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The 2nd generation inner 
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Time projection chamber (TPC)
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Fast integration trigger (FIT)
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Figure 3.2: A schematic illustration of the almond shaped impact region in the reaction plane, after a non-
central collision, as it evolves into anisotropic expansion in momentum space[16].

very fast thermalization, which is one of the strongest proof of the existence of the QGP. If the system did
not undergo thermalization, a collective flow could not occur.

3.7 The ideal hydrodynamic model
There are different models to describe the behavior of elliptic flow produced in relativistic heavy-ion col-
lisions. The development of elliptic flow as a function of pT can be divided into three different regimes:
low (pT . 2.0 GeV/c), intermediate (2.0 < pT . 5.0 GeV/c) and high (pT & 5.0 GeV/c)[4]. The ideal hy-
drodynamic model is a good approach to describe the behavior of elliptic flow in the low pT regime and
calculations of the model predict a mass ordering of v2(pT)[5]. It has been observed that the QGP behaves
like a nearly perfect liquid[17] and this can be described by the ideal hydrodynamics model in the low pT
regime. This thesis will treat the elliptic flow as a function of pT up to pT=3.6 GeV/c.

The system produced in a relativistic heavy-ion collision undergoes different stages, which can broadly
be divided into the pre-equilibrium, expansion, hadronization, and freeze-out stage. In the pre-equilibrium
stage a fireball is produced by the initial partonic collisions. The fireball is initially highly excited and not
in equilibrium. Instead local equilibrium can be established by parts of the system colliding at a high fre-
quency. When local equilibrium is established, the system is in a locally thermalized state. In relativistic
heavy-ion collisions local equilibrium is rapidly established in the produced fireball and this period of time
is referred to as the thermalization time. In the expansion stage, the system undergoes expansion due to
the gradient force acting upon it. When the system expands, the energy density decreases and hence the
temperature also decreases. If a QGP phase transition has occurred in the collision the partons will start to
form hadrons due to the decreasing energy density, thus the system enters the hadronization stage. Even-
tually all the partonic matter is converted into hadronic matter. The hadronic matter may also establish
local equilibrium by the constituent hadrons of the system colliding frequently. Hence the system continue
to expand and the temperature decreases further. The last stage, freeze-out, is a sequence of two stages:
chemical and kinetic freeze-out. In the chemical freeze-out, local equilibrium is still maintained due to
elastic collisions. However, the rate of inelastic collisions, which makes it possible for hadrons to change
their identities, becomes low compared to the expansion rate. Hence the hadron abundances is fixed after
this stage. The kinetic freeze-out occurs when the average distance between the hadrons is larger than the
range of the strong interaction and the collision frequency is not high enough to maintain local equilibrium.
In the kinetic freeze-out stage, the hydrodynamic description will no longer be valid. The hadrons in the
kinetic freeze-out stage are decoupled and then the long-lived hadrons can be observed in the detectors[3].
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Flow of charm quarks
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D+

π±

Ds+

Λc+

Low and intermediate–pT 
v2(Ds±) < v2(D0) ≈ v2 (D±) < v2(π±)


➡ Interplay between radial and elliptic flow

➡ Sequential hadronization


Intermediate and high-pT 
v2(Λc+) > v2(Ds+) ≈ v2(D0) ≈ v2 (D+) ≈ v2(π±)


➡ Strong evidence of coalescence

Zhao, Shi, Xu, and Zhuang

Springer Proc. Phys. 250 (2020) 275
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FoCal Letter-of-Intent (CERN-LHCC-2020-009) 27

3 Conceptual design

3.1 General considerations

The most challenging measurements of the anticipated physics program of FoCal have been
identified as:

1. The measurement of direct photons in pp and p–Pb collisions at forward rapidity to explore
the small-x structure of protons and nuclei at high energy.

2. The measurement of high transverse momentum neutral pions in Pb–Pb collisions, and
their modification relative to pp collisions, to probe the hot and dense strongly interacting
medium away from midrapidity.

These measurements impose requirements on the overall design and performance of the pro-
posed detector in this Letter of Intent.

