
P (GeV/c)

N

C

Wenya Wu, Qiye Shou (Fudan University)

1 - Number of tracks in TPC with (|7 | < 0.8, and py > 0.2 GeV/c)

« N, > 25 : Baryon-meson grouping (~10) + splitting (> 50) of v, at intermediate pr. @

« N, < 25 :grouping and splitting diminished. €
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Finite v, at low multiplicity!

. ——— P —— s [ - T T r T 1T T T T
OIE- ) ALICE Preliminc!lry I et #p@) ] P ] ALICE Preliminary ent #p(P)
A - P=Pb, {5y =2.02 TeV + - Al PP, Vs =13 TeV 2K* *A(A)
£ | 15<N,<25 L LGV § 027 15<Ny<25 O -
v 0.2~ Low Multiplicity Template: N_ <15 4K’ — v Low Multiplicity Template: N<15  #K{
(‘; : i 15 < N, < 25} 5 f 15 < N, < 25}
i _ O i _
S & } - < 0.1 —
> 0.1 £ y + — > L _
_ . ¢ " _ "
. u ’ *’ + -
. & ) T o * -
- O - r
 em ¥ _ - :' - + # -
X%
0 .',' | | O . | | —
0 2 4 6 0 2 4 6
p_ (GeV/c) p_ (GeV/c)
N, : Number of tracks in TPC with (|| < 0.8, and py > 0.2 GeV/c)
« N, < 25 :Baryon-meson v, grouping and splitting diminished in both pp and p—Pb collisions!

Finite v, at low multiplicity! Cannot be explained by pure non-flow effects.
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V,{2PC, 1.1 < |An| < 7.8}

Finite v, at low multiplicity!

O
N

-
—

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

i}

* ALICE Preliminary

- pp, \s=13 TeV

— 15<N_, <25

- Low Multiplicity Template: N <15

15 <Ny, <25F

1 - Number of tracks in TPC with (|#| < 0.8, and py > 0.2 GeV/c)

- ALICE Preliminary B BoB) -
- p-Pb, |5, = 5.02 TeV . _ -
- 15<N_ <25 =K ¥AA)
0.2~ Low Multiplicity Template: N <15 4K —
- i 15 < N4 < 25}
_ o< -
0.1} " " + + _
i . . . " ]
. i
- e :_ ¥ (%) -
o B -
g ¥
0 , | |
0 2 4 6
p. (GeV/e)
NC
. N,

June 19, 2025

HENPIC Seminar

Deboijit Sarkar (NBI)

h < 25 : Baryon-meson v, grouping and splitting diminished in both pp and p—Pb collisions!
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Initial state etfects might be short range...

THE 3D IP-GLASMA MODEL

(0-5)% ——
(40-50)% —@—
(60-70)% —o—
(80-90)%
2
=z 0.6
@)
0.4
- “wnl i e tne"
5 4 3 -2 1 0 1 2 3 4 5
O\Y1,Y2
Cg(yl:yQ) = (2 ) o
\/(|0(y1)| >(|0(’yz)| )

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

* [nitial state momentum correlations — relatively short-range (finite contribution for
| An| 5 3.0).

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

THE 3D IP-GLASMA MODEL

(0-5)% —#— 1.4 Initial state (0-5)% —%— -
40-50)% —@— | . ) 40-50)% —i—
( ) eccentricity correlation ( )
(60-70)% —e— | (60-70)% —o— |
) )

- 1.2
o8| p-Pb5.02TeV /\ (80-90)% | —Pb 5.02 TeV (80-90)%
> . >
2 2 1 W w
=z 0.6 ¢ 1 =z &
O O
4 - 0.8
Simas, 2 0.6 |
5 4 3 2 4 0 1 2 3 4 5 5 4 3 2 -1 0 1 2 3 4 5
A
Y CS (y1,y2) = a0 y
\/(|O(yl)|2>(|o(’yz)|2>

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

* [nitial state momentum correlations — relatively short-range (finite contribution for
| An| 5 3.0)

