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Introduction

A relativistic hadronic
collision involves
many different

(O Hard Interaction
® Resonance Decays

B MEGCs, Matching & Merging
B FSR
W ISR*
QED
® ™ Weak Showers

® Hard Onium
(O Multiparton Interactions

processes...

[0 Beam Remnants*
Strings
Ministrings / Clusters

However, these can
be broadly grouped in
two categories

Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
M Primary Hadrons

@® Meson B Secondary Hadrons

A Baryon . . .
W Antibaryon M Hadronic Reinteractions

© Heavy Flavour (*:incoming lines are crossed)

Bierlich et al. SciPost Phys.Codeb. 2022 (2022) 8


https://arxiv.org/abs/2203.11601
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Hard process: perturbative,

high-pt (many GeV/c) physics

Hard scattering(s) are
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Hard process: perturbative,

high-pt (many GeV/c) physics

Hard scattering(s) are
~  superimposed on a soft

, background
Soft process: non-perturbative, °

law-py (a few GeV/c) physics

_/

@
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(I(D\ 1\

Disentangling the two is non-trivial

&

Fach leaves a distinct, traceable mark in
the final-state particles of a collision
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Hard process: perturbative,
high-pr (many GeV/c) physics

Soft process: non-perturbative,

&

-\

Hard scattering(s) are
~  superimposed on a soft
backgrounad

_/

Disentangling the two is non-trivial

Fach leaves a distinct, traceable mark in
the final-state particles of a collision

These marks reveal properties of the
quark-gluon plasma (QGP)
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Each stage of a collision involves different physics:

ALICE, arXiv:2211.04384v1 8



https://arxiv.org/pdf/2211.04384
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Initial state: Lorentz-contracted nuclei collide, and
event-by-event fluctuations produce an irregular
energy-density protfile

Initial state

ALICE, arXiv:2211.04384v1 9
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Hard scatterings: Early production of
high-pt partons and heavy quarks

Initial state

ALICE, arXiv:2211.04384v1 10
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QGP formation and expansion: Leptons serve as a thermometer for

Soft interactions form a decontined this medium, while hard probes

medium that expands via radial flow interact with it as they traverse it
Initial state QGP formation

ALICE, arXiv:2211.04384v1 11
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Hadronization: A smooth crossover.

High-pt partons fragment, while low-p
quarks coalesce into hadrons

Hadronisation

Initial state QGP formation

ALICE, arXiv:2211.04384v1 12
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Chemical: Inelastic collisions cease and particle abundances are tixed

Freeze-out <

ALICE, arXiv:2211.04384v1
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The evolution of a heavy-ion collision

Ciencias
Nucleares

UNAM

Chemical: Inelastic collisions cease and particle abundances are tixed
Freeze-out <

Kinetic: Elastic scatterings cease, so momenta are fixed and particles free-stream

Freeze-out

Hadronisation

Initial state QGP formation

ALICE, arXiv:2211.04384v1
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The evolution of a heavy-ion collision
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Detection: Experiments like ALICE
measures spectra and correlations of final-
state hadrons to characterize the medium

Freeze-out L.
Hadronisation ...

QGP formation

Initial state

ALICE, arXiv:2211.04384v1
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= | = ALICE aims to determine the
properties of the QGP
through a series of detectors:
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T

e TPC: Tracking and particle
identitication using the
energy deposited in the gas
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ALICE experiment (Run 2
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PEERE A . YU'RYL R E l‘l'.\ ‘
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T

e |TS: Interaction vertex and
decays
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PEERE AW . YU 'RYL (B W .\l'.\ ‘

e VO: Trigger, background
suppression, and
multiplicity estimation
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Jet quenching: the energy loss suffered by

high-pt partons while traversing the QGP

f ATLAS Collaboration/CERN

p+p A+A

21



Jet quenching
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eEstablished in Pb-Pb but missing in p-Pb,
as reported in the measurements of the

nuclear modification factor

1 dNA/dp, QGP

R = ’
Aa(PT) (N..;) dNPP/dp; reference vacuum

22

pPb

An

R pppps

1.2

0.8

0.6

0.4

0.2

ALICE Collab. J. High Energ. Phys. 2018

ALICE \'s,, = 5.02TeV

B charged particles | 71<0.8 B
Norm. _Pb ]
4 P PR . -
: R :
¢ O |
¢ _
F!++ *— Peripheral Pb-Pb -
~ f$ Central Pb-Pb ! B
¥R — :
-y o —e— [ e | Pb-Pb,0-5% —
- 00 ¥ —e | Pb-Pb,70-80% T
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https://link.springer.com/article/10.1007/JHEP11(2018)013

