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Outline

ALICE

Studying collective phenomena in pp and p—Pb collisions in ALICE:

» Investigating the multiplicity dependence of v, of baryons and mesons at intermediate p-.

« Exploring the ultra long-range correlation (| An| > 5.0) down to low multiplicity in pp and p—Pb collisions.
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Baseline: Collective features in heavy-ion collisions %
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Long-range correlation, anisotropic flow of identified particles, multi-particle correlations...

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

Intermediate p (3 < pr S 8 GeV/c) —Baryon-meson grouping and splitting of v, — quark coalescence, sign of partonic
collectivity (&).
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Long-range correlation, anisotropic flow of identified particles, multi-particle correlations...

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

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

collectivity (&).
What about small systems?
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Similar collective beahvior in small systems?
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2 ALICE, Phys. Lett. B 726 (2013) 164-177 P (GeV/c)
ALICE, Phys.Lett. B719 (2013) 29-41
Major issue — non-flow removal.
Long-range correlation, anisotropic flow of identified particles, multi-particle correlations...
Low pr (pr S 3 GeV/c) — Mass ordering of v,.
Intermediate pr+ (3 < pr <8 GeV/c) —No evidence of baryon-meson grouping and splitting of v, — no concrete

evidence of partonic collectivity (€3).
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Similar collective beahvior in small systems?
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2 ALICE, Phys. Lett. B 726 (2013) 164-177 P (GeV/c)
ALICE, Phys.Lett. B719 (2013) 29-41
Major issue — non-flow removal.
Long-range correlation, anisotropic flow of identified particles, multi-particle correlations...
Low pr (pr S 3 GeV/c) — Mass ordering of v,.
Intermediate pr+ (3 < pr <8 GeV/c) —No evidence of baryon-meson grouping and splitting of v, — no concrete

evidence of partonic collectivity (€3).

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.

The ALICE Detector

1®

CoNOGO~ONOE

ALICE

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 v/s.... = 5.02 TeV

P . \/_NN —34<np<—-1.7 -1.0<7n< 1.0 1.7<n<5.1
2. pp collisions at \/E =13 TeV
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V,, and v, measurement from long-range correlation in ALICE %
_— T ALICE

FMDC —— TPC — FMDA

-34<n<—-1.7 -1.0<7n7<1.0 1.7<n<3.1

e Long-range correlations: TPC—FMDA/C and FMDA—FMDC corelations.

VTPC—FMDA VTPC—FMDC

. nA nA
Val 2} = VEMDA-FMDC
n

TPC-FMD - ,,TPC, , FMD

¢ V,, estimated from Template Fit method:

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

Y(AQ) = FY(A@)P" +G[1 4 ) 2V,acos(nAg)]
'

' n=2 N |
Probed Baseline Flow expansion
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V,, and v, measurement from long-range correlation in ALICE %
_— T ALICE

FMDC —— TPC — FMDA

-34<n<-1.7 -1.0<7<1.0 1.7<n<35.1

e Long-range correlations: TPC—FMDA/C and FMDA—FMDC corelations.

Non-flow removal
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII

V}’{XC—FMDAVEXC—FI\/IDC _ oo -

pl2} = FMDA—FMDC ) C 0V, (PYTHIA) E

VnA 0.004 N

TPC—FMD ., ., TPC, FMD 0003~ =

0002— | After Template Fit: residual non-flow is ~ 0 |—

. V,, estimated from Template Fit method: 0.001] -

_ | i

- | T

Higher multiplicity event = Scaled baseline event (non-flow) + Additional flow s = S i —— ' —
Crl - |

Y(AQ) = FY(A@)P" +G[1+ ) 2V,acos(nAg)] P (GoVIc
e 'd n=2 N .
Probed Baseline Flow expansion
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$0$ High multiplicity p—Pb

Everything flows, everywhere...