 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 (0- 5)% 1.4 Initial state (0-5)% —w— Ultra Long-range correlation in ALICE
12 momentum correlation (40-50)% —=&—= eccentricity correlation (40-50)% —==
1 & (60-70)% —eo— | 1.9 (60-70)% —o— _— T~
~ 08| 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 0.6t Z & E!? : I ﬁ f
O © FMDA—FMDC correlation
. 0.8 | (IAn > 5.01)
. /EMDA—FMDC
0.6 ] nA
| | | | | | | | | P850 GeV/e
5 _4 _3 _2 _1 0 1 2 3 4 5 5 4 3 -2 -1 0 1 2 3 4 5 FMD1,2-FMD3
46<:rfg <438 -
A bt
Ay N it CO(yI}yZ) y j'1<nFMD L )
Co (y1,92) = 5 e g 1055f
V{(IO@1)2){(|O(y2)[?) e 1054 .
g 10837
B. Schenke, S. Schlichting, P. Singh; Phys. Rev. D 105, 094023 (2022) 3 f el
» Initial state momentum correlations — relatively short-range (finite contribution for . 4
‘A”‘ rs 30 ) 4 7.6 b@@_&
 Event geometry (transverse) — correlated across large rapidity intervals. ALICE, JHEP 01 (2024) 199

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

Non-flow removal by Template fit method

6 0_0025 _I b | 11 | | I I | | L | | L | | I I | | I I I | I_
al - mALICE, pp Vs =13 TeV (5.0 < |An| < 6.0) —
Al - i
/;LI?VE, p—jOb VS =5.02 TeV 2 0.000 [ ®ALICE. p-Pb Sy = 5.02 TeV (5.0 < |A77| < 6.0) -
<N, < N _ — —
Low mTJItipIicity template: N, < 4 = - O ALICE, p—Pb VSNN =5.02 TeV (6-5 < |A77| < 7-5) |
0.0015 |- ¢ -
i % O |
0.001— & o O _
i + o s O _
i é o b 3
0.0005 — ) o —
i Low Multiplicity Template (pp): N, <10 7
B Low Multiplicity Template (p—PDb): NCh <4 7
O 11 1 1 | 1 1 1 | L1 1 1 | 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 | 11 1 |

0 10 20 30 40 50 60 70 80

ALICE, arXiv:2504.02359
N, (pT > 0.2 GeV/c, |n| < 0.8)

N

C

n - Number of tracks in TPC with (| 7| < 0.8, and pr > 0.2 GeV/c)

. Longest-range correlation (| Ay | > 5.0 (6.5)) ever measured down to or lower than minimum bias multiplicity in
pp and p—Pb collisions.
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Ultra long-range correlation in ALICE

ALICE, arXiv:2504.02359

6 00025 _I rtr[rrrtrJjrrrryrrr1r[rr 1t 11T 1T T[T T T T T 11 I_ 6 00025 _' eyttt '_
Q. - [WALICE, pp Vs =13 TeV (5.0 < |An| < 6.0) - Q. -® ALICE, p-Pb |s,,=5.02 TeV (5.0 < |A|n| < 6.0) )
3 0.002 [ M3D-Glauber+MUSIC+UrQMD - 3 0,002 [ O ALICE. p-Pb \Syy = 5-02 TeV (6.5 < JA|n] < 7.5) -
> - WPYTHIA8 Shoving (g = 3) : > 777 113D-Glauber+MUSIC+UrQMD: (5.0 < |Aln| < 6.0) -
- [ PYTHIA8 Shoving (g = 40) - - 3D-Glauber+MUSIC+UrQMD: (6.5 < |A|n| < 7.5) -
0.0015— HMPYTHIA8 Ropes B ] 0.0015 — ° ]
i _ i o _
n ] B _ - _
B i ] 001 | ® O ]
0.001F N : 0001 - . fa
B + o : - e 0 O ° i
0.0005 — Low Multiplicity Template: N, <10 - 0.0005 - ° o :
: ~ : B ]
/ - - Low Multiplicity Template: N_, <4 -
O T T R U [N T T T T T N TN T N T T T T T N T M A S W 1_ O _' o e v e v e e P b e By '_
0 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Ne, (p, > 0.2 GeV/e, [n| < 0.8) Ng, (b, > 0.2 GeV/c, |n] < 0.8)
~<N§}{B>‘ ~<N§}{B>‘

» Ultra-long-range correlation down to minimum bias multiplicity in pp and p—Pb: CGC doesn’t contribute.

 3DGlauber+MUSIC+UrQMD: (Sub-nucleonic + longitudinal fluctuation in initial state) doesn’t explain the results.
W Zhao et al, Phys. Rev. C 107, 014904 (2023)
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Ultra long-range correlation in ALICE