Jet quenching
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OO0 results: ALICE measurements show
indications of jet quenching in OO

collisions

1.2

0.8

0.6

0.4

0.2

0

Al ICF Cnllah arXiv-2A0A 190R7 Tniicl-axl

rrr 7yttt +r+rrrfp+r+r {1t rroprroroprroro]l
I I | I I I I I | [

' pO, V5, =9.62TeV, %, 0 -100% p-Pb, Vs, =5.36TeV, x°, 0-100% -
00, Vs, =5.36TeV,n% 0-100% [ =] Pb-Pb, {5, =5.02TeV, h, 0 -100%

-

[
44—
Q
®

E Pb-Pb | 7

E ALICE -

O 2 4 6 8 10 12 14 16 18 20
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https://arxiv.org/abs/2606.19967

S N ATOHOH

i Instituto de ’3?2& %

't h Ciencias N Fail
J e q u e n C I n g Nucleares
UNAM

:Hard. scat. Pre-eq. Hydro-evolution Hadroni

p-Pb

PP

Time
>

*What about pp collisions? Observing jet

quenching here is key to establishing the Does a medium form in small systems?

minimum system size for QGP formation

24
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In pp collisions, jet quenching is study via the azimuthal distribution of charged-particle
jets recoiling from a high-pt trigger hadron.

44‘

Recoiling jet 25
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In pp collisions, jet quenching is study via the azimuthal distribution of charged-particle
jets recoiling from a high-pt trigger hadron.

Trigger Track

A back-to-back configuration is expected in vacuum
Any deviation could hint a possible jet quenching effect

4 44

Recoiling jet 26
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In pp collisions, jet quenching is study via the azimuthal distribution of charged-particle

jets recoiling from a high-pt trigger hadron.

Trigger Track

Measured with:

recoil —

= (Recoll signal distribution) — c.¢ X (Recoil reference distribution)

Signal + Background Background

Recoiling jet 27



Instituto de

Published results Siencias

UNAM
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e The azimuthal distribution is broadened in MB B 3o P S (2040 GeVie 1 8
. . , HM = |- - pQCD@LO + Sudakov (MB) 3
HM events, which is also seen in PYTHIA 8 = 0 ;
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0 [ | l l l l l l é
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= —e— Data 3 =
z‘m L5 - + Syst. uncert. - g
TIZ 1 - - s - - - - - 4 8
© 0 PYTHIA 8 e 2
0OS5E Lonnllonallaanllennal | Lrcd
lsl R LA LB I I '
=
EE 1——*———1-—'—— I———_
al® :
A [ .
0.5 ' =

- s L by s by s by by s by a1y
1.6 1.8 2 22 24 26 28 3
A@ (rad)

28



https://link.springer.com/article/10.1007/JHEP05(2024)229

Instituto de

Published results Siencias

UNAM

-3

Data: 8?|<'1'O'|"'|"'|"'|'"|"'|"'|":

The ALICE Collaboration reported the = MB - [ AMCEmh=DTV —+

. . . HM ':3 6.4 - Charged-particle jets —

following tindings e )3; " Antidky R=04,[n | <035 :
PYTHIA 8: | 481 11(20, 30} - TT{6,7) /2= S
 The azimuthal distribution is broadened in 1;141\]?[ B 3o P ©(20.40) GeVie 10 8
. . . ~ " - - pPQCD@LO + Sudakov (MB) §
HM events, which is also seen in PYTHIA 8 P <
< or K
e Since PYTHIA 8 lacks any medium, the C e | S
= —e— Data 3 =
observed broadening is unlikely to be 2‘%1'53 i Syst.uncert. {3
: . . . T 1f--- e — - - - - S
oredominantly driven by jet quenching E vtias e 4 S

0OS5E Lonnllonallaanllennal | Lrcd

1.5l frrrprrrpr e I I It

< i
ST * —4—

< 1 === A ==

Q; * s i

al C i

O.S-I-...I...I...I...I...I...I....1—
16 1.8 2 22 24 26 2.8 3 .

