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Figure 1: Schematic of the structure of a pp ! tt event, as modelled by PYTHIA.
To keep the layout relatively clean, a few minor simplifications have been made: 1)
shower branchings and final-state hadrons are slightly less numerous than in real
PYTHIA events, 2) recoil effects are not depicted accurately, 3) weak decays of light-
flavour hadrons are not included (thus, e.g. a K0

S meson would be depicted as stable in
this figure), and 4) incoming momenta are depicted as crossed (p!�p). The latter
means that the beam remnants and the pre- and post-branching incoming lines for
ISR branchings should be interpreted with “reversed” momentum, directed outwards
towards the periphery of the figure; this avoids beam remnants and outgoing ISR
emissions having to criss-cross the central part of the diagram.

included in the hard scattering, but will be introduced by other stages of the event gen-
eration. In the current usage of PYTHIA, it is common to import the results of parton-level
calculations from external packages, though a number of simple processes are calculated
internally. Hard-scattering predictions depend on a few, universal input parameters that
are determined from data, such as the value of the strong coupling at the Z boson mass
and parton distribution functions.

2. The hard process may produce a set of short-lived resonances, such as Z or W± gauge
bosons or top quarks, whose decay to normal particles has to be considered in close
association with the hard process itself.

3. Fixed-order radiative corrections may be incorporated via (combinations of) matrix-
element corrections, matching, and/or merging strategies, cf. section 5. In fig. 1, the
violet shaded region surrounding the hard process represents the range of scales covered
by a (generic) matrix-element merging strategy active above some given p?min scale.
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A relativistic hadronic 
collision involves 
many different 

processes…

However, these can 
be broadly grouped in 

two categories
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The ALICE experiment - A journey through QCD ALICE Collaboration

The partons within the nuclei that are involved in the smaller-Q2 interactions determine the overall en-
ergy density and entropy deposition in the initial state, and their interaction rate is largely driven by
Npart. Such parton interactions lead to a “lumpiness” of the initial density profile, which is the result of
fluctuations in the distribution of nuclear matter, and is depicted in Fig. 3. Immediately after the colli-
sion, the smaller-Q2 interactions occur in the context of a weakly coupled pre-equilibrium phase. This
is followed by the creation of even softer partons in these processes, which enable the formation of a
strongly coupled QGP phase. The hard processes from large-Q2 interactions, with their rate driven by
Ncoll, enable the creation of high momentum gluons and high momentum/mass quarks, as indicated in
Fig. 3 via the gluon and charm quark trajectories. As they have short wavelengths, they will interact
with other quarks and gluons on a microscopic level, leading to energy loss effects (the energy being
transferred to the medium), and therefore they offer information on the opaqueness of the QGP. The
interactions of high-momentum partons with the QGP can be radiative as indicated in Fig. 3 for a gluon,
as well as elastic, as indicated by the change in direction of the charm quark. The amount of energy loss
will depend on the colour charge, momentum, mass, type of process (inelastic or elastic), the distance
traversed (path length) of the hard scattered parton, and is subject to stochastic processes. The heavy
quarks produced via hard processes can also form quarkonia (bound heavy quark-antiquark states), with
their production rate being suppressed because the binding force between the quark and anti-quark is
weakened (screened) by the presence of the colour charge of quarks and gluons. That suppression is
closely related to the temperature of the QGP, and can be counterbalanced by a regeneration process
that recombines heavy quarks participating in the medium interactions, depending on the abundance of
heavy quarks. In addition, the parton fragmentation processes (indicated by the yellow cone) lead to
jets, partonic showers that arise from these high energy partons, and that fragment into experimentally
observable hadrons once the shower components reach low virtuality. That fragmentation pattern in the
medium can be altered compared to vacuum-like conditions, e.g. e+e� collisions.
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Figure 3: The evolution of a heavy-ion collision at LHC energies.

The evolution of the QGP for most processes involved in soft interactions after ⇠ 1 fm/c can be un-
derstood as follows. Since the mean free path of the vast majority of QGP constituents is expected to
be much smaller than the size of the QGP formed (assuming these constituents are strongly coupled),
multiple interactions drive the expansion. This expansion is highly influenced by the non-uniform en-
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Each stage of a collision involves different physics:
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Initial state: Lorentz-contracted nuclei collide, and 
event-by-event fluctuations produce an irregular 
energy-density profile
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The evolution of a heavy-ion collision

QGP formation and expansion:  
Soft interactions form a deconfined 
medium that expands via radial flow

Leptons serve as a thermometer for 
this medium, while hard probes 
interact with it as they traverse it
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The evolution of a heavy-ion collision

Hadronization: A smooth crossover. 
High-  partons fragment, while low-  
quarks coalesce into hadrons
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The evolution of the QGP for most processes involved in soft interactions after ⇠ 1 fm/c can be un-
derstood as follows. Since the mean free path of the vast majority of QGP constituents is expected to
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The evolution of a heavy-ion collision
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Kinetic: Elastic scatterings cease, so momenta are fixed and particles free-stream
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The evolution of the QGP for most processes involved in soft interactions after ⇠ 1 fm/c can be un-
derstood as follows. Since the mean free path of the vast majority of QGP constituents is expected to
be much smaller than the size of the QGP formed (assuming these constituents are strongly coupled),
multiple interactions drive the expansion. This expansion is highly influenced by the non-uniform en-
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The evolution of a heavy-ion collision

Detection: Experiments like ALICE 
measures spectra and correlations of final-
state hadrons to characterize the medium
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ALICE experiment (Run 2)

ALICE aims to determine the 
properties of the QGP 

through a series of detectors: 

• TPC: Tracking and particle 
identification using the 
energy deposited in the gas 

• ITS: Interaction vertex and 
decays 

• V0: Trigger, background 
suppression, and 
multiplicity estimation
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Hard and soft processes as probes of the quark-gluon plasma

Underlying event 
characterization in 

pp collisions at 
 TeVs = 13.6

Dijet 
acoplanarity 

with flattenicity 
in pp collisions
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Jet quenching

ATLAS Collaboration/CERN

•Jet quenching: the energy loss suffered by 

high-  partons while traversing the QGP 

•Established in Pb-Pb but missing in small 
systems, as reported in the measurements 
of the nuclear modification factor  

•OO results: ALICE measurements show 
indications of jet quenching in OO 
collisions 

•What about pp collisions? Observing jet 
quenching here is key to establishing the 
minimum system size for QGP formation

pT
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Jet quenching The ALICE experiment: a journey through QCD ALICE Collaboration

)c (GeV/
T
p

0 10 20 30 40 50

pP
b

R, 
Pb

Pb
R

0

0.2

0.4

0.6

0.8

1

1.2

Pb-Pb,0-5%
Pb-Pb,70-80% 

1.3 < 
cmsη < p-Pb NSD -0.3

TeV  = 5.02NNsALICE 
0.8 < | η charged particles |

Norm.

1−10 1 10 210
) c (GeV/

T
p 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

A
A

R 10%− = 5.02 TeV, 0NNsPb, −ALICE Pb

 C101 (2020) 044907Phys. Rev.π    K   p

arXiv:2106.13113
*0  K φ   

 11 (2018) 013JHEP  ch. particles

 07 (2020) 116JHEPCMS Coll., γ  

Normalization uncertainties

φ, 
*0

, K, p, Kπ 

 ch. particles

γ 

 

Figure 45: Nuclear modification factor RAA for charged hadrons [594] in central and peripheral Pb–Pb collisions
and NSD p–Pb collisions (top), and for various particle species in central Pb–Pb collisions [402, 505, 595] (bot-
tom). Isolated photons measured by CMS are also included for comparison [596].

Figure 45, bottom panel, shows RAA for identified light-flavour mesons and protons (ALICE [505]), and
isolated photons (CMS [596]). The peak in the yields in the range 2 < pT < 6 GeV/c is most pronounced
for protons, with maximum value ordered by mass. This ordering corresponds to the expected effect of

99

ALICE Collab. J. High Energ. Phys. 2018

Central Pb-Pb

Peripheral Pb-Pb

p-Pb
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reference vacuum

https://link.springer.com/article/10.1007/JHEP11(2018)013
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Jet quenching

ALICE Collab. arXiv:2606.19967 [nucl-ex]

•Jet quenching: the energy loss suffered by 

high-  partons while traversing the QGP 

•Established in Pb-Pb but missing in p-Pb, 
as reported in the measurements of the 
nuclear modification factor  

•OO results: ALICE measurements show 
indications of jet quenching in OO 
collisions 

•What about pp collisions? Observing jet 
quenching here is key to establishing the 
minimum system size for QGP formation

pT

ICHEP 2026 - ALICE Highlights 16

4.96 

NEW

NEW

Pb-Pb

OO
• Is a nucleus-nucleus collision a scaled superposition of pp 

interactions for high-pT particles? Nuclear modification factor:

• If RAA = 1 yes; if below unity, high-pT particles are suppressed
• Measured to be below unity in Pb-Pb, but not in p-Pb! 

• Key motivation for ROO measurement
• Now measured! ROO < 1 
• However: ambiguous origin of effect: partonic energy loss or ‘cold 

nuclear matter’ (CNM) effects (e.g. nPDF) 
• pO collisions only have the latter: use as baseline
• New variable: 7%%/7&%$  ⟶ isolate energy loss in dense medium

• Observation of partonic energy loss at 4.96 significance in OO
• Not seen in pp using away-side suppression observables

Observation of partonic 
energy loss in OO

See Florian Jonas, 30/07 at 10:45am

arXiv:2606.19967 

ALI-DER-639600

pO

https://arxiv.org/abs/2606.19967
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Jet quenching
•Jet quenching: the energy loss suffered by 

high-  partons while traversing the QGP 

•Established in Pb-Pb but missing in p-Pb, 
as reported in the measurements of the 
nuclear modification factor 

•OO results: ALICE measurements show 
indications of jet quenching in OO 
collisions 

•What about pp collisions? Observing jet 
quenching here is key to establishing the 
minimum system size for QGP formation

pT
Hard. scat. Pre-eq. Hydro-evolution Hadronization

Time

Pb-Pb

O-O

p-Pb

pp?

?

Does a medium form in small systems?
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Acoplanarity distribution 

Trigger Track

Recoiling jet

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

Δφ
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Acoplanarity distribution 

Trigger Track

Recoiling jet

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

Δφ

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

Δrecoil = (Recoil signal distribution)

Signal + Background

− cRef × (Recoil reference distribution)

Background

Trigger Track

Recoiling jet

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

Δφ

A back-to-back confi
Any deviation could hint a possible jet quenching effect

Measured with:
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The ALICE Collaboration reported the 
following findings 

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

• Since PYTHIA lacks jet quenching, the 
observed broadening is unlikely to be 
predominantly driven by jet quenching 

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

Search for jet quenching effects in HM pp collisions at
→

s = 13 TeV ALICE Collaboration

Figure 3: Fully-corrected !recoil distributions measured in MB and HM-selected events in pp collisions at
→

s =
13 TeV. Left panel: !recoil(pch

T,jet) in |!!↑∀|< 0.6; middle and right panels: !recoil(!!) for 20< pch
T,jet < 40 GeV/c

and 40 < pch
T,jet < 60 GeV/c. Also shown are particle-level simulated distributions calculated with PYTHIA 8

Monash tune, and a pQCD calculation at LO with Sudakov broadening [49, 70, 71] (MB !recoil(!!) only). The
width of the PYTHIA 8 HM band represents the statistical uncertainty. Top row: !recoil distributions; middle row:
ratio of !recoil distributions for HM/MB from data; bottom row: Data/PYTHIA 8 separately for MB and HM event
selections.

distributions likewise exhibit jet yield suppression and azimuthal broadening for HM-selected events,
accurately reproducing the measured distributions. Since PYTHIA 8 does not incorporate jet quenching,
this disfavors jet quenching as the predominant effect generating the broadening seen in data.

8.2 Origin of HM induced TT-jet acoplanarity in PYTHIA 8

To clarify the origin of the broadening, a more detailed investigation is carried out of the particle-level
distributions from PYTHIA 8 simulations. Figure 4 shows the calculated pseudorapidity (#jet) distribu-
tion of charged-particle jets recoiling from a high-pT trigger hadron with TT{20,30} in MB and HM-
selected event populations, for various lower thresholds in pch

T,jet. Since the per-trigger yield varies with
pch

T,jet, these distributions are normalized to unit integral to enable a direct comparison of their shapes.
The acceptances of V0A and V0C are also shown; note that V0C covers smaller values of |# | than V0A.
While the #jet distribution for MB events is symmetric, the #jet distribution for HM events is highly
asymmetric, with significant enhancement in the relative rate of recoil jets in the V0C acceptance. The
enhancement is largest for the highest value of pch

T,jet.