ALICE, arXiv:2504.02359

6 00025 _I rtr[rrrtrJjrrrryrrr1r[rr 1t 11T 1T T[T T T T T 11 I_ 6 00025 _' eyttt '_
Q. - [WALICE, pp Vs =13 TeV (5.0 < |An| < 6.0) - Q. -® ALICE, p-Pb |s,,=5.02 TeV (5.0 < |A|n| < 6.0) )
3 0.002 [ M3D-Glauber+MUSIC+UrQMD - 3 0.002 [ OALICE, p-Pb \Syy = 5-02 TeV (6.5 < JA|n] < 7.5) -
> O - WPYTHIA8 Shoving (g = 3) : > 777 113D-Glauber+MUSIC+UrQMD: (5.0 < |Aln| < 6.0) -
- [ PYTHIA8 Shoving (g = 40) - - 3D-Glauber+MUSIC+UrQMD: (6.5 < |A|n| < 7.5) -
0.0015— HMPYTHIA8 Ropes B ] 0.0015 — ° ]
i _ i o _
n ] B _ - _
B i ] 001 | ® O ]
0.001F o : 0001 - : -
_ + i = ‘- e .
0.0005 — Low Multiplicity Template: N, <10 - 0.0005 : ° o :
: ~ : B ]
/ - - Low Multiplicity Template: N_, <4 -
O T T R U [N T T T T T N TN T N T T T T T N T M A S W 1_ O _' o e v e v e e P b e By '_
0 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Ne, (p, > 0.2 GeV/e, [n| < 0.8) Ng, (b, > 0.2 GeV/c, |n] < 0.8)
~<N§}{B>‘ ~<N§}{B>‘

» Ultra-long-range correlation down to minimum bias multiplicity in pp and p—Pb: CGC doesn’t contribute.

 3DGlauber+MUSIC+UrQMD: (Sub-nucleonic + longitudinal fluctuation in initial state) doesn’t explain the results.
W Zhao et al, Phys. Rev. C 107, 014904 (2023)

« PYTHIA can’t explain the data. Alternative approach such as PYTHIA with Shoving/Ropes mechanism fails too!
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Summary

* ldentified particle flow in pp and p—Pb collisions:

. Baryon-meson v, grouping (~10o) + splitting (> 50) observed at intermediate py in high multiplicity events.

* Only model incorporating coalescence of flowing partons (Hydro+Coal+Frag) explains the pattern.
* Evidence of collectively flowing partons, similar to the one observed in heavy-ion collisions.

* Below certain multiplicity, the underlying dynamics changes. Partonic collectivity switches off at low multiplicity?

 Ultra-long-range azimuthal correlation down to low multiplicity pp and p—Pb collisions:

. Ultra-long-range correlation (| Ax| > 5.0 (6.5)) down to and lower than minimum bias multiplicity measured for
the first time.

 Hydrodynamics, CGC and PYTHIA based models can not explain the data!

* Excellent constraint for hydrodynamic and alternative models aiming to explain collectivity in small systems.
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Outlook
Upcoming Light ion collisions at the LHC

LHC

160 160

oo E b e
dense system
stem?few interactions? many interactions

low multiplicity ' high multiplicity

-

A

» Multiplicity overlap with pp, p—Pb, and Pb—Pb allows scanning from fluctuation-dominated to geometry-dominated
regimes.

« Light-ion collisions with unique shapes (e.g., a-clustering in O and Ne) can provide important constraints on initial
conditions — the shapes of light ions are well studied in low-energy nuclear structure.

 Multiplicity-dependent precision measurements of identified particle flow and long-range correlations can offer
critical input on the onset of collectivity.

Thank You
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Back Up
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Ridge yield: No non-flow subtraction

ALICE
pp Vs =13TeV

32 <N <37
1 < P, trig/assoc <2GeV/c

= ALICE pp Vs =13TeV
:_1 < PT, trig/assoc < 2 GeV/c

- 1.4<|An|<1.8

C 32 <N <37

X

=

o
N

- == F(AQ) a; term

== F(A@) a3 term

(1/Nirig)d2NP2"/dAndAg

(1/Ntrig)deair/dA¢ — Czvam

R I B

e C (A D)
= Fourier fit
P Bl N

Yridge

What is the low multiplicity limit for collectivity?

10~
10-2 |FALICE :
pp VS =13TeV R
10_3 ® |. I
am =° v
10~* 3 ® 1 < P, triglassoc < 2 GeV/c
: l 1.4<|An| < 1.8
106 v 95% CL ® ALICE
. ALEPH thrust
10_7 95% CL ete™ 01 GeV
U EE Umems TS T
10-8 ' ete™ 183-209 GeV

ALICE, PRL 132, 172302 (2024)

. Ridge Yield: Y?P > Ye ¢ 56 (best) at 91 GeV; 6.30 (best) at 183—209 GeV

« Correlation at mid-rapidity: relatively short range (| Ay | < 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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107"

IIIIIII

|

Ratio of yields to (m*+n-)