L ALICE Preliminary —— apt Hom) -
L p-Pb, |5 = 5.02 TeV . o
- N,>50 KT OwAMA)
— Low Multiplicity Template: N,<15  +K® =
i " 2 ]
I # T 4 ]
i g e o, i
— ; o . . + —
= [ | -
o o

[ e v *Jf :
a ol t NCh > 50 ‘ ¢ + |
I_.. l 1 1 l l 1 .
0 2 4 6 8

p_ (GeV/c)

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

ALICE

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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$0$ High multiplicity p—Pb

Everything flows, everywhere...

L ALICE Preliminary —— apt Hom) -
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High multiplicity pp ALICE
- ALICE Preliminary et B
-~ pp, {s=13 TeV

— 25<N <50
- Low Multiplicity Template: N <15

&t

*p(p)
mK*

+K?

K
I
E

Ll
<&
I a (s
T S TN T NN NN RN NN SN NN SR

N
N
o
~ 00

p. (GeV/c

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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Everything flows, everywhere...

$0$ High multiplicity p—Pb $0$ High multiplicity pp ALICE

~ & [ ALCE Prelminary & = 9 [ ALICE Preliminary -

Al N~ - y ot . O y ot =+
A 0.3 40-50% v | p-Pb, |5y, =5.02TeV TR U b ppVs=13Tev . PP)
S g [ Ne>50 =KTOFAA) 1 F 0.2 25¢N,,<50 =K ¥AR) —
. v 0.2 Low Multiplicity Template: N <15 4K — v - Low Multiplicity Template: N <15 +K? ;
%02 - [ M 1 = 7 )
N &) i o i i S B = |
S - N -, _ & i ¥ T
= A 4 + =~ 0.1 B, —

0 1 = 01 — [ * —] > *

- . ‘o2 - e a '
. ., t Q * - B PS : L , * + -
i _ _ o "o
Ob- o o oo __ _'.t NCh>50‘ * ¢ i _‘:i ! NCh>25‘ ¢ -
. i 0 |_.. L. l | — 0 _" $
S T e RO
p; (GeV/c) p, (GeVic) p. (GeV/c)

ALICE, JHEP 243 (2023) 243

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

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 ().

What about lower multiplicity classes of small systems?
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p—Pb : N, dependence of v, of identified particles

p—Pb

N
R 25 < N4 <50

'55‘ | ' ' ' 7 ' ' | ' ' ' | ' ' '
~ - ALICE Preliminary et +pP) -
y - p-Pb, s, = 5.02 TeV . _ -
T | 25<N,<50 mFAN
v 0.2~ Low Multiplicity Template: N_ <15 4K’ -
1_.., i & | -
O i L Ay -

& 6o o

5 § " " '
> 0.1 = -
¢ B + T
v LI
0 | | \ I _
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

O O
& [25 <Ny <50 p—Pb & |15 <Ny, <25 ALTCE

— [ . ' " [ T T T [ T T — —— T T 1
N _ ALICE Preliminary et #p@) - > ~ ALICE Preliminz:lry | et #p({) i
v - p—Pb, \s, =5.02 TeV s — V - p-Pb, s, =5.02 TeV s —
= L o5 <50 sKExA® ] = [ ey =K ¥AR) _

asl ch=+"= . 0 < <Neh<
v 0.2 Low Multiplicity Template: N,<15 4K — v 0.2~ Low Multiplicity Template: N <15 +K? —
— F -f X 1 = :
+ -
8_) i " . * T %_) - i -
= g " T . 1 5 o : + '
> 0.1 . — > 01k ‘ : = +)|E —
_ I . ]
L TN D -
? M+ R ? :
O | | | ] L O " ¥ | |
0 2 4 6 8 | |

0 2 4 6
p. (GeVic) p_ (GeV/c)

« N4, > 25 : Baryon-meson grouping (~10) + splitting (> S0) of V, at intermediate pr. @