Figure 5 shows similar distributions for recoil jets with pch
T,jet > 25 GeV/c, in various intervals of

V0M/↓V0M↔. A striking enhancement is observed in the per-trigger jet yield within the V0C acceptance
for the largest values of V0M/↓V0M↔. Since HM events are selected based on the value of V0M/↓V0M↔,
it is evident that the HM selection induces a bias which enhances the rate of hard recoil jets in the V0C
acceptance.

Figure 6 provides additional insight into the bias induced by the HM event selection. The figure shows
the probability to observe a specific number of jets with R = 0.4 and pch

T,jet > 15 GeV/c recoiling against
a high-pT hadron trigger (TT{20,30}) in the ALICE central barrel acceptance (|#jet|< 0.5), for MB and
HM pp collisions at

→
s = 13 TeV. Distributions are shown for both data and PYTHIA 8 calculations.

In both data and simulations, the probability to observe a single jet is suppressed in HM relative to MB
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distributions likewise exhibit jet yield suppression and azimuthal broadening for HM-selected events,
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for the largest values of V0M/↓V0M↔. Since HM events are selected based on the value of V0M/↓V0M↔,
it is evident that the HM selection induces a bias which enhances the rate of hard recoil jets in the V0C
acceptance.

Figure 6 provides additional insight into the bias induced by the HM event selection. The figure shows
the probability to observe a specific number of jets with R = 0.4 and pch

T,jet > 15 GeV/c recoiling against
a high-pT hadron trigger (TT{20,30}) in the ALICE central barrel acceptance (|#jet|< 0.5), for MB and
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s = 13 TeV. Distributions are shown for both data and PYTHIA 8 calculations.
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Monash tune, and a pQCD calculation at LO with Sudakov broadening [49, 70, 71] (MB !recoil(!!) only). The
width of the PYTHIA 8 HM band represents the statistical uncertainty. Top row: !recoil distributions; middle row:
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distributions likewise exhibit jet yield suppression and azimuthal broadening for HM-selected events,
accurately reproducing the measured distributions. Since PYTHIA 8 does not incorporate jet quenching,
this disfavors jet quenching as the predominant effect generating the broadening seen in data.

8.2 Origin of HM induced TT-jet acoplanarity in PYTHIA 8

To clarify the origin of the broadening, a more detailed investigation is carried out of the particle-level
distributions from PYTHIA 8 simulations. Figure 4 shows the calculated pseudorapidity (#jet) distribu-
tion of charged-particle jets recoiling from a high-pT trigger hadron with TT{20,30} in MB and HM-
selected event populations, for various lower thresholds in pch

T,jet. Since the per-trigger yield varies with
pch

T,jet, these distributions are normalized to unit integral to enable a direct comparison of their shapes.
The acceptances of V0A and V0C are also shown; note that V0C covers smaller values of |# | than V0A.
While the #jet distribution for MB events is symmetric, the #jet distribution for HM events is highly
asymmetric, with significant enhancement in the relative rate of recoil jets in the V0C acceptance. The
enhancement is largest for the highest value of pch

T,jet.

Figure 5 shows similar distributions for recoil jets with pch
T,jet > 25 GeV/c, in various intervals of

V0M/↓V0M↔. A striking enhancement is observed in the per-trigger jet yield within the V0C acceptance
for the largest values of V0M/↓V0M↔. Since HM events are selected based on the value of V0M/↓V0M↔,
it is evident that the HM selection induces a bias which enhances the rate of hard recoil jets in the V0C
acceptance.

Figure 6 provides additional insight into the bias induced by the HM event selection. The figure shows
the probability to observe a specific number of jets with R = 0.4 and pch

T,jet > 15 GeV/c recoiling against
a high-pT hadron trigger (TT{20,30}) in the ALICE central barrel acceptance (|#jet|< 0.5), for MB and
HM pp collisions at

→
s = 13 TeV. Distributions are shown for both data and PYTHIA 8 calculations.

In both data and simulations, the probability to observe a single jet is suppressed in HM relative to MB
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The ALICE Collaboration reported the 
following findings 

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

• Since PYTHIA 8 lacks any medium, the 
observed broadening is unlikely to be 
predominantly driven by jet quenching 

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

Search for jet quenching effects in HM pp collisions at
→

s = 13 TeV ALICE Collaboration

Figure 3: Fully-corrected !recoil distributions measured in MB and HM-selected events in pp collisions at
→

s =
13 TeV. Left panel: !recoil(pch

T,jet) in |!!↑∀|< 0.6; middle and right panels: !recoil(!!) for 20< pch
T,jet < 40 GeV/c

and 40 < pch
T,jet < 60 GeV/c. Also shown are particle-level simulated distributions calculated with PYTHIA 8

Monash tune, and a pQCD calculation at LO with Sudakov broadening [49, 70, 71] (MB !recoil(!!) only). The
width of the PYTHIA 8 HM band represents the statistical uncertainty. Top row: !recoil distributions; middle row:
ratio of !recoil distributions for HM/MB from data; bottom row: Data/PYTHIA 8 separately for MB and HM event
selections.

distributions likewise exhibit jet yield suppression and azimuthal broadening for HM-selected events,
accurately reproducing the measured distributions. Since PYTHIA 8 does not incorporate jet quenching,
this disfavors jet quenching as the predominant effect generating the broadening seen in data.

8.2 Origin of HM induced TT-jet acoplanarity in PYTHIA 8

To clarify the origin of the broadening, a more detailed investigation is carried out of the particle-level
distributions from PYTHIA 8 simulations. Figure 4 shows the calculated pseudorapidity (#jet) distribu-
tion of charged-particle jets recoiling from a high-pT trigger hadron with TT{20,30} in MB and HM-
selected event populations, for various lower thresholds in pch

T,jet. Since the per-trigger yield varies with
pch

T,jet, these distributions are normalized to unit integral to enable a direct comparison of their shapes.
The acceptances of V0A and V0C are also shown; note that V0C covers smaller values of |# | than V0A.
While the #jet distribution for MB events is symmetric, the #jet distribution for HM events is highly
asymmetric, with significant enhancement in the relative rate of recoil jets in the V0C acceptance. The
enhancement is largest for the highest value of pch

T,jet.

Figure 5 shows similar distributions for recoil jets with pch
T,jet > 25 GeV/c, in various intervals of

V0M/↓V0M↔. A striking enhancement is observed in the per-trigger jet yield within the V0C acceptance
for the largest values of V0M/↓V0M↔. Since HM events are selected based on the value of V0M/↓V0M↔,
it is evident that the HM selection induces a bias which enhances the rate of hard recoil jets in the V0C
acceptance.

Figure 6 provides additional insight into the bias induced by the HM event selection. The figure shows
the probability to observe a specific number of jets with R = 0.4 and pch

T,jet > 15 GeV/c recoiling against
a high-pT hadron trigger (TT{20,30}) in the ALICE central barrel acceptance (|#jet|< 0.5), for MB and
HM pp collisions at

→
s = 13 TeV. Distributions are shown for both data and PYTHIA 8 calculations.

In both data and simulations, the probability to observe a single jet is suppressed in HM relative to MB
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this disfavors jet quenching as the predominant effect generating the broadening seen in data.
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T,jet, these distributions are normalized to unit integral to enable a direct comparison of their shapes.
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Figure 3: Fully-corrected !recoil distributions measured in MB and HM-selected events in pp collisions at
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s =
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T,jet < 40 GeV/c

and 40 < pch
T,jet < 60 GeV/c. Also shown are particle-level simulated distributions calculated with PYTHIA 8

Monash tune, and a pQCD calculation at LO with Sudakov broadening [49, 70, 71] (MB !recoil(!!) only). The
width of the PYTHIA 8 HM band represents the statistical uncertainty. Top row: !recoil distributions; middle row:
ratio of !recoil distributions for HM/MB from data; bottom row: Data/PYTHIA 8 separately for MB and HM event
selections.

distributions likewise exhibit jet yield suppression and azimuthal broadening for HM-selected events,
accurately reproducing the measured distributions. Since PYTHIA 8 does not incorporate jet quenching,
this disfavors jet quenching as the predominant effect generating the broadening seen in data.

8.2 Origin of HM induced TT-jet acoplanarity in PYTHIA 8

To clarify the origin of the broadening, a more detailed investigation is carried out of the particle-level
distributions from PYTHIA 8 simulations. Figure 4 shows the calculated pseudorapidity (#jet) distribu-
tion of charged-particle jets recoiling from a high-pT trigger hadron with TT{20,30} in MB and HM-
selected event populations, for various lower thresholds in pch

T,jet. Since the per-trigger yield varies with
pch

T,jet, these distributions are normalized to unit integral to enable a direct comparison of their shapes.
The acceptances of V0A and V0C are also shown; note that V0C covers smaller values of |# | than V0A.
While the #jet distribution for MB events is symmetric, the #jet distribution for HM events is highly
asymmetric, with significant enhancement in the relative rate of recoil jets in the V0C acceptance. The
enhancement is largest for the highest value of pch

T,jet.

Figure 5 shows similar distributions for recoil jets with pch
T,jet > 25 GeV/c, in various intervals of

V0M/↓V0M↔. A striking enhancement is observed in the per-trigger jet yield within the V0C acceptance
for the largest values of V0M/↓V0M↔. Since HM events are selected based on the value of V0M/↓V0M↔,
it is evident that the HM selection induces a bias which enhances the rate of hard recoil jets in the V0C
acceptance.

Figure 6 provides additional insight into the bias induced by the HM event selection. The figure shows
the probability to observe a specific number of jets with R = 0.4 and pch

T,jet > 15 GeV/c recoiling against
a high-pT hadron trigger (TT{20,30}) in the ALICE central barrel acceptance (|#jet|< 0.5), for MB and
HM pp collisions at

→
s = 13 TeV. Distributions are shown for both data and PYTHIA 8 calculations.

In both data and simulations, the probability to observe a single jet is suppressed in HM relative to MB
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The ALICE Collaboration reported the 
following findings 

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

• Since PYTHIA 8 lacks any medium, the 
observed broadening is unlikely to be 
predominantly driven by jet quenching 

• Nonetheless, this broadening is caused by 
a event selection bias rather than a 
physical jet quenching effect
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width of the PYTHIA 8 HM band represents the statistical uncertainty. Top row: !recoil distributions; middle row:
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distributions likewise exhibit jet yield suppression and azimuthal broadening for HM-selected events,
accurately reproducing the measured distributions. Since PYTHIA 8 does not incorporate jet quenching,
this disfavors jet quenching as the predominant effect generating the broadening seen in data.

8.2 Origin of HM induced TT-jet acoplanarity in PYTHIA 8

To clarify the origin of the broadening, a more detailed investigation is carried out of the particle-level
distributions from PYTHIA 8 simulations. Figure 4 shows the calculated pseudorapidity (#jet) distribu-
tion of charged-particle jets recoiling from a high-pT trigger hadron with TT{20,30} in MB and HM-
selected event populations, for various lower thresholds in pch

T,jet. Since the per-trigger yield varies with
pch

T,jet, these distributions are normalized to unit integral to enable a direct comparison of their shapes.
The acceptances of V0A and V0C are also shown; note that V0C covers smaller values of |# | than V0A.
While the #jet distribution for MB events is symmetric, the #jet distribution for HM events is highly
asymmetric, with significant enhancement in the relative rate of recoil jets in the V0C acceptance. The
enhancement is largest for the highest value of pch

T,jet.

Figure 5 shows similar distributions for recoil jets with pch
T,jet > 25 GeV/c, in various intervals of

V0M/↓V0M↔. A striking enhancement is observed in the per-trigger jet yield within the V0C acceptance
for the largest values of V0M/↓V0M↔. Since HM events are selected based on the value of V0M/↓V0M↔,
it is evident that the HM selection induces a bias which enhances the rate of hard recoil jets in the V0C
acceptance.

Figure 6 provides additional insight into the bias induced by the HM event selection. The figure shows
the probability to observe a specific number of jets with R = 0.4 and pch

T,jet > 15 GeV/c recoiling against
a high-pT hadron trigger (TT{20,30}) in the ALICE central barrel acceptance (|#jet|< 0.5), for MB and
HM pp collisions at

→
s = 13 TeV. Distributions are shown for both data and PYTHIA 8 calculations.

