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Origin of collectivity in experiment and theory
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> Experiment

« Strongly-interacting medium is formed in collisions
according to several experimental indicators

« This medium is fluid-like, implied by anisotropic
particle momentum pattern of the hadronic products

« The anisotropic expansion is a result of collective
behaviour, and is very prominent in heavy-ion system

> Theory

« Hydrodynamics is a mainstream description of the
medium

 The system undergoes a fluid-like expansion under the
pressure gradients of the initial stage geometry

« Successful description of wide range of experimental
observables

« Medium properties characterized by shear and bulk
resistance to evolution over time

THY = eutu” — (P + I1)AFY + 717, o, " =0




Transport properties of the hydrodynamic theory
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N(E) | Overall normalization for collision energy dz, dn, ( 9 )
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Working principle of parameter estimation
&P P P Bayes’ theorem

P(E)
P(E) =) P(E|H;)P(H,)
i=1
Calibrate Posterior: P(H |FE): prob. of H
J given E (experimental data)

Measure

« Find optimal set of model parameters
that best reproduce the experimental
data.

« Utilize constraints, such as flow

Extract

observables, to help narrow down the

n/s(T) etc.
« Massive computational cost: need to

probe the entire 14-parameter space with
sufficient statistics



Experimental quantification

 Experimentally, only final-stage particles and their attributes can be measured
« How can the collective-like effects be experimentally quantified?

Transverse

Beam-perpendicular

« Two-particle azimuthal correlations: measurement of the polar angle Ay and pseudorapidity An
between all pairs of charged particles coming from the collision. What sort of correlations can be
observed?



Two-particle correlation: typical general features in (An, Ayp)

2< pT’trig <4 GeV/c

p-Pb \/s,, =5.02 TeV
1<p <2GeV/e
T,assoc

0-20%

2
PRa S
ALICE, PLB. 719 (2013) 29-41
Particles from the same jet at low Particles from back-to-back jets at
AnA¢p form the near-side peak Ay ~ 7 form the away-side ridge
pp event in STAR experiment



Long-range correlations

e Collective-like effects manifest themselves as the
double-ridge structure in the long-range

correlations
2< P < 4 GeVic p-Pb |5 = 5.02 TeV 0.51
1< pTasm <2 GeV/e 0-20%

1.5n

« The double-ridge emerges when a large elliptic
harmonic component is present: characterizes the
elliptic expansion

(Modes of expansion are chacterized through the)
flow coefficients v,,:
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Bayesian parameter estimation
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A number of studies done by 2021 utilizing mostly low-harmonic and 2.76 TeV observables

Still rather large uncertainty for both n/s(7T") and zn/s(T'). Can uncertainty be improved?

Duke and JETSCAPE provide open source setups for hydrodynamics and bayesian parameter estimation —
good starting point phenomelogy work

Started with JETSCAPE, soon move over to Duke setup



Our arsenal of observables from ALICE
J.E. Parkkila, et. al, Phys. Lett. B 835 (2022) 137485
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Parameter estimation using advanced azimuthal correlations
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« M. Virta, J.E. Parkkila, D.J. Kim, PRC. 111 (2025) 044903

Our latest calibration
includes data from LHC
Pb-Pb at 5.02 + 2.76 TeV
and RHIC Au-Au at 200
GeV.

« Parameters well
constrained despite 3
collision systems and
many observables

« Larger uncertainty than
Pb-Pb alone

« Model limitations, choice
of centrality etc.



Collective-like effects in various collision systems

- This signal is present across various collision system sizes

- offline
(@) CMS PbPb |s, =2.76 TeV, 220< N, < 260 2< Prig < 4 GeV/c p-Pb \[sy, = 5.02 TeV
1< Procsoc < 2GeVic 0-20%

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

1< p:ig <3GeVic
1< p®s° <3 GeVic

- Long-range correlation emerges during the early stages

In heavy-ion systems this is the medium response to initial stage geometry

Light-ion: likely medium response

p-Pb and pp: medium-like, but might be something else
In small systems the origin is unclear (QGP? Multi-parton scattering? Ropes? Initial-stage effect?)