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

N N
¢ (25 <N, <50 e |15 <N, <25
S h PP . Sl h = ALICE
Y r r r— 1 *+ v+ 1 r 1 T o) Ll ' ' N ' ' ' ' ' ' 1]
o [ ALICE Preliminary ot #p@) o - ALIGE Preliminary ent #*p(P)
v - pp, {s=13 TeV ) - Y pp, V\s=13 TeV . _
£ 0.2~ 25<N,,<50 =KO¥AA) 4 F 02| 15<N,<25 BT O¥AMA) -
v - Low Multiplicity Template: N_ <15  +K® 1 v [ LowMultiplicity Template: Ny <15 +K{ ]
S| 1T o ]
_ we . - _ -
>C\I 0. | ! l’ | * ] >C\l 0. i ]
[
- . : X : * - - ‘t *’ t+ -
A ¢ Tt 3! R R
- X ¢ - - -
O, | | | 4 - O | | 1
0 2 4 6 8 0 2 4 6
p. (GeV/c) P (GeV/c)

. N_, > 25 : Baryon-meson grouping (~106) + splitting (> 50) of v, at intermediate p. @

.+ N, < 25 : grouping and splitting (within 16) diminished in pp. @

Where is the onset of collectivity? Will get back to this in a moment...
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Data—Model Comparison

High multiplicity p—Pb

@ L AUCEPrelminary ex Epp) -
v | p-Pb, |5y, =5.02TeV . _ -
T | N80 R wAW)
v 0.2~ Low Multiplicity Template: N, <15  +K? u
- P4 '
s [ + Y4 Z
g g ¥t '
> 011 ° % o + -
i . ¢ = .
o

et v, -+ )

- o B
_:_:t n—Pb ¢ -

O , | | L —

0 2 4 6 8

p. (GeV/c)

o Baryon-meson grouping and splitting of v, at intermediate pr. &

Any model comparison?
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Partonic collectivity in small collision systems!

High multiplicity p—Pb

- | T T T | T | T | T ~_ L L L L L L L DL L
2t ALICE Prelminary et #%pp) 1 =~ | Hydro-Coal-Frag
v - p—Pb, |5, =5.02 Te . - Vv i
T L N»50 " =K' ¥AR) T o2 p-Pb, s, = 5.02 TeV _
A - 28 ] A
— i X i — 015 ~ S
o) i v % | 3 Coal: Coalescence model of hadronization
&a " R N . - N o4f . Frag: Jet frasmentation
= 0.1 - o t ! + — H’-C;I ' go g
i r ¢ + il N
o
B * o . ] 0.05 -
i —Pb| ° H
- % P b ydro+Coal+Frag
O , | | . — o) I A I T BT B BT
0 2 4 6 8 0 1 2 3 4 5 6 7 8
p_ (GeVic) p_ (GeV/c)

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

‘ High multiplicity p—Pb: data and model have different N, / centrality cuts

o Baryon-meson grouping and splitting of v, at intermediate p;. &

o Hydro+Coal+Frag explains the baryon-meson v, grouping and splitting. &
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Partonic collectivity in small collision systems!

L ALICE Preliminary 8 Bop) -
- p-Pb, s = 5.02 TeV . o
L N >50 =K ®AQA)
— Low Multiplicity Template: N <15 4K’ —
i - . _
I + T s ]
i R N -, -
- . b : -
i n ¢ = _
[

i © b
i . _
. ::_ % p—Pb ¢
[ | T R
0 2 8
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High multiplicity p—Pb

o~ ™ ' LA B NLILELEL
o Hydro-Coal-Frag M WAQ) -
\Y; I K* 0 ]
— 02F Pp-Pb,\sy,=5.02TeV .
é?_ i K M p(p)
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— 0.15F ~
o)
o
& o1 .
) ©
0.05 i
l Hydro+Coal+Frag
O""' o
0 1 2 3 4 5 6 8
p. (GeVic)