In both data and simulations, the probability to observe a single jet is suppressed in HM relative to MB
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pch

T,jet, these distributions are normalized to unit integral to enable a direct comparison of their shapes.
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asymmetric, with significant enhancement in the relative rate of recoil jets in the V0C acceptance. The
enhancement is largest for the highest value of pch
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Figure 5 shows similar distributions for recoil jets with pch
T,jet > 25 GeV/c, in various intervals of

V0M/↓V0M↔. A striking enhancement is observed in the per-trigger jet yield within the V0C acceptance
for the largest values of V0M/↓V0M↔. Since HM events are selected based on the value of V0M/↓V0M↔,
it is evident that the HM selection induces a bias which enhances the rate of hard recoil jets in the V0C
acceptance.

Figure 6 provides additional insight into the bias induced by the HM event selection. The figure shows
the probability to observe a specific number of jets with R = 0.4 and pch

T,jet > 15 GeV/c recoiling against
a high-pT hadron trigger (TT{20,30}) in the ALICE central barrel acceptance (|#jet|< 0.5), for MB and
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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 V0A and V0C 

• High Multiplicity (HM): HM ≥ 5⟨V0M⟩

V0M estimator
Online data triggers based on forward V0 detectors:

○ Minimum-bias (MB)

○ High-multiplicity (HM): selects 0.1% of  events 

with largest event activity

Trigger condition:

○ MB: in-time coincidence of  V0A & V0C signals

○ HM: V0M signal amplitude ≥ 5×⟨V0M⟩
where V0M = V0A + V0C;  

         ⟨V0M⟩ → mean signal amplitude in MB events

Event activity quantified by V0M/⟨V0M⟩
○ HM events: 5 < V0M/⟨V0M⟩ < 9

V0A: 2.8 < 𝜂 < 5.1 V0C: −3.7 < 𝜂 < −1.7 8

Event activity selection

Hot Quarks 2025 |  A. Kotliarov: Search for jet quenching in high-multiplicity pp collisions
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Search for jet quenching effects in HM pp collisions at
→

s = 13 TeV ALICE Collaboration

Figure 4: PYTHIA 8 particle-level simulation of the probability distribution of the yield of charged-particle jets
(R = 0.4) recoiling from a high-pT hadron (TT{20,30}) as a function of !jet for various pch

T,jet intervals, in pp
collisions at

→
s = 13 TeV. Left: MB events; right: HM events. V0A and V0C acceptances are also shown.

Figure 5: Same as Fig. 4, but for recoil jets with pch
T,jet > 25 GeV/c for various intervals in V0M/↑V0M↓. Distri-

butions are normalized per trigger.

events by 2–3%, while the probability to observe multiple jets is significantly enhanced.

The effect of the HM selection bias shown in Figs. 4, 5 and 6 on the acoplanarity distributions in Fig. 3
can be understood as follows. The HM requirement preferentially selects events with a recoil jet in
the V0C acceptance. For the leading-order (LO) di-jet channel, in which the TT and recoil jet are
azimuthally back-to-back, this depletes both the per-trigger rate for recoil jets observed in the central
barrel (|!jet|< 0.9↔R) at !∀ ↗ # and the relative rate of single recoil jets in the acceptance. The recoil
jets observed in the ALICE central barrel in HM events therefore arise at enhanced rate from higher-order
production processes, with multiple recoil jets in the final state. These jets from higher-order processes
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• The HM requirement preferably 
selects events with a recoil jet in 
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Figure 4: PYTHIA 8 particle-level simulation of the probability distribution of the yield of charged-particle jets
(R = 0.4) recoiling from a high-pT hadron (TT{20,30}) as a function of !jet for various pch

T,jet intervals, in pp
collisions at

→
s = 13 TeV. Left: MB events; right: HM events. V0A and V0C acceptances are also shown.

Figure 5: Same as Fig. 4, but for recoil jets with pch
T,jet > 25 GeV/c for various intervals in V0M/↑V0M↓. Distri-

butions are normalized per trigger.

events by 2–3%, while the probability to observe multiple jets is significantly enhanced.

The effect of the HM selection bias shown in Figs. 4, 5 and 6 on the acoplanarity distributions in Fig. 3
can be understood as follows. The HM requirement preferentially selects events with a recoil jet in
the V0C acceptance. For the leading-order (LO) di-jet channel, in which the TT and recoil jet are
azimuthally back-to-back, this depletes both the per-trigger rate for recoil jets observed in the central
barrel (|!jet|< 0.9↔R) at !∀ ↗ # and the relative rate of single recoil jets in the acceptance. The recoil
jets observed in the ALICE central barrel in HM events therefore arise at enhanced rate from higher-order
production processes, with multiple recoil jets in the final state. These jets from higher-order processes
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Central China Normal University QM2019, Wuhan 2019/11/06

Prospects for medium-induced acoplanarity study

• Jet broadening can be studied through the width of Δφ 
correlation using semi-inclusive recoil jets measurements 

• Projection with JEWEL (recoil off) for expected luminosity 
of the up coming RUN3/4 at LHC

- Integral of Δφ distribution at large angles used to 
explore jet acoplanarity
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Bias toward local fluctuations

• The HM requirement preferably 
selects events with a recoil jet in 
the V0C acceptance  

• These jets come from higher-
order processes and have broader 
distribution in  LO jets 

• Lower enhancement in V0A is 
caused by the asymmetric 
coverage of V0 array

Δφ

TT

Number of  high-pT recoil jets vs. event activity

1515

● Lower relative probability to observe 

single hard recoil jet in HM events

→ results in suppression of  HM 

acoplanarity distribution

● HM trigger induces a bias toward 

multi-jet final state

V0A V0C

Recoil 
jet
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alternative event classifiers can mitigate this bias 

• Motivated by this, a comparison between the most 
used event classifiers at the LHC was performed
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• This result raises the question of whether 
alternative event classifiers can mitigate this bias 

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

Event classifiers study

Which estimator selects 
high-activity events 
without simultaneously 
biasing the sample?

• Nch 
• V0M 
• Spherocity 
• Sphericity 
•  
• Flattenicity

RT

verse plane [22]:

𝜔 

⌋

0 “pencil-like” limit
1 “isotropic” limit

Relative-transverse activity classifier:

Investigating the most active pp collisions
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Abstract
The LHC data have unveiled unexpected features in proton–proton (pp)
collisions, namely, collective-like behavior and strangeness enhancement.
Originally, these new effects were discovered only in high-multiplicity pp
collisions. However, recently the ALICE Collaboration has shown that even
low-multiplicity pp collisions yield a non-zero elliptic mow (v2). Moreover,
analyses as functions of the event structure, such as transverse spherocity,
suggest that multiplicity might not be the main driver of the new effects.
Therefore, new ways of analyzing the data have to be explored in order to
understand the origin of the new phenomena. In this paper, pp collisions
simulated with PYTHIA 8 are analyzed using different event estimators (mid-
pseudorapidity multiplicity, spherocity, sphericity, RT, forward multiplicity
and mattenicity). The features of the selected events for the top 0.1% using the
different estimators are discussed. The transverse momentum spectrum of
primary particles and the recoil jet distributions are analyzed. The results
suggest that mattenicity is the estimator with the least bias on the neutral-to-
charged particle ratio, and on the bias towards harder-than-average
pp collisions.
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Multi-parton interactions in the LHC Run 3 and beyond

Table 3
The di!erent event classifiers explored by experiments at the LHC, the pseudorapidity intervals considered for the calculation of
the classifiers is specified in the table.

Event classifier Symbol 𝜔 coverage 𝜀 coverage (rad) is 𝜔 used ? is 𝜀 used ?
Mid-pseudorapidity mult. 𝜗ch ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Sphericity 𝜚T ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Spherocity 𝜚0 ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Rel. trans. activity classifier 𝜍T ω0.8 < 𝜔 < 0.8 𝜛ε3 < ⌋ϑ𝜀⌋ < 2𝜛ε3 yes yes
Forward multiplicity V0M ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes no
Flattenicity 1-𝜑nch ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes yes
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Figure 3: Transverse momentum integrated omega baryon yield
to charged pion yield as a function of 𝜗mpi. Results for di!erent
event activity classifiers are shown.

Figure 3 shows the 𝛻T-integrated omega baryon yield
normalized to the charged pion yield as a function of 𝜗mpi.
Overall, all estimators exhibit little bias against the hiding of
strangeness enhancement.

3. Bias in the ratio charged-to-neutral

particles

One of the issues discussed in Ref. [8] is the bias in the
charged-to-neutral particle yields when measuring both the
event activity and the observable of interest (e.g., the 𝛻T
spectrum) within the same pseudorapidity range. The ob-
servation of an increasing ratio with the increase in particle
multiplicity at ⌋𝜔⌋ < 0.8 motivates the use of event clas-
sification based on activity in the forward pseudorapidities
covered by the ALICE V0 detector. Figure 4 displays the
ratio as a function of 𝛻T for the 0-1% event-activity class
selected with di!erent event activity variables. Both 𝜍T and
𝜗ch (⌋𝜔⌋ < 0.8) give ratios that are above unity, reaching a
discrepancy of up to 15%. On the other hand, for transverse
spherocity and sphericity the ratio is above unity for 𝛻T <
1GeV/𝜕 and rapidly approaches to zero for larger 𝛻T. This
is because those event shapes do an implicit cut on high-
𝛻T charged particles leaving the neutral particles una!ected.
The bias can be reduced by removing the 𝛻T-dependence
from the definition of event shapes [26]. The aforementioned
bias is also negligible if the event activity is calculated at
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Figure 4: Transverse momentum spectrum of charged kaons
normalized to the neutral kaon 𝛻T spectrum in the 0-0.1%
event classes.

forward rapidity like in the case of V0M and flattenicity
estimators. For these cases the ratios are fully consistent
with unity in the full 𝛻T interval. Moreover, for completeness
Fig. 4 shows the ratio for an event classification that can
only be done with the model, i.e., number of multiparton
interactions. For this case, the ratio is also consistent with
unity.

4. Bias towards hard physics

The jet quenching searches in small systems require the
event activity estimators to bias the jet fragmentation as
little as possible. One can imagine that event shapes such
as sphericity and spherocity will select mostly pp collisions
with large underlying event relative to the jet signal. This
because by construction the highest event activity class will
be a sort of jet-free. Actually, Fig. 5 shows that when plotting
the transverse momentum spectrum for the 0-0.1% event
class (selected with event shapes) normalized to the spec-
trum in minimum-bias pp collisions, we see a suppression
of the high-𝛻T particle yield. In contrast, for multiplicity
estimators at mid-pseudorapidity (𝜗ch and 𝜍T), the bias is
the opposite. We select harder-than-average pp collisions.
The e!ect is slightly reduced when using the V0M multi-
plicity estimator. Therefore, the estimators based on charged
particle multiplicity are biased towards harder-than-average
pp collisions. In particular, flattenicity produces a ratio that
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Table 3
The di!erent event classifiers explored by experiments at the LHC, the pseudorapidity intervals considered for the calculation of
the classifiers is specified in the table.

Event classifier Symbol 𝜔 coverage 𝜀 coverage (rad) is 𝜔 used ? is 𝜀 used ?
Mid-pseudorapidity mult. 𝜗ch ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Sphericity 𝜚T ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Spherocity 𝜚0 ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Rel. trans. activity classifier 𝜍T ω0.8 < 𝜔 < 0.8 𝜛ε3 < ⌋ϑ𝜀⌋ < 2𝜛ε3 yes yes
Forward multiplicity V0M ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes no
Flattenicity 1-𝜑nch ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes yes
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Figure 3: Transverse momentum integrated omega baryon yield
to charged pion yield as a function of 𝜗mpi. Results for di!erent
event activity classifiers are shown.

Figure 3 shows the 𝛻T-integrated omega baryon yield
normalized to the charged pion yield as a function of 𝜗mpi.
Overall, all estimators exhibit little bias against the hiding of
strangeness enhancement.

3. Bias in the ratio charged-to-neutral

particles

One of the issues discussed in Ref. [8] is the bias in the
charged-to-neutral particle yields when measuring both the
event activity and the observable of interest (e.g., the 𝛻T
spectrum) within the same pseudorapidity range. The ob-
servation of an increasing ratio with the increase in particle
multiplicity at ⌋𝜔⌋ < 0.8 motivates the use of event clas-
sification based on activity in the forward pseudorapidities
covered by the ALICE V0 detector. Figure 4 displays the
ratio as a function of 𝛻T for the 0-1% event-activity class
selected with di!erent event activity variables. Both 𝜍T and
𝜗ch (⌋𝜔⌋ < 0.8) give ratios that are above unity, reaching a
discrepancy of up to 15%. On the other hand, for transverse
spherocity and sphericity the ratio is above unity for 𝛻T <
1GeV/𝜕 and rapidly approaches to zero for larger 𝛻T. This
is because those event shapes do an implicit cut on high-
𝛻T charged particles leaving the neutral particles una!ected.
The bias can be reduced by removing the 𝛻T-dependence
from the definition of event shapes [26]. The aforementioned
bias is also negligible if the event activity is calculated at
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Figure 4: Transverse momentum spectrum of charged kaons
normalized to the neutral kaon 𝛻T spectrum in the 0-0.1%
event classes.

forward rapidity like in the case of V0M and flattenicity
estimators. For these cases the ratios are fully consistent
with unity in the full 𝛻T interval. Moreover, for completeness
Fig. 4 shows the ratio for an event classification that can
only be done with the model, i.e., number of multiparton
interactions. For this case, the ratio is also consistent with
unity.