A@ (rad ol
. @ (rad) s



https://link.springer.com/article/10.1007/JHEP05(2024)229

Published results
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The ALICE Collaboration reported the
following findings

e The azimuthal distribution is broadened in
HM events, which is also seen in PYTHIA 8

e Since PYTHIA 8 lacks any medium, the
observed broadening is unlikely to be

predominantly driven by jet quenching

e Nonetheless, this broadening is caused by
a event selection bias rather than a
physical jet quenching eftect

30
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The selection of high-multiplicity events is
based on the signal detected at VZERO

* Minimum Bias (MB): at least one temporal
coincidence of signals at VOA and VOC

e High Multiplicity (HM): HM > 5(VOM)

VO0A: 2.8 <7 < 5.1 . VOC: —3.7<q < -1.7

ALICE Run 2

31
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Recoil jet eta distributions for different

activity based on the VOM

VOC

|
VOM/AVOM) e

—o— (0.0, 2.5)
——(2.5,4.4)

% (4.4, 9.0)

—
VOA

32

* The HM requirement preterably
selects events with a recoil jet in
the VOC acceptance
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Bias toward local fluctuations Rkl
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Recoil jet eta distributions for different

activity based on the VOM

VOC

|
VOM/AVOM) e

—o- (0.0, 2.5)
——(2.5,4.4)

% (4.4, 9.0)

—
VOA
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* These jets come from higher-
order processes and have broader

distribution in Ag LO jets

Recoll


https://link.springer.com/article/10.1007/JHEP05(2024)229

Bias toward local fluctuations

o | ower enhancement in VOA is

caused by the asymmetric

coverage of VO array

34
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* This result raises the question of whether
alternative event classitiers can mitigate this bias

* Motivated by this, a comparison between the most
used event classifiers at the LHC was performed

35
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OPEN ACCESS
PS N h 10OP Publishing Journal of Physics G: Nuclear and Particle Physics
C

J. Phys. G: Nucl. Part. Phys. 52 (2025) 095001 (15pp) https://doi.org/10.1088,/1361-6471 /ae02ac

Which estimator selects * VOM
high-activity events ° Spherocity Investigating the most active pp collisions

° ° o i
without simultaneously » Sphericity gfﬁe?i';é’;t‘;s;?gt‘htgilt_l? Is developed by
biasing the sample? e R
r Jesus Eduardo Muifioz Méndez"©® and Antonio Ortiz
® F ‘ atte n i City Instituto de Ciencias Nucleares, UNAM, Apartado Postal 70-543, Coyoacén, 04510,
Mexico City, Mexico
360

Jesus Méndez and Antonio Ortiz 2025 J. Phys. G: Nucl. Part. Phys. 52 095001


https://iopscience.iop.org/article/10.1088/1361-6471/ae02ac#back-to-top-target
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Event classifiers highlight a desired characteristic of a collision

Event classifier Symbol N coverage @ coverage (rad) iIs 77 used ? | is ¢ used ?
Mid-pseudorapidity mult. N, —0.8 <17 <0.8 27 yes no
Sphericity St —-0.8 <5 < 0.8 27 yes no
Spherocity S —0.8 <5 <0.8 27 yes no
Rel. trans. activity classifier R+ —0.8 <1 <0.8 /3 < |Ap| <2x/3 yes yes
Forward multiplicity VOM —-37<n<-17and 2.8 <y < 5.1 2r yes no
Flattenicity 1-p. —-37<n<-17and 28 <y <5.1 27 yes yes

The most basic classifiers are based on collision activity, though more
recent tools further distinguish event topology