- =
- = -
ﬂ#

—t

107 —Q +Q (x16)

e ALICE pp, \s=13TeV
---------- Pythia 8.3 default

g —— Pythia 8.3 with ropes
--- EPOS4

u
......................................................
...............................

| | |
3 4 5 678910 20 30 40 50 102
(dN_/dn)

nl<0.5

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

ColLLBT: PRL]ZB 022302

2 T | ¥ | ) —r —
ALICE 20-30% * K Pb-Pb S = 5.02 TeV ALICE COLBT
03" Pb-Pb |5_;=5.02 TeV § 1o o 0.3-ml <0.8 ! ;‘_ ’If(; _
ml<0.8 N 10-20% +
. 5 ¢ K° * P(P) " PP
-~ 0.2 " - 0 E 02k _
% I N :
0.1 Oi @&q&' . A(A) 0.1 'S l ﬂt o
i ;6:;\05‘9 4 (‘) '/ » IH ; QI f *“'ﬁf%;{l :: .
QT & o {7 ro+Coal+ira |
M X ‘='(‘=;) Ok ‘J y ) T | ! T
0 . X L1 B Q(Q) 0 1 2 3 456 7 8 9 10
0 2 4 6 8 10 p_ (GeV/c)

ALICE, JHEP 243 (2023) 243 pT (Ge\// 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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Searching collectivity: We have come a LONG way...

ALICE, JHEP01(2024)199 ALICE, JHEP01(2024)199
pa““=t“9}0 GeV/c V2 " AUCE VoA mll,lltipl;cityl ’ -
T - p-Pb s, =502TeV 0-5% 7 5-10%
FMD1,2-FMD3 008~ p >0GeV/c T
46<n® <48 21 ol ;
e " ] & el Em B ﬁE
B <0 < 2,97 % f = V. '
- FMD > sl ﬁ T @@ L™
5 1055 .7 L. : ™ i !"‘-
— oL 0.02— —
aqs 10.544 - )
%é 10.53%° I R D P
% g 10524 : o 1 o
_ o 1051_ Lot 0.08_— 10-20% T -+ v,{2,TF} 20-40%
= - + [13D Glauber+MUSIC+UrQMD
7.9 4 __ 0.061 -+
S F COGs T Bans
s - o il i
. 0.04F- E@%@ e T e
/TPC-FMDA y,TPC—FMDC a4, 8 @ : w1 & "
A A 7 tﬁ 0.02 — +
v {2} — - - i T
n VFMDA—-FMDC e -
nA 7 7

3 X 2 PC method
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Non flow: need to be removed

C(An.A¢)

B T T
SO
225 % S
S 9 SIS
\ '

‘\‘ ‘:: Ol

. R K T R
B PR
20.16] FEESAREIEN

“e — E ‘o . ".““ ""/{ /’I
A BEEKEIST) J "
4 ‘3':‘*“"“*%///’/1'

,!{,&‘ "! /\

> . . .
-4 Wil discuss In detall...

Away-side (A@ ~ 11) back-to-back jet correlations:

two jets may have different rapidities: Ay # 0
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Possible Initial State effects + Hydro

STAR, Phys Rev. Lett. 130, 242301 (2023)

0.20 ) O 100/0 He+Au o |k b) O 100/0 He+Au -0.10
" STAR 1| @ v, STAR
V,0.15 o | BV, IP-Glasma & 1 v,
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{ - . T
0.05- - UE """""
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p+Au _ d+Au ~ V3He+Au (Expected hydro ordering)
~ 2

2
SPHAU v§1+Au ~ y;He+Au  (Different from PHENIX!)
3 3
V§)+Au ~ v§1+Au <V He+Au

See talk by S. Huang: Link

e |IP-Glasma+MUSIC+URQMD (sub-nucleonic fluctuations + CGC
+ preflow). Describes va —overestimates vo.

Model: B Schenke, C Shen , P Tribedy; Phys. Lett. B 803, 135322 (2020)

* Possible contributions: (nucleonic + sub-nucleonic) fluctuations +
Pre flow + CGC + clustering + ? —any universal recipe?

Boost invariant approaches fine?
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https://indico.cern.ch/event/1436085/contributions/6107442/attachments/2964572/5215296/CERNShengliHuang4.pdf

Similarity with heavy-ions?

-Dg_ 2 B I I I I I I I I I I I I I I I I I I I
O ~ p-Pb \sy=5.02 TeV Centrality classes
1.8 - FastJet anti-k jets, R = 0.4 mm ALICE 0-20%
| 61 <0.5 (ALICE) mmm ALICE 60-80% 3
O . =m= ATLAS 0-10%
4 - -0.8 <y* <-0.3 (ATLAS) =o= ATLAS 60-90%
1.2F
1 —
0.8}
0.6
0.4 -
0.2F .
O : | | | I | | | I | | | I | | | I | | | I :
20 40 60 80 100 120
P T, ch jet’ P T, jet (GeVic)

ALICE, EPJC, volume 76, 271 (2016)

- No evidence of jet-quenching in p—Pb.