4. Bias towards hard physics

The jet quenching searches in small systems require the
event activity estimators to bias the jet fragmentation as
little as possible. One can imagine that event shapes such
as sphericity and spherocity will select mostly pp collisions
with large underlying event relative to the jet signal. This
because by construction the highest event activity class will
be a sort of jet-free. Actually, Fig. 5 shows that when plotting
the transverse momentum spectrum for the 0-0.1% event
class (selected with event shapes) normalized to the spec-
trum in minimum-bias pp collisions, we see a suppression
of the high-𝛻T particle yield. In contrast, for multiplicity
estimators at mid-pseudorapidity (𝜗ch and 𝜍T), the bias is
the opposite. We select harder-than-average pp collisions.
The e!ect is slightly reduced when using the V0M multi-
plicity estimator. Therefore, the estimators based on charged
particle multiplicity are biased towards harder-than-average
pp collisions. In particular, flattenicity produces a ratio that
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Table 3
The di!erent event classifiers explored by experiments at the LHC, the pseudorapidity intervals considered for the calculation of
the classifiers is specified in the table.

Event classifier Symbol 𝜔 coverage 𝜀 coverage (rad) is 𝜔 used ? is 𝜀 used ?
Mid-pseudorapidity mult. 𝜗ch ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Sphericity 𝜚T ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Spherocity 𝜚0 ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Rel. trans. activity classifier 𝜍T ω0.8 < 𝜔 < 0.8 𝜛ε3 < ⌋ϑ𝜀⌋ < 2𝜛ε3 yes yes
Forward multiplicity V0M ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes no
Flattenicity 1-𝜑nch ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes yes
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Figure 3: Transverse momentum integrated omega baryon yield
to charged pion yield as a function of 𝜗mpi. Results for di!erent
event activity classifiers are shown.

Figure 3 shows the 𝛻T-integrated omega baryon yield
normalized to the charged pion yield as a function of 𝜗mpi.
Overall, all estimators exhibit little bias against the hiding of
strangeness enhancement.

3. Bias in the ratio charged-to-neutral

particles

One of the issues discussed in Ref. [8] is the bias in the
charged-to-neutral particle yields when measuring both the
event activity and the observable of interest (e.g., the 𝛻T
spectrum) within the same pseudorapidity range. The ob-
servation of an increasing ratio with the increase in particle
multiplicity at ⌋𝜔⌋ < 0.8 motivates the use of event clas-
sification based on activity in the forward pseudorapidities
covered by the ALICE V0 detector. Figure 4 displays the
ratio as a function of 𝛻T for the 0-1% event-activity class
selected with di!erent event activity variables. Both 𝜍T and
𝜗ch (⌋𝜔⌋ < 0.8) give ratios that are above unity, reaching a
discrepancy of up to 15%. On the other hand, for transverse
spherocity and sphericity the ratio is above unity for 𝛻T <
1GeV/𝜕 and rapidly approaches to zero for larger 𝛻T. This
is because those event shapes do an implicit cut on high-
𝛻T charged particles leaving the neutral particles una!ected.
The bias can be reduced by removing the 𝛻T-dependence
from the definition of event shapes [26]. The aforementioned
bias is also negligible if the event activity is calculated at
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Figure 4: Transverse momentum spectrum of charged kaons
normalized to the neutral kaon 𝛻T spectrum in the 0-0.1%
event classes.

forward rapidity like in the case of V0M and flattenicity
estimators. For these cases the ratios are fully consistent
with unity in the full 𝛻T interval. Moreover, for completeness
Fig. 4 shows the ratio for an event classification that can
only be done with the model, i.e., number of multiparton
interactions. For this case, the ratio is also consistent with
unity.

4. Bias towards hard physics

The jet quenching searches in small systems require the
event activity estimators to bias the jet fragmentation as
little as possible. One can imagine that event shapes such
as sphericity and spherocity will select mostly pp collisions
with large underlying event relative to the jet signal. This
because by construction the highest event activity class will
be a sort of jet-free. Actually, Fig. 5 shows that when plotting
the transverse momentum spectrum for the 0-0.1% event
class (selected with event shapes) normalized to the spec-
trum in minimum-bias pp collisions, we see a suppression
of the high-𝛻T particle yield. In contrast, for multiplicity
estimators at mid-pseudorapidity (𝜗ch and 𝜍T), the bias is
the opposite. We select harder-than-average pp collisions.
The e!ect is slightly reduced when using the V0M multi-
plicity estimator. Therefore, the estimators based on charged
particle multiplicity are biased towards harder-than-average
pp collisions. In particular, flattenicity produces a ratio that
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Table 3
The di!erent event classifiers explored by experiments at the LHC, the pseudorapidity intervals considered for the calculation of
the classifiers is specified in the table.

Event classifier Symbol 𝜔 coverage 𝜀 coverage (rad) is 𝜔 used ? is 𝜀 used ?
Mid-pseudorapidity mult. 𝜗ch ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Sphericity 𝜚T ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Spherocity 𝜚0 ω0.8 < 𝜔 < 0.8 2𝜛 yes no
Rel. trans. activity classifier 𝜍T ω0.8 < 𝜔 < 0.8 𝜛ε3 < ⌋ϑ𝜀⌋ < 2𝜛ε3 yes yes
Forward multiplicity V0M ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes no
Flattenicity 1-𝜑nch ω3.7 < 𝜔 < ω1.7 and 2.8 < 𝜔 < 5.1 2𝜛 yes yes
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Figure 3: Transverse momentum integrated omega baryon yield
to charged pion yield as a function of 𝜗mpi. Results for di!erent
event activity classifiers are shown.

Figure 3 shows the 𝛻T-integrated omega baryon yield
normalized to the charged pion yield as a function of 𝜗mpi.
Overall, all estimators exhibit little bias against the hiding of
strangeness enhancement.

3. Bias in the ratio charged-to-neutral

particles

One of the issues discussed in Ref. [8] is the bias in the
charged-to-neutral particle yields when measuring both the
event activity and the observable of interest (e.g., the 𝛻T
spectrum) within the same pseudorapidity range. The ob-
servation of an increasing ratio with the increase in particle
multiplicity at ⌋𝜔⌋ < 0.8 motivates the use of event clas-
sification based on activity in the forward pseudorapidities
covered by the ALICE V0 detector. Figure 4 displays the
ratio as a function of 𝛻T for the 0-1% event-activity class
selected with di!erent event activity variables. Both 𝜍T and
𝜗ch (⌋𝜔⌋ < 0.8) give ratios that are above unity, reaching a
discrepancy of up to 15%. On the other hand, for transverse
spherocity and sphericity the ratio is above unity for 𝛻T <
1GeV/𝜕 and rapidly approaches to zero for larger 𝛻T. This
is because those event shapes do an implicit cut on high-
𝛻T charged particles leaving the neutral particles una!ected.
The bias can be reduced by removing the 𝛻T-dependence
from the definition of event shapes [26]. The aforementioned
bias is also negligible if the event activity is calculated at
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Figure 4: Transverse momentum spectrum of charged kaons
normalized to the neutral kaon 𝛻T spectrum in the 0-0.1%
event classes.

forward rapidity like in the case of V0M and flattenicity
estimators. For these cases the ratios are fully consistent
with unity in the full 𝛻T interval. Moreover, for completeness
Fig. 4 shows the ratio for an event classification that can
only be done with the model, i.e., number of multiparton
interactions. For this case, the ratio is also consistent with
unity.

4. Bias towards hard physics

The jet quenching searches in small systems require the
event activity estimators to bias the jet fragmentation as
little as possible. One can imagine that event shapes such
as sphericity and spherocity will select mostly pp collisions
with large underlying event relative to the jet signal. This
because by construction the highest event activity class will
be a sort of jet-free. Actually, Fig. 5 shows that when plotting
the transverse momentum spectrum for the 0-0.1% event
class (selected with event shapes) normalized to the spec-
trum in minimum-bias pp collisions, we see a suppression
of the high-𝛻T particle yield. In contrast, for multiplicity
estimators at mid-pseudorapidity (𝜗ch and 𝜍T), the bias is
the opposite. We select harder-than-average pp collisions.
The e!ect is slightly reduced when using the V0M multi-
plicity estimator. Therefore, the estimators based on charged
particle multiplicity are biased towards harder-than-average
pp collisions. In particular, flattenicity produces a ratio that
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Omar Vazquez (10/1/2024)

Event classification: Charged particle flattenicity 
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Figure 8: Phase space in the 𝜔𝜀T-𝜗mpi plane covered by the
di!erent 0-1% event classes.

could still reveal e!ects hidden by the standard multiplicity-
based event activity classifiers. In order to reduce the small
biases, more information is required to measure the event
activity. In this context, experiments such as ALICE 3 with
unique particle identification capabilities of 8-10 units of
pseudorapidity [28, 29], will be crucial for the detailed study
of small collision systems.

7. Summary

• The studies presented here suggest that the estimators
with the highest dynamic range in𝜗mpi are flattenicity
and those based on charged-particle multiplicity.

• For the 0-0.1% event classes selected with most of
the event-activity estimators (𝜛T, 𝜗ch, V0M, 1 ω 𝜚,
and 𝜍0), the overlap in the 𝜔𝜀T-𝜗mpi space is very
narrow. It is found around 𝜗mpi ε 15 and 𝜔𝜀T ε 10,
GeV /𝜑. It is also interesting to note that the 0-0.1%
𝜍T class is outside such a common overlap region.
This suggests that physics may di!er from one event
activity estimator to another.

• For the 0-0.1% event class, FastJet was applied to
reconstruct the recoil jet associated to trigger particles
with 𝜀T within 20-30 GeV/𝜑. The pseudorapidity of
the recoil jet was calculated for the di!erent samples.
By construction, transverse spherocity and sphericity
does not have high-𝜀T particles at midrapidity and
therefore, no recoil jets were reconstructed. For V0M,
𝜗ch and 𝜛T, the 𝛻jet distribution for the event class
shows prominent structures in the pseudorapidity in-
terval where the event activity estimator is calculated.
This bias is significantly reduced or even absent in
events triggered with flattenicity. This result encour-
ages the use of flattenicity to search for jet quenching
e!ects in small collision systems.
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Figure 8: Phase space in the 𝜔𝜀T-𝜗mpi plane covered by the
di!erent 0-1% event classes.

could still reveal e!ects hidden by the standard multiplicity-
based event activity classifiers. In order to reduce the small
biases, more information is required to measure the event
activity. In this context, experiments such as ALICE 3 with
unique particle identification capabilities of 8-10 units of
pseudorapidity [28, 29], will be crucial for the detailed study
of small collision systems.

7. Summary

• The studies presented here suggest that the estimators
with the highest dynamic range in𝜗mpi are flattenicity
and those based on charged-particle multiplicity.

• For the 0-0.1% event classes selected with most of
the event-activity estimators (𝜛T, 𝜗ch, V0M, 1 ω 𝜚,
and 𝜍0), the overlap in the 𝜔𝜀T-𝜗mpi space is very
narrow. It is found around 𝜗mpi ε 15 and 𝜔𝜀T ε 10,
GeV /𝜑. It is also interesting to note that the 0-0.1%
𝜍T class is outside such a common overlap region.
This suggests that physics may di!er from one event
activity estimator to another.

• For the 0-0.1% event class, FastJet was applied to
reconstruct the recoil jet associated to trigger particles
with 𝜀T within 20-30 GeV/𝜑. The pseudorapidity of
the recoil jet was calculated for the di!erent samples.
By construction, transverse spherocity and sphericity
does not have high-𝜀T particles at midrapidity and
therefore, no recoil jets were reconstructed. For V0M,
𝜗ch and 𝜛T, the 𝛻jet distribution for the event class
shows prominent structures in the pseudorapidity in-
terval where the event activity estimator is calculated.
This bias is significantly reduced or even absent in
events triggered with flattenicity. This result encour-
ages the use of flattenicity to search for jet quenching
e!ects in small collision systems.
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Figure 8: Phase space in the 𝜔𝜀T-𝜗mpi plane covered by the
di!erent 0-1% event classes.

could still reveal e!ects hidden by the standard multiplicity-
based event activity classifiers. In order to reduce the small
biases, more information is required to measure the event
activity. In this context, experiments such as ALICE 3 with
unique particle identification capabilities of 8-10 units of
pseudorapidity [28, 29], will be crucial for the detailed study
of small collision systems.