37
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Event classifiers highlight a desired characteristic of a collision

Event classifier Symbol N coverage @ coverage (rad) iIs 77 used ? | is ¢ used ?
Mid-pseudorapidity mult. N, —-0.8 <5 <0.8 27 yes no
Sphericity St —-0.8 <5 < 0.8 27 yes no
Spherocity So —0.8 <17 <0.8 27 yes no
Rel. trans. activity classifier R+ —0.8 <1 <0.8 /3 < |Ap| <2x/3 yes yes
Forward multiplicity VOM -3 7<n<-17and 2.8 <y < 5.1 27 yes no
Flattenicity 1-p.h —-37<n<-17and 28 <y <5.1 27 yes yes

* VOM and flattenicity are calculated in the forward pseudorapidity

33
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Event classifiers highlight a desired characteristic of a collision

Event classifier Symbol N coverage @ coverage (rad) iIs 77 used ? | is ¢ used ?
Mid-pseudorapidity mult. N, —0.8 <7 <0.8 27 yes no
Sphericity St —-0.8 <5 < 0.8 27 yes no
Spherocity So —0.8 <17 <0.8 27 yes no
Rel. trans. activity classifier R+ —0.8 <1 <0.8 /3 < |Ap| <2x/3 yes yes
Forward multiplicity VOM —37<n<-17and 2.8 <n<5.1 27 yes no
Flattenicity 1-p.h —-37<n<-17and 28 <y <5.1 27 yes yes

* VOM and flattenicity are calculated in the forward pseudorapidity

* Flattenicity uses information both from pseudorapidity and azimuthal angle

39
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Event classifiers highlight a desired characteristic of a collision

Event classifier Symbol N coverage @ coverage (rad) iIs 77 used ? | is ¢ used ?
Mid-pseudorapidity mult. N, —0.8 <1 <0.8 27 yes no
Sphericity St —-0.8 <5 <0.8 27 yes no
Spherocity So —0.8 <5 <0.8 27 yes no
Rel. trans. activity classifier R+ —0.8 <1 <0.8 /3 < |Ap| <2x/3 yes yes
Forward multiplicity VOM —37<n<-17and 2.8 <n<5.1 27 yes no
Flattenicity 1-p.h —-37<n<-17and 28 <y <5.1 27 yes yes

* VOM and flattenicity are calculated in the forward pseudorapidity

* Flattenicity uses information both from pseudorapidity and azimuthal angle

* In contrast, the other estimators (Neh, Ry, S7and §) are calculated at mid-pseudorapidity
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PYTHIA 8.303 (Monash 2013), pp Vs = 13 TeV, N,,,=1, Ny,=235

Event-by-event, the relative standard

deviation defines flattenicity as follows

p. (GeV/c)
o o S
e R T 1

\/ Zi\’ceu ( Ngﬁll,i _ < Ngﬁ:ll )2 / chell

PYTHIA 8.303 (Monash 2013), pp Vs = 13 TeV,[N,,,=22, N,,=305 _
. l—p—>1 P = 1l
Isotropic topology P <N§§

-1
S =
¢ 109 S = . ..
ol T T : 1 — p = 0: low-multiplicity events

1 — p — 1 : high- multiplicity events
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Jesus Méndez and Antonio Ortiz 2025 J. Phys. G: Nucl. Part. Phys. 52 095001
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Jesus Méndez and Antonio Ortiz 2025 J. Phys. G: Nucl. Part. Phys. 52 095001
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classifiers i

Each classitier probes a different slice of the collision landscape

Therefore, a direct comparison of the result obtained with difterent classitiers is not advisable
46
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Jesus Méndez and Antonio Ortiz 2025 J. Phys. G: Nucl. Part. Phys. 52 095001
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Jesus Méndez and Antonio Ortiz 2025 J. Phys. G: Nucl. Part. Phys. 52 095001
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* This result encourages the use of

flattenicity in jet quenching studies

Does the reported broadening persists
once this bias is removed?