Fig. 19: Installation of the FoCal at the 7m location with FoCal-E and FoCal-H detectors.

Large rapidity measurements require a placement of the detector close to the beam pipe. As the
particle density in these regions is very high due to the kinematic boost of produced particles
a large distance from the primary interaction vertex is advantageous. The favorite location of
FoCal is on the A-side of the experimental setup outside of the ALICE magnet and in front of
the compensator magnet. On this side there is enough room to place both an electromagnetic
(FoCal-E) and a hadronic (FoCal-H) calorimeter, as illustrated in Fig. 19. The distance of the
detector to the nominal interaction point for this scenario is z ⇡ 7 m. The transverse extent of the
calorimeters at this position is not severely limited by integration issues, and will be constrained
by physics considerations and overall cost. We consider this the default position of the FoCal
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7.4 Impact of dead zones 151

of tracks with less than seven reconstructed hits. In the case of ITS3 with the inclusion of dead
zones, the reduction of overall impact-parameter resolution remains within 5% and 10%. This
demonstrates that the track-reconstruction e�ciency can be preserved almost entirely with a
limited degradation of the impact-parameter resolution.

7.4.2 Heavy-flavour decay reconstruction
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Figure 7.13: Left: ratio between the expected significance for the ↵+
c ⇥ pK�⇡+ signal obtained

with the ITS3 with and without dead zones in midcentral Pb–Pb collisions at
⇡

sNN = 5.5 TeV
as a function of pT. Right panel: Comparison of the expected performance for the measurement
of the ↵+

c elliptic flow in midcentral Pb–Pb collisions at
⇡

sNN = 5.5 TeV for Lint = 10nb�1

obtained with the ITS2 and the ITS3 with and without dead zones. The predictions for the
elliptic flow of D0 mesons and ↵+

c baryons are also reported [8].

The impact of the reduction of tracking e�ciency and pointing resolution due to the dead
zones was evaluated on the measurement of the ↵+

c -baryon production in Pb–Pb collisions at⇡
sNN = 5.5 TeV. In fact, its measurement is one of the most sensitive to the worsening of the

impact-parameter resolution, because of the very short lifetime of the ↵+
c baryon, c�(↵+

c ) !
60 µm [62]. The studies presented in Ref. [7] were repeated by considering the track impact-
parameter resolution and reconstruction e�ciency presented in Section 7.4. The left panel of
Fig. 7.13 shows, as a function of pT, the ratio between the statistical significance obtained for
the extraction of the ↵+

c signal via the ↵+
c ⇥ pK�⇡+ decay channel with and without the dead

zones in the ITS3 layers in midcentral Pb–Pb collisions at
⇡

sNN = 5.5 TeV. A reduction of
about 10% is obtained in the case of the inclusion of the dead zones, which is partly due to
the worse impact-parameter resolution obtained for tracks that do not have a reconstructed
hit in the first or second ITS3 layer and partly due to the reduction of e�ciency due to the
dead areas at ⇢  0, ⇡. The two e⇤ects contribute similarly to the reduction of performance.
The e⇤ect of this loss of performance was then evaluated for the measurement of the elliptic
flow coe�cient v2. The v2 parameter is typically used in the physics of heavy-ion collisions
to quantify the azimuthal anisotropy of the particles produced, taking as a reference axis that
of the so-called reaction plane, which is defined by the impact-parameter vector of the two
colliding nuclei and the beam axis. In non-central collisions, the anisotropy mainly originates

Upgrade of the Inner Tracking System during LS3: study of physics performance 15
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Fig. 8: Expected nuclear modification factor of B0
s mesons as a function of pT compared to the predictions for

strange (red dashed line) and non-strange B mesons (blue dotted line) from the TAMU model [101]. The vertical
bars represent the expected statistical uncertainty on the measurements. The ITS2 points are shifted in pT for
visualisation purposes. The systematic uncertainties, which are the same for ITS2 and ITS3, are displayed as
boxes only for the ITS3.

the measurement of the B0
s meson will complement the existing and future measurements of the CMS

Collaboration [74, 104, 106], extending them to lower pT.