7. Summary

• The studies presented here suggest that the estimators
with the highest dynamic range in𝜗mpi are flattenicity
and those based on charged-particle multiplicity.

• For the 0-0.1% event classes selected with most of
the event-activity estimators (𝜛T, 𝜗ch, V0M, 1 ω 𝜚,
and 𝜍0), the overlap in the 𝜔𝜀T-𝜗mpi space is very
narrow. It is found around 𝜗mpi ε 15 and 𝜔𝜀T ε 10,
GeV /𝜑. It is also interesting to note that the 0-0.1%
𝜍T class is outside such a common overlap region.
This suggests that physics may di!er from one event
activity estimator to another.

• For the 0-0.1% event class, FastJet was applied to
reconstruct the recoil jet associated to trigger particles
with 𝜀T within 20-30 GeV/𝜑. The pseudorapidity of
the recoil jet was calculated for the di!erent samples.
By construction, transverse spherocity and sphericity
does not have high-𝜀T particles at midrapidity and
therefore, no recoil jets were reconstructed. For V0M,
𝜗ch and 𝜛T, the 𝛻jet distribution for the event class
shows prominent structures in the pseudorapidity in-
terval where the event activity estimator is calculated.
This bias is significantly reduced or even absent in
events triggered with flattenicity. This result encour-
ages the use of flattenicity to search for jet quenching
e!ects in small collision systems.
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Figure 8: Phase space in the 𝜔𝜀T-𝜗mpi plane covered by the
di!erent 0-1% event classes.

could still reveal e!ects hidden by the standard multiplicity-
based event activity classifiers. In order to reduce the small
biases, more information is required to measure the event
activity. In this context, experiments such as ALICE 3 with
unique particle identification capabilities of 8-10 units of
pseudorapidity [28, 29], will be crucial for the detailed study
of small collision systems.

7. Summary

• The studies presented here suggest that the estimators
with the highest dynamic range in𝜗mpi are flattenicity
and those based on charged-particle multiplicity.

• For the 0-0.1% event classes selected with most of
the event-activity estimators (𝜛T, 𝜗ch, V0M, 1 ω 𝜚,
and 𝜍0), the overlap in the 𝜔𝜀T-𝜗mpi space is very
narrow. It is found around 𝜗mpi ε 15 and 𝜔𝜀T ε 10,
GeV /𝜑. It is also interesting to note that the 0-0.1%
𝜍T class is outside such a common overlap region.
This suggests that physics may di!er from one event
activity estimator to another.

• For the 0-0.1% event class, FastJet was applied to
reconstruct the recoil jet associated to trigger particles
with 𝜀T within 20-30 GeV/𝜑. The pseudorapidity of
the recoil jet was calculated for the di!erent samples.
By construction, transverse spherocity and sphericity
does not have high-𝜀T particles at midrapidity and
therefore, no recoil jets were reconstructed. For V0M,
𝜗ch and 𝜛T, the 𝛻jet distribution for the event class
shows prominent structures in the pseudorapidity in-
terval where the event activity estimator is calculated.
This bias is significantly reduced or even absent in
events triggered with flattenicity. This result encour-
ages the use of flattenicity to search for jet quenching
e!ects in small collision systems.
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Figure 8: Phase space in the 𝜔𝜀T-𝜗mpi plane covered by the
di!erent 0-1% event classes.

could still reveal e!ects hidden by the standard multiplicity-
based event activity classifiers. In order to reduce the small
biases, more information is required to measure the event
activity. In this context, experiments such as ALICE 3 with
unique particle identification capabilities of 8-10 units of
pseudorapidity [28, 29], will be crucial for the detailed study
of small collision systems.

7. Summary

• The studies presented here suggest that the estimators
with the highest dynamic range in𝜗mpi are flattenicity
and those based on charged-particle multiplicity.

• For the 0-0.1% event classes selected with most of
the event-activity estimators (𝜛T, 𝜗ch, V0M, 1 ω 𝜚,
and 𝜍0), the overlap in the 𝜔𝜀T-𝜗mpi space is very
narrow. It is found around 𝜗mpi ε 15 and 𝜔𝜀T ε 10,
GeV /𝜑. It is also interesting to note that the 0-0.1%
𝜍T class is outside such a common overlap region.
This suggests that physics may di!er from one event
activity estimator to another.

• For the 0-0.1% event class, FastJet was applied to
reconstruct the recoil jet associated to trigger particles
with 𝜀T within 20-30 GeV/𝜑. The pseudorapidity of
the recoil jet was calculated for the di!erent samples.
By construction, transverse spherocity and sphericity
does not have high-𝜀T particles at midrapidity and
therefore, no recoil jets were reconstructed. For V0M,
𝜗ch and 𝜛T, the 𝛻jet distribution for the event class
shows prominent structures in the pseudorapidity in-
terval where the event activity estimator is calculated.
This bias is significantly reduced or even absent in
events triggered with flattenicity. This result encour-
ages the use of flattenicity to search for jet quenching
e!ects in small collision systems.
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Bias toward local fluctuations

activity estimator does not bias the jet fragmentation relative to a MB pp collision. This
feature is important for jet-quenching searches in small-collision systems.

To study the correlation between event activity estimators and jet fragment multiplicity,
FastJet version 3.4.3 [43] was implemented in the PYTHIA 8 simulations. A similar strategy
to that reported in [13] was adopted. The 0%–0.1% event class pp collisions were analyzed
as follows. The leading particle within |η| < 0.8 and the transverse momentum within
10–30 GeV/c was selected. The recoil jet was reconstructed using the anti-kT algorithm
implemented in FastJet. A radius of 0.4 was used and charged particles were considered in
the analysis. The transverse momentum of the recoil jet is required to be greater than
25 GeV/c and this should be found in the opposite hemisphere relative to the leading particle
(|jjet − jlead| > π/2). While in MB pp collisions, around 1.5 million events satisfy the
selection criteria, only 18 and 182 events fulmll the requirements for the top 0.1% sphericity
and spherocity classes, respectively. However, for the top 0.1% unbiased class (selection on
Nmpi) around 12 000 pp collisions are expected to satisfy the selection criteria. Interestingly,
:attenicity is the estimator that yields a similar number for the top 0.1% event class, around
11 000 pp collisions. In contrast for the top 0.1% V0M, Nch and RT the numbers of recoil jets
(same as number of pp collisions) are around 26 000, 10 8000 and 24 2000, respectively.

The results of this study can be found in mgure 7, which shows the distribution of the jets
recoiling from a high-pT leading hadron as a function of jet pseudorapidity (ηjet) for the
different event-activity estimators. Sphericity and spherocity are missing in this mgure since
most of their corresponding recoil jets do not satisfy the selection criteria. While this dis-
tribution appears symmetric for the rest of the estimators, the V0M distribution presents an
asymmetry, indicating a bias toward events with a recoil jet in either the V0C or the V0A
region, shown as the shaded areas in the mgure. Since V0C acceptance is narrower than that
for V0A, there is a signimcant higher enhancement in the V0C region. Meanwhile, in the case
of RT and Nch we can see an enhancement in the region where these estimators are calculated
(|η| < 0.8), indicating an autocorrelation or a bias towards coplanar jets. A notable feature of
:attenicity is the absence of any of these biases and its resemblance to results from MB and

Figure 7. Probability distribution of jets (R= 0.4) recoiling from a high-pT hadron (within
< <p10 30T

lead GeV/c and |η| < 0.8) as a function of ηjet for >p 25T
jet GeV/c, in pp collisions at

=s 13 TeV. Results for various event-activity estimators are shown in the 0%–0.1% event class.
The shaded area represents the pseudorapidity regions covered by the ALICE V0 detector. The error
bars represent the statistical uncertainty.
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Bias toward local fluctuations

activity estimator does not bias the jet fragmentation relative to a MB pp collision. This
feature is important for jet-quenching searches in small-collision systems.

To study the correlation between event activity estimators and jet fragment multiplicity,
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to that reported in [13] was adopted. The 0%–0.1% event class pp collisions were analyzed
as follows. The leading particle within |η| < 0.8 and the transverse momentum within
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implemented in FastJet. A radius of 0.4 was used and charged particles were considered in
the analysis. The transverse momentum of the recoil jet is required to be greater than
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(|jjet − jlead| > π/2). While in MB pp collisions, around 1.5 million events satisfy the
selection criteria, only 18 and 182 events fulmll the requirements for the top 0.1% sphericity
and spherocity classes, respectively. However, for the top 0.1% unbiased class (selection on
Nmpi) around 12 000 pp collisions are expected to satisfy the selection criteria. Interestingly,
:attenicity is the estimator that yields a similar number for the top 0.1% event class, around
11 000 pp collisions. In contrast for the top 0.1% V0M, Nch and RT the numbers of recoil jets
(same as number of pp collisions) are around 26 000, 10 8000 and 24 2000, respectively.
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different event-activity estimators. Sphericity and spherocity are missing in this mgure since
most of their corresponding recoil jets do not satisfy the selection criteria. While this dis-
tribution appears symmetric for the rest of the estimators, the V0M distribution presents an
asymmetry, indicating a bias toward events with a recoil jet in either the V0C or the V0A
region, shown as the shaded areas in the mgure. Since V0C acceptance is narrower than that
for V0A, there is a signimcant higher enhancement in the V0C region. Meanwhile, in the case
of RT and Nch we can see an enhancement in the region where these estimators are calculated
(|η| < 0.8), indicating an autocorrelation or a bias towards coplanar jets. A notable feature of
:attenicity is the absence of any of these biases and its resemblance to results from MB and

Figure 7. Probability distribution of jets (R= 0.4) recoiling from a high-pT hadron (within
< <p10 30T

lead GeV/c and |η| < 0.8) as a function of ηjet for >p 25T
jet GeV/c, in pp collisions at

=s 13 TeV. Results for various event-activity estimators are shown in the 0%–0.1% event class.
The shaded area represents the pseudorapidity regions covered by the ALICE V0 detector. The error
bars represent the statistical uncertainty.
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Bias toward local fluctuations

activity estimator does not bias the jet fragmentation relative to a MB pp collision. This
feature is important for jet-quenching searches in small-collision systems.

To study the correlation between event activity estimators and jet fragment multiplicity,
FastJet version 3.4.3 [43] was implemented in the PYTHIA 8 simulations. A similar strategy
to that reported in [13] was adopted. The 0%–0.1% event class pp collisions were analyzed
as follows. The leading particle within |η| < 0.8 and the transverse momentum within
10–30 GeV/c was selected. The recoil jet was reconstructed using the anti-kT algorithm
implemented in FastJet. A radius of 0.4 was used and charged particles were considered in
the analysis. The transverse momentum of the recoil jet is required to be greater than
25 GeV/c and this should be found in the opposite hemisphere relative to the leading particle
(|jjet − jlead| > π/2). While in MB pp collisions, around 1.5 million events satisfy the
selection criteria, only 18 and 182 events fulmll the requirements for the top 0.1% sphericity
and spherocity classes, respectively. However, for the top 0.1% unbiased class (selection on
Nmpi) around 12 000 pp collisions are expected to satisfy the selection criteria. Interestingly,
:attenicity is the estimator that yields a similar number for the top 0.1% event class, around
11 000 pp collisions. In contrast for the top 0.1% V0M, Nch and RT the numbers of recoil jets
(same as number of pp collisions) are around 26 000, 10 8000 and 24 2000, respectively.