https://iopscience.iop.org/article/10.1088/1361-6471/ae02ac#back-to-top-target

Dijet acoplanarity with flattenicity e
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A...., (GeV/ex rad)’
~

x107°

pp Vs=13 TeV

Charged-patrticle jets
Anti-k; R = 0.4, lnjetl <0.5
TT{20, 30}- TT{6, 7}

P €(20,40) GeV/c

T,jet

PYTHIA
- BB BlHeM (vom) B HM (1-p)

16 1.8 2 22 24 26 28 3

A (rad) <
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Results triggered with flattenicity
are fully consistent with MB

* A Robust Proxy for QGP Searches:
Since flattenicity minimizes jet
fragmentation biases, any future
broadening observed will be a
stronger candidate for true
medium-induced jet quenching
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Hard and soft processes as probes of the quark-gluon plasma

Underlying event
characterization
in pp collisions at

\/E = 13.6 TeV

Momentum transfer
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Underlying event (UE)

The particles that are not produced by the main
hard scattering constitute the UE, dominated by
the multiple-parton interactions (MPI)

The analysis of
the UE focuses
on the study of
charged particles
production in
three topological
regions

® Toward and away:
dominated by the
hard scattering

® J[ransverse:
sensitive to the UE

52
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Leading-particle

Transverse

60° < |Ap| < 120°

Transverse
60° < |Ag| < 120°
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UE studies are essential to:

® tune Monte Carlo event generators
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ALICE

UE studies are essential to:

® tune Monte Carlo event generators

® separate jet/hard-process signals from soft activity
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ALICE

UE studies are essential to:

® tune Monte Carlo event generators

® separate jet/hard-process signals from soft activity

® understand whether QGP-like (collective)
signatures in small systems originate from a
dense, MPI-driven medium or from other eftects
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Current status and prediction r— %

UE activity presents an
energy dependence

s

5 & pT>05GeV/c |n|<08 ALICE

S18~ 4 (s=13TeV i (s=7TeV
S 0 Vs=5.02TeV 5 (s=0.9TeV
s F

L 14 ;

O - ° ¢

NZ 1_2: _._._.uo ®o o 0 o

S g

0.8 o
0.6
[

0.4 & °¢:¢ pp collisions
E Transverse Region

0.21 — constant fit .
-_elllI|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
5 10 15 20 25 30 35 40

p”g (GeV/c)

ALICE, JHEP 06 (2023) 023
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https://arxiv.org/pdf/2204.10389
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r‘ ALICE

Plateau value for pp at \/E = 13.6 TeV

UE activity presents an
/P 's expected to be slightly above

energy dependence
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highest-transverse-

momentum track (p:;r'g)
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Analysis strategy

rest of the tracks (p%ssoc:)
highest-transverse-

momentum track (pir@)

The topological regions are defined
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Analysis strategy r—

rest of the tracks (p%ssoc)

highest-transverse-

momentum track (p;r@)

* The average particle density must be corrected to account for any detector effects:

(p trlg) — . N h(ptrlg)
dn do T Nev(p{“ng) An Ao ch\ P
1 N (P8 x —— X
p— . I €I‘i - € 1
Négc(P%r ') An Ag P €qp X trigge MisID

The topological regions are defined -



Instituto de

Data comparison o

UNAM ALICE
UE activity dependent on the energy of the collision
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ﬁ Bias toward smaller impact parameter‘
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UE activity dependent on the energy of the collision
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Topological regions present different behaviors
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* Bias in jet quenching searches can
be mitigated with flattenicity,
making this amore reliable tool for
future jet searches
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ALICE

e Underlying Event activity studied

in pp collisions at \/E = 13.6 TeV. ‘ _____
considering latest ALICE data
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* Results show good agreement
with expectations: Run 3 activity is
slightly higher than Run 2,
consistent with energy trend
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pp Vs =13 TeV Charged-particle jets .| <0.5
Trigger track {20, 30} Anti-k. algorithm, R =04 I(pTT — gpjetl > 51/2
10_1 B - | | I ® | | _E
> - 1E .
N _ Jd L -
— 102
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= 6 JE ~ -
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ALICE et al J. High Energ. Phys. 2024, 229 (2024)

63

e For the leading-order (LO) di-jet channel: TT and
recoil jet are azimuthally back-to-back

* The jets reconstructed in HM events are not the
true LO recoil jets

* \We are selecting higher-order production
processes, with multiple recoil jets in the final
state.