- partonic collectivity can still be probed — probe the NCQ driven baryon-meson splitting and grouping of v,
at intermadiate pt(Q).
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* Physics Letters B 726 (2013) 164—177
Low statisticcs, large uncertianty. No definite baryon-meson v, grouping and splitting at intermediate p
Low multiplicity subtraction without any scaling of the jet yield.

Ridge at low multiplicity can be PID dependent. So, over-subtraction can be PID dependent —may create PID
depedencies in the results after subtraction.

 Phys.Lett.B 765 (2017)193
Low multiplicity subtraction without taking into account of the ridge at low multiplicity.

No splitting between baryon and meson v, observed at intermediate p-. CMS pp (5=13Tev

0.15—

| + hi

I | Kg

- e A/A
0.10—

——
= +
Q
? N B .+ + + B
> - + £
plE W LT + -
:*i'+ | | :
; + (105 < NOT™™ < 150) - (10 < NO'"™® < 20) -
0.00 . . . | . . . | . . o
0 2 4
p. (GeV/c)
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Low multiplicity subtraction.

Ridge at low multiplicity can be PID dependent. So, over-subtraction can be PID dependent —may create PID

depedencies in the results after subtraction.

The Q baryon v, is consistent with other baryons only at a single p+ point (~3.5 GeV).

The NCQ scaling holds better in p—Pb (non-flow might be an issue) compared to the Pb—Pb where QGP formation

IS confirmed!

June 19, 2025

HENPIC Seminar
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. Phys. Lett. B 742 (2015) 200:

No explicit non-flow subtraction. v, is extracted by fitting the long-range (| Az |> 2) azimuthal correlation function
using a Fourier decomposition.

e ' Pb—Pb
L aKe I . _
lMSj_\ & [ - e 4},"‘5'.'& & \ + ]
}N 4}:hi {h.;g. = #: ! 1.}'. ] .‘:}' *.ﬂ,
L s off] - NCQ scaling is violated in Pb—Pb collisions, where QGP formation is
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[ _,  BRARAN ARG ] whereas the scaling appears to hold better in p—PDb collisions, despite
1 . + 1 no non-flow subtraction!
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. Phys.Rev.C 97 (2018) 064904

Event plane method. Susceptible to non-flow.

It includes only a single meson and baryon species, limiting the generalizability of the observed grouping.

0.05}

LILELIL I LILILIL I L L} I LIILILL I LILELIL | LILELL I IIIIIII I rrri I rrri I Frri I L I rrri I IIIIIII | LILELIL | rrri I rrri | rrri | L I LI ,.JH T T T I T T T I T T T I T T T I
B 1 T i o _ : : _ -
0.25FP+Au at \Syn = 200 GeV 0-5%  (a) + d+Auat VSyn =200 GeV 0-5%  (b) + *He+Au at s, = 200 GeV 0-5% (c) . © 03 AMPT (String melting) = Bpp) _
[ = '+ Data - V - p-Pb, V S\N = 5.02 TeV K* A(K) -
- —e— p+p Data T B o 7
0 ol &= n*+n’ AMPT (no hadron rescattering)  _| 4: | 0-20% _
""F =i p+p AMPT (no hadron rescattering) + — i _
: — '+ AMPT V O 2 | .
015- = =4 p+p AMPT N i |
V. —
> B - - 7
: O i ]
1 I !
0 : SI’E(: 0.1 - ]
> i -

OO
|
|
|
|

G5 1 15 2 95 3 65 | 15 2 095 3
p_(GeV/c) p_(GeVrc) p. (GeV/c)

June 19, 2025 HENPIC Seminar Debojit Sarkar (NBI) Page 38



Baseline: Collective features in heavy-ion collisions

| Pb—Pb 2.76 TeV N
3<pi <4 GeVic E 0.3 40-50%
2 < ppsoe < 2.5 GeVie g:
P .
___________________________________________________________ E% 0.2
1.054 > N

C(A¢, An)

TN ."-...
> O\ [
A ) v

0 2 4 6 8 10 12

14
ALICE, PLB 708 (2012) 249-264 P~ (GeV/c)
ALICE, JHEP 09 (2018) 006

Low pr (p S 3 GeV/c) — Mass ordering —Interplay between radial and elliptic flow (hydrodynamics).
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