The results of this study can be found in mgure 7, which shows the distribution of the jets
recoiling from a high-pT leading hadron as a function of jet pseudorapidity (ηjet) for the
different event-activity estimators. Sphericity and spherocity are missing in this mgure since
most of their corresponding recoil jets do not satisfy the selection criteria. While this dis-
tribution appears symmetric for the rest of the estimators, the V0M distribution presents an
asymmetry, indicating a bias toward events with a recoil jet in either the V0C or the V0A
region, shown as the shaded areas in the mgure. Since V0C acceptance is narrower than that
for V0A, there is a signimcant higher enhancement in the V0C region. Meanwhile, in the case
of RT and Nch we can see an enhancement in the region where these estimators are calculated
(|η| < 0.8), indicating an autocorrelation or a bias towards coplanar jets. A notable feature of
:attenicity is the absence of any of these biases and its resemblance to results from MB and

Figure 7. Probability distribution of jets (R= 0.4) recoiling from a high-pT hadron (within
< <p10 30T

lead GeV/c and |η| < 0.8) as a function of ηjet for >p 25T
jet GeV/c, in pp collisions at

=s 13 TeV. Results for various event-activity estimators are shown in the 0%–0.1% event class.
The shaded area represents the pseudorapidity regions covered by the ALICE V0 detector. The error
bars represent the statistical uncertainty.
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Dijet acoplanarity with flattenicity

•Restoring Consistency with MB: 
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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Motivation

Momentum transfer

Hard and soft processes as probes of the quark-gluon plasma

Underlying event 
characterization 

in pp collisions at 
 TeVs = 13.6

Dijet 
acoplanarity 

with flattenicity 
in pp collisions
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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 

• Transverse:  
sensitive to the UE 

The particles that are not produced by the main 
hard scattering constitute the UE, dominated by 

the multiple-parton interactions (MPI)

Underlying event (UE)
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Motivation

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 effects
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Current status and prediction

UE activity presents an 
energy dependence

Underlying-event properties in pp and p–Pb collisions at
→

sNN = 5.02 TeV ALICE Collaboration
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Figure 7: Upper: average transverse momentum as a function of ptrig
T in the toward (left) and away (right) regions

measured in pp and p–Pb collisions at
→

sNN = 5.02 TeV. Results for data and comparison with models PYTHIA 8
(green) and EPOS LHC (red) predictions are shown. Bottom: average transverse momentum measured in pp
collisions divided by that measured in p–Pb collisions. A similar ratio is shown for model predictions.
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Figure 8: Left: charged-particle number density in the transverse region as a function of ptrig
T for pp collisions

at
→

s = 0.9, 5.02, 7, and 13 TeV [11, 14]. A constant function (solid lines) is used to fit the data in the range
5 < ptrig

T < 10 GeV/c. Right: number densities scaled by the plateau values obtained from the fit to compare
the shapes. The coloured boxes represent the systematic uncertainties, and vertical error bars indicate statistical
uncertainties.

to: B(!!) = B0

(
1+ 2V2 cos(2!!)

)
, where V2 ↑ vtrig

2 vassoc
2 is approximately given by the product of

anisotropic flow coefficients for trigger and associated particles at their respective momenta [47]. From
Pb–Pb results we expect the effect to be the largest at intermediate transverse momenta and to decrease
for high transverse momentum particles [50].

Finally, the average transverse momentum ↓pT↔ of particles in the toward and away regions after sub-
tracting the UE contribution estimated from the transverse region is shown in Fig. 7 as a function of ptrig

T
for pp and p–Pb collisions at

→
sNN = 5.02 TeV. Within uncertainties, the ↓pT↔ values are consistent in

pp and p–Pb collisions in the measured ptrig
T interval. The PYTHIA 8 tunes considered in this paper do
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Plateau value for pp at  TeV 
is expected to be slightly above

s = 13.6Underlying-event properties in pp and p–Pb collisions at
→

sNN = 5.02 TeV ALICE Collaboration
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Figure 9: Centre-of-mass energy dependence of the high ptrig
T plateau value of the charged-particle number density

in the transverse region. The ATLAS [53–55], CDF [2, 56], CMS [57] and STAR [3] data points were taken from
the compilation reported by the STAR collaboration [3]. Error bars represent statistical and systematic uncertainties
summed in quadrature. The data are compared with a parametrisation of the form s0.27 +0.14log(s) [58].

5 Conclusions

In this paper, the measurements of underlying-event observables performed in pp and p–Pb collisions
at a centre-of-mass energy per nucleon–nucleon collisions of 5.02 TeV were reported. The analysis was
carried out following the strategy introduced by the CDF collaboration consisting of the definition of
three azimuthal regions relative to the highest transverse momentum particle in the collision (ptrig

T ). The
charged-particle production is measured within the pseudorapidity interval |! |< 0.8; and it is quantified
with the number and summed-pT densities considering particles above a given pT threshold. Three pT
thresholds are considered: 0.15, 0.5, and 1 GeV/c. These quantities are reported as a function of ptrig

T ,
and for the toward, away, and transverse azimuthal regions. The transverse region is the most sensitive
to the underlying event; while the toward and away regions include both the underlying-event and jet
fragments from the main partonic scattering. For the isolation of the jet-like signal, the event activity in
the transverse region is subtracted from those measured in the toward and away regions. Results for pp
collisions are compared with data at other centre-of-mass energies and with MC predictions. In addition,
the event activities measured in pp and p–Pb collisions are compared with each other at the same ptrig

T
value. The main conclusions of the present work are listed below.

– The underlying-event observables in pp collisions follow the same behaviour as observed at lower
centre-of-mass energies. In the transverse region the charged-particle densities measured in the
three azimuthal regions exhibit a fast rise for ptrig

T < 5 GeV/c followed by a flattening at higher
ptrig

T (plateau). Data for the three azimuthal regions relative to the leading particle are reproduced
by the PYTHIA 8 event generator with the Monash tune. EPOS LHC predicts a slightly different
behaviour in particular at ptrig

T around 3 GeV/c where a bump structure is present in the three
azimuthal regions which is not observed in the data.

– The underlying-event observables in p–Pb collisions qualitatively behave like in pp interactions.
The particle densities in the transverse region exhibit a saturation at ptrig

T ↑ 5 GeV/c. PYTHIA 8/An-
gantyr qualitatively reproduces this saturation but underestimates the particle densities. The EPOS
LHC model does not describe the saturation and underestimates the event activity within the mea-
sured ptrig

T interval. For the toward and away regions, above the onset of the plateau, data exhibit
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Figure 7: Upper: average transverse momentum as a function of ptrig
T in the toward (left) and away (right) regions

measured in pp and p–Pb collisions at
→

sNN = 5.02 TeV. Results for data and comparison with models PYTHIA 8
(green) and EPOS LHC (red) predictions are shown. Bottom: average transverse momentum measured in pp
collisions divided by that measured in p–Pb collisions. A similar ratio is shown for model predictions.
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Figure 8: Left: charged-particle number density in the transverse region as a function of ptrig
T for pp collisions

at
→

s = 0.9, 5.02, 7, and 13 TeV [11, 14]. A constant function (solid lines) is used to fit the data in the range
5 < ptrig

T < 10 GeV/c. Right: number densities scaled by the plateau values obtained from the fit to compare
the shapes. The coloured boxes represent the systematic uncertainties, and vertical error bars indicate statistical
uncertainties.

to: B(!!) = B0

(
1+ 2V2 cos(2!!)

)
, where V2 ↑ vtrig

2 vassoc
2 is approximately given by the product of

anisotropic flow coefficients for trigger and associated particles at their respective momenta [47]. From
Pb–Pb results we expect the effect to be the largest at intermediate transverse momenta and to decrease
for high transverse momentum particles [50].

Finally, the average transverse momentum ↓pT↔ of particles in the toward and away regions after sub-
tracting the UE contribution estimated from the transverse region is shown in Fig. 7 as a function of ptrig

T
for pp and p–Pb collisions at

→
sNN = 5.02 TeV. Within uncertainties, the ↓pT↔ values are consistent in

pp and p–Pb collisions in the measured ptrig
T interval. The PYTHIA 8 tunes considered in this paper do

14

ALICE, JHEP 06 (2023) 023

Current status and prediction

https://arxiv.org/pdf/2204.10389
https://arxiv.org/pdf/2204.10389
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Analysis strategy
rest of the tracks  (passoc

T )
highest-transverse-

momentum track  (ptrig
T )

The topological regions are defined

⟨ d2Nch

dη dφ
(ptrig

T )⟩ =
1

Nev(ptrig
T )

1
Δη Δφ

Nch(ptrig
T )

=
1

Nrec
ev (ptrig

T )
1

Δη Δφ (Ntrk(ptrig
T ) ×

1 − c
ϵtrk × a

× ϵtrigger × ϵMisID)

• The average particle density must be corrected to account for any detector effects:
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Toward regionAway regionTransverse region

UE activity dependent on the energy of the collision
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UE saturates 
Bias toward smaller impact parameter

Jet fragments

UE activity dependent on the energy of the collision

Topological regions present different behaviors
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The job of CERN Director-General 
comes with a lot of responsibility, 

and that’s particularly true today. 
We’re living through a period of 
unique circumstances for science. 
Positive indicators, such as a renewal 
of interest in physical sciences at the 
University level and unprecedented 
public interest in the LHC, are align-
ing with storm clouds in the form of 
a prolonged economic crisis that will 
put downward pressure on every-
one’s budgets.
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Wi th around 
4,300 active 
m e m b e r s 

representing every 
continent and the 
task of uncovering 
some of the deep-
est mysteries of the 
Universe,  CMS is 
constantly under the 
spotlight. The pres-
sure is on to ensure the high performance 
of the detector while providing solutions for 
extremely accurate but quick data analysis. 
“The LHC machine is setting the pace for 
CMS,” explains Joseph Incandela from UC 
Santa Barbara/CERN, the new CMS spokes-
person. “The 2012 run will most probably go 
to a higher energy and intensity. The detec-
tor will face tougher pile-up conditions, 
and our teams have been working hard to 
ensure that everything works as expected 

when the LHC resumes operation a few 
weeks from now.”

Going to higher luminosity is a big techni-
cal challenge for the experiment but it’s 
not worried concern that we observe in 
Incandela’s look. Rather, he looks “happily 
challenged” and content to be leading 
what he calls “a fantastic collaboration” 
at this historic moment in time. “In 2012 
we will focus on solving the Higgs “to-be 
or not-to-be” dilemma,” says Joao Varela 
from LIP Portugal, one of the two new CMS 

CMS, one of the two gigantic international collaborations 
running experiments at the LHC, has recently appointed its new 
management. The new spokesperson and his two deputies are 
well aware of the pressure associated with holding such high 
positions during such a historic time for particle physics. Although 
their focus is on the Higgs, they anticipate that other areas of 
CMS’ multi-purpose research programme might become equally 
as intriguing this year.

New CMS management:  
catching the  

Higgs (or non-Higgs)

(Continued on page )

Summary

64

• Bias in jet quenching searches can 
be mitigated with flattenicity, 
making this amore reliable tool for 
future jet  searches 

• Underlying Event activity studied 
in pp collisions at  TeV, 
considering latest ALICE data 

• Results show good agreement 
with expectations: Run 3 activity is 
slightly higher than Run 2, 
consistent with energy trend 

s = 13.6
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Search for jet quenching effects in HM pp collisions at
→

s = 13 TeV ALICE Collaboration
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Figure 6: Distribution of probability per trigger hadron of number of jets with R = 0.4 and pch
T,jet > 15 GeV/c

recoiling from a high-pT hadron (TT{20,30}) at midrapidity (|!jet|< 0.5), for MB and HM pp collisions at
→

s =
13 TeV. Left panels: ALICE data; right panels: simulations at the particle level with PYTHIA 8 Monash tune.
Lower panels show the ratio HM/MB. The insert in the lower panels has magnified vertical scale to show the ratio
of probabilities to observe a single jet.

have broader distribution in !∀ than jets from LO production. This picture is confirmed by carrying out
the PYTHIA 8 analysis for much larger recoil jet acceptance, |!jet|< 5.6. In that case, no back-to-back
yield depletion is observed.

The yield suppression and azimuthal broadening seen in Fig. 3 may therefore arise from the effect of
different phase space being used for EA characterization (V0A and V0C) and recoil jet measurement
(central barrel), combined with the HM selection bias towards events with a jet in the V0C acceptance.
It therefore cannot be attributed uniquely to jet quenching in HM-selected events.

This conclusion about interpretability in terms of jet quenching of the effects seen in Fig. 3 is more
general than this specific analysis, however. The bias of the HM event selection identified here is generic,
and must also be taken into account for the interpretation in terms of QGP formation of other phenomena
observed in small systems.

9 Summary

This article reports a search for jet quenching effects in high multiplicity pp collisions at
→

s = 13 TeV,
based on the semi-inclusive azimuthal distribution of charged-particle jets recoiling from a high-pT
hadron trigger in the ALICE central barrel acceptance. Significant azimuthal broadening is observed
in events selected to have high multiplicity in forward detectors, which may arise from jet quenching.
However, similar broadening is also observed in simulations with the PYTHIA 8 event generator, which
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Prospects for medium-induced acoplanarity study

• Jet broadening can be studied through the width of Δφ 
correlation using semi-inclusive recoil jets measurements 

• Projection with JEWEL (recoil off) for expected luminosity 
of the up coming RUN3/4 at LHC

- Integral of Δφ distribution at large angles used to 
explore jet acoplanarity

15

• 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 
broader distribution in  than jets from LO 
production.