® These jets from higher-order processes have
oroader distribution in Ag than jets from LO
oroduction.

AP

Recoll


https://link.springer.com/article/10.1007/JHEP05(2024)229
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Jesus Méndez and Antonio Ortiz 2025 J. Phys. G: Nucl. Part. Phys. 52 095001
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https://iopscience.iop.org/article/10.1088/1361-6471/ae02ac#back-to-top-target
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Jesus Méndez and Antonio Ortiz 2025 J. Phys. G: Nucl. Part. Phys. 52 095001
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La medicion de multiplicidad en rapidez central implica un sesgo
hacia particular cargadas, el cual puede ser eliminado con el VO
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https://arxiv.org/pdf/1807.11321
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When we require a very energetic particle in the event, collisions are biased towards

smaller impact parameter b. This concept is implemented in PYTHIA i 1 one e 16 g0 109154

Jet trigger, y;, =0, pp=100GeV —— | I Vs=7TeV -
10GeV ——— |
Minimum bias !
— < Minimum bias
g _
= Vs=7TeV - = 1T )
s E
E
Y 'S .
S = B Jet trigger y;,=0
S _ -
é 0.5 0.5 yi ==y, =25
B
(Q\
0 0 " " a3 sl " " PR R B A
0 1 2 3 1 10 100
b [fm] pr [GeV]
Impact parameter distributions of inelastic pp collisions at Dependence of median b on py for different rapidities
\/_ =7 TeV with a dijet trigger at zero rapidity of the dijets

(2
Strikman, M. Acta Phys.Polon. B 42 (2011) 2607-2630



https://www.sciencedirect.com/science/article/abs/pii/0370269387907222?via=ihub
https://arxiv.org/abs/1112.3834
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* The average particle density is calculated as follows
dzNCh tri 1 1 tri
d d (pT g) — trig A A NCh(pT g)
nag Noy(pp°) BN AQ
1 . l—-c
= N (p'8) x X €piomr X Enf
tri trk\t’ trigger MisID
N&<(pr'®) AnAg €k X d
* N, Number of reconstructed tracks passing the event and track selection criteria within || < 0.8.
e N °: Number of reconstructed events that pass the event selection criteria.
e Efficiency and geometrical acceptance e Sec. contamination e Trigger bias e MislD correction
" (Ntrk, prim) < Ntrk, cec > ( UEtue > <UEtrue leading
Cuk X A4 = ¢ = €trigger - EMisID = -
N , N, , UFEtrue,EvSel UFErec leading
ch, prim MC trk, prim MC MC MC
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Misld of the leading particle

One of the implemented corrections

accounts for the misidentification of the

leading particle

True

False leading
leading X

Detector
with finite
acceptance

This could lead to a rotation of the
event topology and cause a bias in
the UE observables
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Correction factor
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A non central heavy-ion
collision forms an
almond shaped medium

asma

g\\)oﬂ p\

Quaf\(’

M. I. Abdulhamid et al Nature, 635(8037), 2024 75



https://www.nature.com/articles/s41586-024-08097-2
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N
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This spatial eccentricity is
transformed by pressure gradients
INto momentum anisotropies

L2
> \arge 2

Quantitied by performing a Fourier
transformation on the angular
distribution of the detected hadrons

M. I. Abdulhamid et al Nature, 635(8037), 2024 76


https://www.nature.com/articles/s41586-024-08097-2
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M. Arslandok et. al., arXiv:2303.17254
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Hydrodynamic models of a perfect fluid provide a good description

of the anisotropic distribution ot the detected particles
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https://arxiv.org/abs/2303.17254
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In the QGP, the
high gluon density
favors the
production of
strange quarks...

...this effect can be
observed in the
_____ detection of
(multi-)strange
hadrons
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ALICE, arXiv:2211.04384v1
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https://arxiv.org/pdf/2211.04384
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https://arxiv.org/pdf/1606.07424