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

v, {2PC, 1.1 < IAn| < 7.8}

<
= O
N

o
—h

o
o
&

)]

Hydro-Frag _ A(()A)
-Pb, \[s, = 5.02 TeV s
P NN i p(p)
0-20% VOA
1

‘ High multiplicity p—Pb: data and model have different N, / centrality cuts

o Baryon-meson grouping and splitting of v, at intermediate pr. &

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

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

L ALICE Preliminary 8 Bop) -
- p-Pb, s = 5.02 TeV . o
L N >50 =K ®AQA)
— Low Multiplicity Template: N <15 4K’ —
i - . _
I + T s ]
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W. Zhao et al., Phys. Rev. Lett. 125, 072301 (2020)

High multiplicity p—Pb

-
- Hydro-Coal-Frag Q
I 0 0.3
L p-Pb, \[s,, = 5.02 TeV 1 v
] =
0-20% VOA <
- Vv
~ 0.2
- O
al
S\',_Q,l 0.1
- ] >
Hydro+Coal+Fra :
I« Lo by v by by v by oy by vy ] 0
0 1 2 3 4 5 7 8

0-20%

AMPT (Str

ing-Melting)

ALICE
L AMPT (Sting meltng | W Bo®)
- p-PD, s, =5.02 TeV K= A(K)

‘ High multiplicity p—Pb: data and model have different N, / centrality cuts

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

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

2 4

Transport model with coalescence model of hadronization (AMPT) fails to describe the data. @
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Partonic collectivity in small collision systems!

L ALICE Preliminary 8 Bop) -
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— Low Multiplicity Template: N <15 4K’ —
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W. Zhao et al., Phys. Rev. Lett. 125, 072301 (2020)

High multiplicity p—Pb

-
- Hydro-Coal-Frag Q
I 0 0.3
L p-Pb, \[s,, = 5.02 TeV V
] =
0-20% VOA <
- Vv
~ 0.2
- O
al
S\',_Q,J 0.1
- ] >
Hydro+Coal+Fra :
I« Lo by v by by v by oy by vy ] 0
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0-20%

AMPT (Str
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ALICE
L AMPT (Sting meltng | W Bo®)
- p-PD, s, =5.02 TeV K= A(K)

‘ High multiplicity p—Pb: data and model have different N, / centrality cuts

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

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

2 4

Transport model with coalescence model of hadronization (AMPT) fails to describe the data. @
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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 <Ny < 25\

— — — ]
NG - ALICE Preliminary et *p(P) -
v L p-Pb, |5, = 5.02 TeV X -
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C
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O
N

)
—

o
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L N A o
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i i *‘ ++ _

i ° ; ® + # _

®
|

[ = * Q ]

T | 1 L

0 2 4 6
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(5

ALICE

Continue the search for collectivity towards lower N, in p—Pb and pp collisions— with unidentified particles...
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What is the low multiplicity limit for collectivity?

Ridge yield: No non-flow subtraction

1071

10-2 |-ALICE :
ALICE pp Vs = 13 TeV op VS =13TeV R L
1 < P, trigiassoc < 2 GeV/c 10_3 o :‘ I
1.4<|An| <1.8 ’ . v
o 10 1 < P, trigrassoc < 2 GeV/c
32 <N, <37 ko) 1.4<|An|<1.8
ol \{ e
- = F(A@) a, term 10-6 ® ALICE
+ =+ F(Ag) a3 term ——C(A¢) ALEPH thrust
- Fourier fit 10-7 95% CL ete™ 91 GeV
o o FEE | emen ALEPH thrust
10-8 - —~ ete~ 183-209 GeV
—1.5 0.0 1.5 3.0 4.5
A ALICE, PRL 132, 172302 (2024) (Nch)

* Finite ridge-yield close to Minimum Bias (MB) multiplicity.

e 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?
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Initial state etfects might be short range...