Δφ

ALICE et al J. High Energ. Phys. 2024, 229 (2024)
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Bias toward harder-than-average events
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La medición de multiplicidad en rapidez central implica un sesgo 
hacia particular cargadas, el cual puede ser eliminado con el V0

ALICE, Phys. Rev. C 99 (2019), 024906
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Figure 5: (a) Impact parameter distributions of inelastic pp collisions at
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s = 7 TeV.
Solid (dashed) line: Distribution of events with a dijet trigger at zero rapidity, y1,2 = 0,
for pT = 100 (10) GeV cf. Eq. (10). Dotted line: Distribution of minimum–bias inelastic
events,cf. Eq. (11). (b) Dependence of median b on pT for di↵erent rapidities of the dijets.

since with an increase of incident energy partons in the central pp collisions propagate
through stronger and stronger gluon fields.

Many further tests of the discussed picture which are suggested in Ref. [3] will be
feasible in a near future. They include (i) Check that the transverse multiplicity does
not depend on rapidities of the jets, (ii) Study of the multiplicity at y < 0 for events
with jets at y1 ⇠ y2 ⇠ 2. This would allow to check that the transverse multiplicity
is universal and that multiplicity in the away and the towards regions is similar to
the transverse multiplicity for y  0. (iii) Studying whether transverse multiplicity is
the same for quark and gluon induced jets. Since the gluon radiation for production
of W±, Z is smaller than for the gluon dijets, a subtraction of the radiation e↵ect
mentioned below is very important for such a comparisons.

Note that the contribution of the jet the fragmentation to the transverse cone as
defined in the experimental analyses is small but not negligible especially at smaller
energies (

p
s = 0.9TeV). It would be desirable to use a more narrow transverse cone,

or subtract the contribution of the jets fragmentation. Indeed, the color flow contri-
bution [12] leads to a small residual increase of the transverse multiplicity with pT .
However the jet fragmentation e↵ect depends on pT rather than on

p
s. Hence it does

not contribute to the growth of the transverse multiplicity, which is a factor of ⇠ 2
between

p
s = 0.9TeV and

p
s = 7.0 TeV. In fact, a subtraction of the jet fragmenta-

tion contribution would somewhat increase the rate of the increase of the transverse
multiplicity in the discussed energy interval. This allows to obtain the lower limit for
the rate of the increase of the multiplicity in the central (< b >⇠ 0.6 fm) pp collisions
of s0.17. It is a bit faster than the s dependence of multiplicity in the central heavy ion
collisions.
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since with an increase of incident energy partons in the central pp collisions propagate
through stronger and stronger gluon fields.

Many further tests of the discussed picture which are suggested in Ref. [3] will be
feasible in a near future. They include (i) Check that the transverse multiplicity does
not depend on rapidities of the jets, (ii) Study of the multiplicity at y < 0 for events
with jets at y1 ⇠ y2 ⇠ 2. This would allow to check that the transverse multiplicity
is universal and that multiplicity in the away and the towards regions is similar to
the transverse multiplicity for y  0. (iii) Studying whether transverse multiplicity is
the same for quark and gluon induced jets. Since the gluon radiation for production
of W±, Z is smaller than for the gluon dijets, a subtraction of the radiation e↵ect
mentioned below is very important for such a comparisons.

Note that the contribution of the jet the fragmentation to the transverse cone as
defined in the experimental analyses is small but not negligible especially at smaller
energies (

p
s = 0.9TeV). It would be desirable to use a more narrow transverse cone,

or subtract the contribution of the jets fragmentation. Indeed, the color flow contri-
bution [12] leads to a small residual increase of the transverse multiplicity with pT .
However the jet fragmentation e↵ect depends on pT rather than on

p
s. Hence it does

not contribute to the growth of the transverse multiplicity, which is a factor of ⇠ 2
between

p
s = 0.9TeV and

p
s = 7.0 TeV. In fact, a subtraction of the jet fragmenta-

tion contribution would somewhat increase the rate of the increase of the transverse
multiplicity in the discussed energy interval. This allows to obtain the lower limit for
the rate of the increase of the multiplicity in the central (< b >⇠ 0.6 fm) pp collisions
of s0.17. It is a bit faster than the s dependence of multiplicity in the central heavy ion
collisions.
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When we require a very energetic particle in the event, collisions are biased towards 
smaller impact parameter . This concept is implemented in PYTHIA [Sjöstrand, T.  Phys.Lett.B 188 (1987) 149-154]b

 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 

• : Number of reconstructed tracks passing the event and track selection criteria within . 

• : Number of reconstructed events that pass the event selection criteria.

Ntrk |η | < 0.8

N rec
ev

• Efficiency and geometrical acceptance 

ϵtrk × a = (
Ntrk, prim

Nch, prim )
MC

• Sec. contamination 

c = (
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Ntrk, prim )
MC

• Trigger bias 

ϵtrigger = ( UEtrue
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• MisID correction 

ϵMisID = ( UEtrue leading

UErec leading )
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ev (ptrig

T )
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seemingly impossible task of ‘figuring out a pocket watch by smashing 
two together and observing the flying debris’. The collective response 
plays a key part.

Our shape-imaging technique focuses on head-on (near-zero impact 
parameter) collisions of prolate-deformed nuclei (Fig. 1d–g). The initial 
configurations lie between two extremes: body–body (top) and tip–tip 
(bottom) collisions (Fig. 1d). Before impact, Lorentz contraction flat-
tens the ground-state nuclei into pancake-like shapes by a factor of 

s mΓ = / > 1001
2 NN 0 , where m0 ≈ 0.94 GeV is the nucleon mass (Fig. 1e).  

The initial impact, lasting τexpo = 2R0/Γ ≲ 0.1 fm/c, acts as an exposure 
time. The shape and size of the overlap region, reflecting the initially 
produced QGP, directly mirror those of the colliding nuclei projected 
on the transverse (xy) plane (Fig. 1e). Body–body collisions create a 
larger, elongated QGP, which undergoes pressure-gradient-driven 
expansion (indicated by arrows) until about 10 fm/c (ref. 7), resulting 
in an inverted, asymmetric distribution (Fig. 1f). By contrast, tip–tip 
collisions form a compact, circular QGP, driving a more rapid but sym-
metric expansion (Fig. 1f). In the final stage, the QGP freezes into thou-
sands of particles, captured as tracks in detectors, whose angular 
distributions reflect the initial QGP shape (Fig. 1g). This flow-assisted 
imaging is similar to the Coulomb explosion imaging in molecule 
structure analysis17–21, in which the spatial arrangement of atoms, ion-
ized by an X-ray laser or through a passage in thin foils, is deduced 
from their mutual Coulomb-repulsion-driven expansion. However, 
the expansion duration in high-energy collisions is 106–109 times 
shorter.

The concept that the dynamics of QGP can be used to image the geo-
metrical properties of its initial condition was widely recognized. This 
understanding has facilitated the determination of the impact para-
meter and fluctuations in nucleon positions7, as well as the neutron 
skin of the colliding nuclei22, by measuring higher-order harmonic 
flows. However, our study took a further step to image the shape of the 
colliding nuclei through their impact on the initial condition.

Energy evolution of shapes
A pertinent question is how the shapes observed in high-energy col-
liders compare with those derived from low-energy experiments. For 
well-deformed nuclei such as 238U, we expect them to align at a basic 
level. However, there are other correlations (such as clustering and 
short-range correlations) that manifest at increasingly faster timescales 
from 1,000 to a few fm/c. Moreover, high-energy collisions also probe 
nuclear structure at sub-nucleonic levels, such as quark and gluon 
correlations, as well as modifications caused by dense gluon fields23. 
As a result, the deformations observed at high energy may differ from 
those at low energy, motivating us to examine nuclear phenomena 
across energy scales and discover new phenomena.

Observables
In Fig. 1e, the initial shape of QGP is quantified by the eccentricity, 
ε = y x
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Fig. 1 | Methods for determining the nuclear shape in low and high energies. 
a, Cartoon of a well-deformed prolate-shaped nucleus. b, Quantum fluctuations 
over Euler angles for this nucleus and associated overall timescale. c, Quantum 
mechanical manifestation of the deformation in terms of the first rotational 
band of 238U. d, Aligning the two nuclei in the head-on body–body configuration 
(top) and tip–tip configuration (bottom). e, High-energy collision of two  
Lorentz-contracted nuclei and resulting 3D profile of the initially produced 
quark–gluon plasma (QGP), in which the arrows indicate the pressure gradients. 

f, The 3D profile of the QGP at the end of the hydrodynamic expansion before it 
freezes out into particles, in which the arrows indicate the velocities of fluid 
cells. g, Charged particle tracks measured in the detector. The timescales 
shown are in units of fm/c—the time for light to travel 1 femtometre. The body–
body configuration has large eccentricity ε2 and small gradient d(, leading to 
large elliptic flow v2 and smaller average transverse momentum [pT] and vice 
versa for tip–tip configuration (see main text).

a) b) c)

Figure 1.4: a) A non central heavy-ion collision results in an almond shaped medium, where
the pressure will be higher along the shorter axis, as indicated by the arrows. b)This spatial
eccentricity is transformed by pressure gradients into momentum anisotropies, c) which can
be detected by measuring the azimuthal momentum distribution [11].

to a higher pT, but its e!ect is more significant for heavier masses (ωpT → mεϑT). The312

absence of a radial boost in the theoretical predictions prevents them from reproducing the313

observed mass splitting.314

Another piece of experimental evidence of the formation of QGP in heavy-ion collisions315

is the phenomenon of jet quenching. Jets, observed in both proton–proton and heavy-316

ion collisions, are produced after a collision with a large momentum transfer between two317

partons. Upon scattering, each parton generates a shower of particles and hadrons that318

propagate in a cone shape along the direction of their motion. This phenomenon, called319

hadronization, is the process by which a single quark or gluon converts into an observable320

collection of color-neutral particles. In the presence of QGP, jets will propagate through it,321

losing a considerable amount of energy due to interactions with the partons in the medium.322

Evidence of this scenario is shown in Fig. 1.6a, where the energy deposited in the CMS323

calorimeter in a heavy-ion collision is shown. Here, two jets of very di!erent energies are324

evident, suggesting that one jet lost more energy while traversing the QGP. An alternative325

method to analyze this energy loss is by quantifying the number of jets within a specified326

transverse momentum pT range and contrasting it with the anticipated number of jets in327

minimum-bias proton-proton collisions. In such collisions, where no clear evidence of QGP328

formation has been observed, it is expected that jets propagate without interaction with a329

medium. This ratio is quantified by the nuclear modification factor,330

RAA(pT) =
1

↑Ncol↓
dNAA/dpT

dNpp/dpT
, (1.5)

defined as the ratio between jet production in heavy-ion collisions and the production in331

minimum-bias proton–proton collisions, normalized by the average number of binary colli-332
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seemingly impossible task of ‘figuring out a pocket watch by smashing 
two together and observing the flying debris’. The collective response 
plays a key part.

Our shape-imaging technique focuses on head-on (near-zero impact 
parameter) collisions of prolate-deformed nuclei (Fig. 1d–g). The initial 
configurations lie between two extremes: body–body (top) and tip–tip 
(bottom) collisions (Fig. 1d). Before impact, Lorentz contraction flat-
tens the ground-state nuclei into pancake-like shapes by a factor of 

s mΓ = / > 1001
2 NN 0 , where m0 ≈ 0.94 GeV is the nucleon mass (Fig. 1e).  

The initial impact, lasting τexpo = 2R0/Γ ≲ 0.1 fm/c, acts as an exposure 
time. The shape and size of the overlap region, reflecting the initially 
produced QGP, directly mirror those of the colliding nuclei projected 
on the transverse (xy) plane (Fig. 1e). Body–body collisions create a 
larger, elongated QGP, which undergoes pressure-gradient-driven 
expansion (indicated by arrows) until about 10 fm/c (ref. 7), resulting 
in an inverted, asymmetric distribution (Fig. 1f). By contrast, tip–tip 
collisions form a compact, circular QGP, driving a more rapid but sym-
metric expansion (Fig. 1f). In the final stage, the QGP freezes into thou-
sands of particles, captured as tracks in detectors, whose angular 
distributions reflect the initial QGP shape (Fig. 1g). This flow-assisted 
imaging is similar to the Coulomb explosion imaging in molecule 
structure analysis17–21, in which the spatial arrangement of atoms, ion-
ized by an X-ray laser or through a passage in thin foils, is deduced 
from their mutual Coulomb-repulsion-driven expansion. However, 
the expansion duration in high-energy collisions is 106–109 times 
shorter.