Long-range correlations in pp: basic findings
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Prominent long-range near-side ridge in high multiplicity (N4, > 110) collisions

Small signal in minimum bias (0-100%)

How small can the system get and still exhibit these signals?
Several theoretical approaches with or without medium



Ridge-yield as quantification for collective-like effects

« Near-side ridge clearly visible in high-multiplicity events
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« Find the baseline and |A¢p_, | by fitting F'(Ap) = A(l 49 2221 p2scent COS(nAgo)) + Cyayy to the signal

« Measured in 1.4 < |An| < 1.8 to suppress the short-range non-flow correlations
« pr > 1.0 GeV/c (trig and assoc) to avoid near-side jet broadening into |An| > 1.4



Ridge yield in e"e™ collisions

Associated yield
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(pp system details are intricate. Study the simpler
processes involved in eTe™ annihilations (point-like
collision: no uncertainties on initial geometry or

(parton distribution function description) )

« No yield in the lowest multiplicities N, < 10

« Would we get similarly small values in pp as in

_|_

e"e” or are the two systems intrinsically different?




Ridge yield in low-multiplicity pp
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48

Non-zero yield even in very low
multiplicity collisions (95% C.L)
First quantitative constraints of
yield in smallest hadronic
collisions

5-60 larger yield in pp compared
to eTe™ collisions
A comparison to eTe” can
provide insight to what processes
might or do not contribute to the
yield

A reference point-like collision
can also help understand the

magnitude of initial stage effects



Flow in pp JHEP 03 (2024) 092
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Min. Bias
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Quantification of jet modification

Aim to quantify the modification of the jet
correlation shape over various multiplicity bins.

0.12 = ALICE pp v5 = 13TeV

1 < Pt assoc < Pr,trig < 2 GeV/c
|Ap| < 1.3

0.10
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Fit a generalized Gaussian over An-projection of the
correlation function over Ay € [—1.3,1.3].

A+ Sar 173 [(Z)B] ’

o \/cﬂr(sw)
r(1/8)

Greater o5, toward larger (higher multiplicity)

where

Broadening

collisions. This can signal the presence of jet
quenching, and therefore, likely medium.



Broadening of jets in Pb—Pb collisions
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- Broadening of the jet fragmentation peak in various kinematic regions observed in heavy-ion collisions.

« Abnormal and wider in A7 direction than Ay
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Multiplicity dependence of o5, in pp 13 TeV: width comparison

UAn

0.5~
0.4
0.3

0.2r—

E 0O & O =

L e o | e o B Eaman s o
1 < p1,assoc < P, trig <2 GeV/c 04 < pr,trig < 8GeV/c, 1 < Pr,assoc < 2GeV/c
2< P, trig < 3GeV/c, 1< PT, assoc < 2GeV/c 04< P, trig < 8GeV/c, 2 < P, assoc < 3GeV/c
2 < Pr. assoc < P trig < 3 GeV/c e 04 <pr,trig < 8GeV/c, 3 <Pt assoc <4GeV/c
3 < Pr,trig <4 GeV/c, 1 < Pr,assoc < 2 GeV/c ® 14 < pr,assoc < Pr,trig < 8 GeV/c
3 <pr,trig <4 GeV/c, 2 < Pr,assoc < 3GeV/c 1 *

3 <P, assoc < Pr,trig < 4 GeV/c 1 2 -
ALICE "Er
pp Vs = 13 TeV o +
* N |A(p|<13 1 @ <> o O -
* o a . ' Ellq]m - N4 ¢
* il
¢ o 1 ¢ ¢ i i b
® & @ —+ $¢ ¢ ¢ ¢
m D g - j; SO 4} $ ¢¢ 0¢¢ . 2 +
) i +
«c o2t : i i —+ g
* 4 i P
AEERNLE | dgvody o o $
1 L
mg®g¢$$T ”7‘+++$++ |
L] ’ + (] + R
e LN w__+4>¢4>¢¢ b
T+
¢¢+++++ H+++++ t
Midrapidity Multiplicity Estimator Forward Multiplicity Estimator
e e e e I L

(Nch) (Jn] < 1.0, pr>0.2GeV/c)

15 30 45 60 75 0

JHEP 03 (2025) 194

T R R I
15 30 45 60

(Nen) (|n] < 1.0, pr> 0.2 GeV/c)

Multiplicity dependence decreases for

higher p; and higher multiplicity

» But could it be because of multiplicity
estimator bias?