3.4 D+
s mesons from beauty-hadron decays

The beauty-meson production can also be investigated via the measurement of non-prompt D mesons
coming from beauty-hadron decays. Among the different D-meson species, the D+

s meson is particularly
interesting because of the large fraction from non-prompt D+

s mesons that come from B0
s -meson decays

(BR(B0
s → D+

s +X) = (93±25)% [99]), and is, therefore, highly sensitive to the beauty-strange hadron
production in the QGP. The advantage of this measurement compared to the exclusive reconstruction
of B0

s mesons is the large amount of D+
s mesons coming from B mesons, which guarantees a higher

statistical precision. However, with this measurement it is not possible to distinguish D+
s mesons coming

from different beauty-hadron species and the pT of the beauty-hadron parent is not reconstructed. The left
panel of Fig. 9 shows the correlation between the D+

s -meson pT and the parent B0
s -meson pT obtained

with the PYTHIA8 generator [77]. The distribution of B0
s -meson pT for different pT intervals of the

D+
s meson is therefore wide, as illustrated in the right panel of the same figure. For this reason, the

interpretation of non-prompt D-meson measurements has to be performed via comparison to theoretical
predictions.

The expected performance for the measurement of non-prompt D+
s mesons was studied employing a

strategy similar to the one used for the B0
s -meson production described in Sect. 3.3. Two different se-

lection strategies based on the displaced D+
s → !∀+ → K↑K+∀+ decay-vertex topology were explored.

The first one consisted of the application of linear selections, while the second one was performed us-
ing multivariate techniques based on the BDT algorithm provided by the XGBoost library [105]. The
expected signal and background raw yields were estimated as described in Sect. 3.3. In addition, the
fraction of D+

s mesons from beauty-hadron decays in the estimated raw yield, fnon-prompt, was evalu-
ated starting from FONLL calculations for the cross section, the RAA from the TAMU model, and the

Precisely constrain on c, b transport properties in QGP
ALICE-PUBLIC-2023-002

ALICE ITS3 TDR 
CERN-LHCC-2024-003
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5.1 !0
c baryons

Recent studies in pp collisions at
→

s = 13 TeV with Run 2 data have shown an unexpectedly large
production of the !0

c baryons in comparison with expectations of most theoretical predictions [66]. This
first measurement was based on the reconstruction of !0

c ↑ !↓!+ decay channel. The !0
c lifetime is

about 80 µm [125]. In contrast to all other hyperons, the !↓ cannot originate from weak decays of other
hyperons. Thus, it can only be produced either directly at the primary vertex (prompt) or in weak decays
of heavy quarks. With strangeness tracking, the matching of the !↓ trajectory reconstructed from its
decay daughter with the hits left by the !↓ in the ITS3, the !↓ dca resolution can be greatly improved,
allowing to separate the two !↓ sources, increasing significantly the !0

c signal purity. This can also allow
to quantify the feed-down contribution from charm quarks to the production of multi-strange particles,
which, in the !↓ case can be sizeable [66, 76, 126], especially in high-multiplicity pp collisions.
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Fig. 20: Example of the reconstruction of the !0
c decay chain via the strangeness tracking procedure.

The strangeness tracking principle is schematically visualised in Fig. 20, in which the decay chain !0
c ↑

!↓!+, with !↓ ↑ ∀K↓ ↑ p!↓K↓ is displayed. With respect to the default design, an additional layer
at a radius of 7 cm is considered in the studies presented here. The reconstruction algorithm starts
with reconstructing ∀ particles by finding standard V 0 combinations of protons and pions. These are
subsequently coupled with a bachelor kaon to form a !↓ candidate. This !↓ trajectory, reconstructed
with poor spatial precision from the tracks of its decay chain, is then propagated to the inner ITS3 layers
and matched to compatible hits. The hits are added sequentially. When a hit is matched, the Kalman
filter estimate of the !↓ track parameters is updated. The !↓ is then further propagated to the primary
vertex and it is combined with primary pion tracks to form a !0

c candidate.

One of the main advantages of ITS3 compared to ITS2 is the fact that the first layer is closer to the
beampipe and thus the short-living hyperons are more likely to leave a hit in the layer.