The concept that the dynamics of QGP can be used to image the geo-
metrical properties of its initial condition was widely recognized. This 
understanding has facilitated the determination of the impact para-
meter and fluctuations in nucleon positions7, as well as the neutron 
skin of the colliding nuclei22, by measuring higher-order harmonic 
flows. However, our study took a further step to image the shape of the 
colliding nuclei through their impact on the initial condition.

Energy evolution of shapes
A pertinent question is how the shapes observed in high-energy col-
liders compare with those derived from low-energy experiments. For 
well-deformed nuclei such as 238U, we expect them to align at a basic 
level. However, there are other correlations (such as clustering and 
short-range correlations) that manifest at increasingly faster timescales 
from 1,000 to a few fm/c. Moreover, high-energy collisions also probe 
nuclear structure at sub-nucleonic levels, such as quark and gluon 
correlations, as well as modifications caused by dense gluon fields23. 
As a result, the deformations observed at high energy may differ from 
those at low energy, motivating us to examine nuclear phenomena 
across energy scales and discover new phenomena.
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f, The 3D profile of the QGP at the end of the hydrodynamic expansion before it 
freezes out into particles, in which the arrows indicate the velocities of fluid 
cells. g, Charged particle tracks measured in the detector. The timescales 
shown are in units of fm/c—the time for light to travel 1 femtometre. The body–
body configuration has large eccentricity ε2 and small gradient d(, leading to 
large elliptic flow v2 and smaller average transverse momentum [pT] and vice 
versa for tip–tip configuration (see main text).
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Figure 1.4: a) A non central heavy-ion collision results in an almond shaped medium, where
the pressure will be higher along the shorter axis, as indicated by the arrows. b)This spatial
eccentricity is transformed by pressure gradients into momentum anisotropies, c) which can
be detected by measuring the azimuthal momentum distribution [11].
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absence of a radial boost in the theoretical predictions prevents them from reproducing the313

observed mass splitting.314

Another piece of experimental evidence of the formation of QGP in heavy-ion collisions315

is the phenomenon of jet quenching. Jets, observed in both proton–proton and heavy-316

ion collisions, are produced after a collision with a large momentum transfer between two317

partons. Upon scattering, each parton generates a shower of particles and hadrons that318

propagate in a cone shape along the direction of their motion. This phenomenon, called319

hadronization, is the process by which a single quark or gluon converts into an observable320

collection of color-neutral particles. In the presence of QGP, jets will propagate through it,321

losing a considerable amount of energy due to interactions with the partons in the medium.322

Evidence of this scenario is shown in Fig. 1.6a, where the energy deposited in the CMS323

calorimeter in a heavy-ion collision is shown. Here, two jets of very di!erent energies are324

evident, suggesting that one jet lost more energy while traversing the QGP. An alternative325

method to analyze this energy loss is by quantifying the number of jets within a specified326

transverse momentum pT range and contrasting it with the anticipated number of jets in327

minimum-bias proton-proton collisions. In such collisions, where no clear evidence of QGP328

formation has been observed, it is expected that jets propagate without interaction with a329
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seemingly impossible task of ‘figuring out a pocket watch by smashing 
two together and observing the flying debris’. The collective response 
plays a key part.

Our shape-imaging technique focuses on head-on (near-zero impact 
parameter) collisions of prolate-deformed nuclei (Fig. 1d–g). The initial 
configurations lie between two extremes: body–body (top) and tip–tip 
(bottom) collisions (Fig. 1d). Before impact, Lorentz contraction flat-
tens the ground-state nuclei into pancake-like shapes by a factor of 

s mΓ = / > 1001
2 NN 0 , where m0 ≈ 0.94 GeV is the nucleon mass (Fig. 1e).  

The initial impact, lasting τexpo = 2R0/Γ ≲ 0.1 fm/c, acts as an exposure 
time. The shape and size of the overlap region, reflecting the initially 
produced QGP, directly mirror those of the colliding nuclei projected 
on the transverse (xy) plane (Fig. 1e). Body–body collisions create a 
larger, elongated QGP, which undergoes pressure-gradient-driven 
expansion (indicated by arrows) until about 10 fm/c (ref. 7), resulting 
in an inverted, asymmetric distribution (Fig. 1f). By contrast, tip–tip 
collisions form a compact, circular QGP, driving a more rapid but sym-
metric expansion (Fig. 1f). In the final stage, the QGP freezes into thou-
sands of particles, captured as tracks in detectors, whose angular 
distributions reflect the initial QGP shape (Fig. 1g). This flow-assisted 
imaging is similar to the Coulomb explosion imaging in molecule 
structure analysis17–21, in which the spatial arrangement of atoms, ion-
ized by an X-ray laser or through a passage in thin foils, is deduced 
from their mutual Coulomb-repulsion-driven expansion. However, 
the expansion duration in high-energy collisions is 106–109 times 
shorter.

The concept that the dynamics of QGP can be used to image the geo-
metrical properties of its initial condition was widely recognized. This 
understanding has facilitated the determination of the impact para-
meter and fluctuations in nucleon positions7, as well as the neutron 
skin of the colliding nuclei22, by measuring higher-order harmonic 
flows. However, our study took a further step to image the shape of the 
colliding nuclei through their impact on the initial condition.

Energy evolution of shapes
A pertinent question is how the shapes observed in high-energy col-
liders compare with those derived from low-energy experiments. For 
well-deformed nuclei such as 238U, we expect them to align at a basic 
level. However, there are other correlations (such as clustering and 
short-range correlations) that manifest at increasingly faster timescales 
from 1,000 to a few fm/c. Moreover, high-energy collisions also probe 
nuclear structure at sub-nucleonic levels, such as quark and gluon 
correlations, as well as modifications caused by dense gluon fields23. 
As a result, the deformations observed at high energy may differ from 
those at low energy, motivating us to examine nuclear phenomena 
across energy scales and discover new phenomena.

Observables
In Fig. 1e, the initial shape of QGP is quantified by the eccentricity, 
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Fig. 1 | Methods for determining the nuclear shape in low and high energies. 
a, Cartoon of a well-deformed prolate-shaped nucleus. b, Quantum fluctuations 
over Euler angles for this nucleus and associated overall timescale. c, Quantum 
mechanical manifestation of the deformation in terms of the first rotational 
band of 238U. d, Aligning the two nuclei in the head-on body–body configuration 
(top) and tip–tip configuration (bottom). e, High-energy collision of two  
Lorentz-contracted nuclei and resulting 3D profile of the initially produced 
quark–gluon plasma (QGP), in which the arrows indicate the pressure gradients. 

f, The 3D profile of the QGP at the end of the hydrodynamic expansion before it 
freezes out into particles, in which the arrows indicate the velocities of fluid 
cells. g, Charged particle tracks measured in the detector. The timescales 
shown are in units of fm/c—the time for light to travel 1 femtometre. The body–
body configuration has large eccentricity ε2 and small gradient d(, leading to 
large elliptic flow v2 and smaller average transverse momentum [pT] and vice 
versa for tip–tip configuration (see main text).

a) b) c)

Figure 1.4: a) A non central heavy-ion collision results in an almond shaped medium, where
the pressure will be higher along the shorter axis, as indicated by the arrows. b)This spatial
eccentricity is transformed by pressure gradients into momentum anisotropies, c) which can
be detected by measuring the azimuthal momentum distribution [11].

to a higher pT, but its e!ect is more significant for heavier masses (ωpT → mεϑT). The312

absence of a radial boost in the theoretical predictions prevents them from reproducing the313

observed mass splitting.314

Another piece of experimental evidence of the formation of QGP in heavy-ion collisions315

is the phenomenon of jet quenching. Jets, observed in both proton–proton and heavy-316

ion collisions, are produced after a collision with a large momentum transfer between two317

partons. Upon scattering, each parton generates a shower of particles and hadrons that318

propagate in a cone shape along the direction of their motion. This phenomenon, called319

hadronization, is the process by which a single quark or gluon converts into an observable320

collection of color-neutral particles. In the presence of QGP, jets will propagate through it,321

losing a considerable amount of energy due to interactions with the partons in the medium.322

Evidence of this scenario is shown in Fig. 1.6a, where the energy deposited in the CMS323

calorimeter in a heavy-ion collision is shown. Here, two jets of very di!erent energies are324

evident, suggesting that one jet lost more energy while traversing the QGP. An alternative325

method to analyze this energy loss is by quantifying the number of jets within a specified326

transverse momentum pT range and contrasting it with the anticipated number of jets in327

minimum-bias proton-proton collisions. In such collisions, where no clear evidence of QGP328

formation has been observed, it is expected that jets propagate without interaction with a329

medium. This ratio is quantified by the nuclear modification factor,330

RAA(pT) =
1

↑Ncol↓
dNAA/dpT

dNpp/dpT
, (1.5)

defined as the ratio between jet production in heavy-ion collisions and the production in331

minimum-bias proton–proton collisions, normalized by the average number of binary colli-332
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Pb+Pb collisions at the top LHC energy [108, 109].
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Figure 2: The pT dependence of elliptic flow in Pb+Pb collisions at the LHC for various particle spe-
cies. The data are from the ALICE experiment [108]. The curves represent estimations extracted from
TRENTo+VISHNU based on a Bayesian analysis that determines the optimal hydrodynamic parameters
from other observables [23].

A key example of more differential endeavors regarding the investigations into hydrodynamic re-
sponse, pursued since the last Long Range Plan, is given by measurements of Symmetric Cumulants (SC(k, l)).
These extend the study of the individual flow amplitudes vn at low pT to correlations between event-by-event
fluctuations of flow coefficients [110–114]. Hydrodynamic calculations show that while v2 and v3 exhibit
an approximately linear dependence on the corresponding eccentricities ✏2 and ✏3, respectively, the higher
order vn coefficients (i.e., for n > 3) have also non-linear contributions from ✏2 and ✏3 in addition to the
linear ones from ✏n [115–118]. These observations lead to non-trivial correlations between different flow
coefficients which result in new and independent constraints on the initial conditions and ⌘/s. The left panel
of Figure 3 presents the centrality dependence of correlations between vn coefficients (up to the 5th order)
from Symmetric Cumulants, which are defined as:

SC(k, l) ⌘ hv2

kv
2

l i � hv2

kihv
2

l i (4)

The results shown are for Pb+Pb collisions at
p

sNN = 2.76 TeV [119, 120]. The correlations among
different flow coefficients depend on harmonic, as well as collision centrality [120]. Positive values of
SC(4,2), SC(5,2), and SC(5,3) and negative values of SC(3,2) and SC(4,3) are observed for all centralit-
ies. These indicate that event-by-event fluctuations of v2 and v4, v2 and v5, and v3 and v5 are correlated,
while v2 and v3, and v3 and v4 are anti-correlated. Furthermore, the lower-order harmonic correlations are
much larger than the higher-order ones. Measurements from ATLAS and CMS for Pb+Pb collisions at the
LHC [122, 123], and STAR for variety of Au+Au collision energies [124], show similar trends. The SC
observables are compared with EKRT [121] and TRENTo+VISHNU [23] predictions in the right panel of
Figure 3. The EKRT calculations are shown for two temperature-dependent ⌘/s parameterizations that
provide the best description of RHIC and LHC vn data: the constant ⌘/s = 0.2, and “param1" [121].

15

M. Arslandok et. al., arXiv:2303.17254

Hydrodynamic models of a perfect fluid provide a good description 
of the anisotropic distribution of the detected particles

Elliptic flow

https://arxiv.org/abs/2303.17254
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Strangeness enhancement
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Strangeness enhancement
ALICE, arXiv:2211.04384v1

• This enhancement evolves smoothly across 
the different system sizes 

• Strange hadron yields grow faster with 
multiplicity than those of non-strange 
hadrons (e.g. protons) 

• However, no MC model fully describes the 
data

https://arxiv.org/pdf/2211.04384
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Strangeness enhancement
ALICE, arXiv:2211.04384v1

• This enhancement evolves smoothly across 
the different system sizes 

• Strange hadron yields grow faster with 
multiplicity than those of non-strange 
hadrons (e.g. protons) 

• However, no MC model fully describes the 
data

https://arxiv.org/pdf/2211.04384
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Strangeness enhancement
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• This enhancement evolves smoothly across 
the different system sizes 

• Strange hadron yields grow faster with 
multiplicity than those of non-strange 
hadrons (e.g. protons) 

• However, no MC model fully describes the 
data

https://arxiv.org/pdf/1606.07424