Forward multiplicity estimator results

have broader jets and weaker multiplicity

dependence across almost all py-bins

Clear ordering in the magnitude —

narrower peaks towards higher p;

No signs of jet quenching in pp



Model comparisons in pp
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+ Models overestimate for the lower-p; but better description for higher-p;
« Trend is captured by most models

The multiplicity dependence is weaker for higher-p
+ Non-trivial p; and multiplicity dependence in the models which contains “Jets” + “Flow”

Caution with your interpretation, introduced biases while producing flow (e.g, EPOS and PYTHIA8-Shoving)
Not trivial to extract flow from some models (see S. Ji et al., PRC 108 (2023) 034909)



Jet quenching in light-ion systems: OO?
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Expect p-Pb and OO fall into transition region 7y4,,/ R & 1 where system is expected to encounter final
state interactions, but is also out-of-equilibrium for a significant part of its lifetime. No hint in p—Pb but a

sweet spot to oberve jet quenching signal in OO.




Centrality dependent jet-shape modification in OO

| No public preliminary



Jet-shape modification in OO - comparison to Pb-Pb

| No public preliminary



Jet-shape modification in OO - comparison to pp reference

| No public preliminary



Summary

« QGP is created in heavy-ion collisions at the LHC and its evolution governed by relativistic hydrodynamics

« Higher harmonic and independent advanced multi-particle correlations can improve the parameter
estimation outcomes

 Flow-like signals are measured even in the smallest collision systems

- However, no jet quenching signals observed in pp



Backup



Two-particle correlations: experimental representation

Two-particle correlation function between trigger and associated particles (pryiz > Prassoc)
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(Same- and Mixed-event correlation function, and the corrected outcome.)

The two-particle correlation method is used to study azimuthal angle distributions of the emitted charged
particles, and in turn probe collective-like effects and jet fragmentation interplay with potential medium.



Conversion of ALEPH multiplicity

- Estimate the limits of uncertainty on the

conversion of the multiplicity

« Target: multiplicity defined by accepted particles
within || < 1.0, pr > 0.2%¥
 Multiplicity conversion between different systems

and experiments is done using PYTHIA
1. Simulate pp at /s = 13 TeV in both
experimental acceptances. Multiplicity ratio to

obtain o,

2. Simulate ete™ at /s = 91 GeV in both
experimental acceptances. Multiplicity ratio to

obtain oy

Method

Experiment

Corr. factor oy 5

PYTHIA

ALEPH pp 13 TeV,
ALEPH eTe™ 91 GeV

0.57 (A) 0.78 (B)
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Low multiplicity pp ridge yield model comparisons
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« No ridge from Monash, as
expected

« Models with collectivity
mechanisms underestimate the
ridge yield

« Model ridge yield calculated at
large 2 < |An| < 4 to avoid the
over-estimated jet fragmentation

width



Matter in early universe

History of the Universe

Quantum
Fluctuations

o Early Universe immediately after Big Bang: free

Radius of the Visible Universe
Inflation]Ends)
Dark Ages
First Stars & Galaxies Form
Modern Universe

quarks and gluons not confined to hadrons

0.01s 3 min 380,000 yrs 200 Million yrs | 13.8 Billion yrs L Can be Created Small HUCICi'Sized droplets at the

Age Of the Unlverse BICEP2 Collaboration/CERN/NASA

LHC in heavy-ion collisions

o Study of this matter can improve the understanding
on a strongly-interacting system as well as the
conditions in early Universe
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