P-GLASMA MODEL

THE 3D
1.4 .
Initial state ( )%
1.2 : (40-50)%
momentum correlation
1 ¥ (60-70)%
(80- 90)%
= 08} p—Pb 5.02 TeV =
2 2
prd >C\l 06 - N
O O
-5 -4 -3 -2 - 2 3 4 5

Ay

Ww

N C(’)(ylay2)
C 1,Y2) — :
W v) = D P0G

5 4 3 -2 1 0 1 2 3 4 5

Ay

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

e |nitial state momentum correlations — relatively short-range!

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

What is the origin of flow-like behavior at low multiplicity?

June 4, 2024 SQM 2024, Strasbourg

Initial AND/OR Final state effects?
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Initial state etfects might be short range...

P-GLASMA MODEL
ALICE
Ultra Long-range correlation in ALICE
/ \
FMDC TPC FMDA
\<>: 1 EEW wg -34<n<-1.7 -1.0<n <10 1.7<n<35.1
7 Zow
- 08 | FMDA—FMDC correlation
e Co(y1,92) ' (147> 5.0])
0.6 | ’ VA{I0(y1)2){|O(y2)[?) : pEE 50 GeVic
| | | | | | | | | FMD1,2-FMD3
' ' ' ' ' ' ' ' ' 46<ntg <48
5 4 -3 -2 141 0 1 2 3 4 5 5 4 3 -2 -1 0 1 2 3 4 5 B <P < 2 .
A q’g‘ o '
Ay y
g3 10531 ..-&
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! T e
D
e 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
A ALICE

ALICE Preliminary
® p-Pb \/SNN =5.02 TeV (5.0 < |[An] < 6.0)
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B o _ LO

- ALICE Preliminary ] A 0.002
. mpp Vs =13 TeV (5.0 < |An| < 6.0) 1 =

. Low Multiplicity Template: N < 10 - ﬁh

‘_ 3 - § 0.0015
- i 1 o

i — 0 = - J

- _ | 1 = 0.001
i y ] : : - |
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~MB < N, >

e |Longest-range correlation studied close to minimum bias multiplicity in pp and p—Pb collisions.

e |nitial state momentum correlation is short range.

B. Schenke, S. Schlichting, P. Singh; Phys. Rev. D 105, 094023 (2022)
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Collective features at low multiplicity: Need more model input %

O
¥ 0.003
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Non-flow removal by Template fit method
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- mpp Vs=13 TeV ALICE Preliminary
" ® p-Pb |5,y = 5.02 TeV -
i 3DGlauber+MUSIC+UrQMD: pp Vs =13 TeV |
- W AMPT String-Melting: p-Pb s, =5.02 TeV = —
| \ _
i _
- u ] —
_ ﬂ . | _
. ]

I I | | I I | | I I | I I | I I I | | I I | | I I | I I
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N, (pT > 0.2 GeV/c, m| < 0.8)

ALICE

* 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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Summary and Outlook %

ALICE
» For pp and p—Pb: Baryon-meson grouping (~10) + splitting (> 50) of v, at intermediate p+ (3.0 < py < 5.0 GeV/c) for

Nh>25.

C

e The hydrodynamic model with the coalescence model of hadronization explains the baryon-meson grouping and
splitting of v, in small systems.

* |ndication of partonic collectivity at lower multiplicity classes of pp and p—Pb collisions? High statistics Run 3 data will
be useful.

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

 Unprecedented constraint for hydrodynamic and alternative models aiming to explain collectivity in small systems.

Need more theory/model input.
Thank You
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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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Partonic collectivity in small collision systems!

High multiplicity pp

Hydro-Coal-Frag

 Vs=13TeV

<
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= [Np@E _
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T T T T ] s
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« Both data and model results from high multiplicity pp collisions (with different /V, / centrality cuts.) ‘

Hydro+Coal+Frag explains the grouping and splitting,

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