In the preliminary study presented here, a real simulation of the ITS3 geometry was used, with the
mentioned additional layer. While the transport of the generated particles through the detector material
was simulated realistically, at reconstruction level a clustering step was not performed: the position of
the hits produced during the transport was smeared according to the resolution expected from different
hypotheses of the pixel pitch. The smeared points were used in the subsequent analysis. Figure 21
shows the comparison of the dca distributions of primary !↓ and !↓ from !0

c decays, in the pT interval
6 < pT < 8 GeV/c for an assumed pixel pitch of 20 µm. As can be seen, a separation of the prompt and

Reveal multi-charmed baryon 
production in the QCD matterALICE-PUBLIC-2023-002

ALICE ITS3 TDR 
CERN-LHCC-2024-003
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3 Conceptual design

3.1 General considerations

The most challenging measurements of the anticipated physics program of FoCal have been
identified as:

1. The measurement of direct photons in pp and p–Pb collisions at forward rapidity to explore
the small-x structure of protons and nuclei at high energy.

2. The measurement of high transverse momentum neutral pions in Pb–Pb collisions, and
their modification relative to pp collisions, to probe the hot and dense strongly interacting
medium away from midrapidity.

These measurements impose requirements on the overall design and performance of the pro-
posed detector in this Letter of Intent.

Fig. 19: Installation of the FoCal at the 7m location with FoCal-E and FoCal-H detectors.

Large rapidity measurements require a placement of the detector close to the beam pipe. As the
particle density in these regions is very high due to the kinematic boost of produced particles
a large distance from the primary interaction vertex is advantageous. The favorite location of
FoCal is on the A-side of the experimental setup outside of the ALICE magnet and in front of
the compensator magnet. On this side there is enough room to place both an electromagnetic
(FoCal-E) and a hadronic (FoCal-H) calorimeter, as illustrated in Fig. 19. The distance of the
detector to the nominal interaction point for this scenario is z ⇡ 7 m. The transverse extent of the
calorimeters at this position is not severely limited by integration issues, and will be constrained
by physics considerations and overall cost. We consider this the default position of the FoCal

ALICE FoCal 
LoI:   CERN-LHCC-2020-009 
TDR: CERN-LHCC-2024-004

3.4 < η < 5.5
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Fig. 13: Approximate (x,Q) coverage of various experiments for regions probed by DIS measurements
including the future EIC project, as well as possible future direct photon and Drell-Yan measurements (left
panel), and hadronic+UPC measurements (right panel) at RHIC and LHC. The estimated saturation scales
for proton and Pb are also indicated. The horizontal dashed line and the dashed curve indicate the kine-
matic cuts above which data were included in the nNNPDF fits.

The right figure shows the regions covered by hadron measurements at RHIC and LHC. In ad-
dition, the regions which are covered by LHCb for measurements of open charm and bottom
(blue) as well as where FoCal can measure neutral pions at small x (red) are highlighted. LHCb
can in principle also measure light hadron production in that range, but no results have been
published to date. Figure 13 demonstrates that the FoCal and LHCb measurements will probe
much smaller x than any of the other existing and possible future measurements, with the Fo-
Cal reaching to the smallest x ever measurable until the possible advent of the LHeC [10] or
FCC [11].

The saturation scale, which is indicated in Fig. 13, is obtained using Eq. 1, with the normal-
ization obtained by setting its value to about 1.7 GeV/c for A = 1 at x = 10�4 [70]. At high
enough parton density or consequently small enough x, non-linear QCD evolution is expected
to play a role, in particular near the saturation scale. A smooth, not abrupt, transition is ex-
pected from the linear to the non-linear region as a function of x, and the absolute magnitude
of Qs is theoretically not well established. Hence, both LHCb and FoCal collaborations strive
to extend the planned photon measurements to even lower pT and and lower Q. Since these are
challenging measurements, the corresponding regions are indicated as darker (FoCal) and open
(LHCb) trapezoids in the left panel of Fig. 13. For FoCal, the main challenges at very low pT
are the large background of decay photons, as well as the increasing contribution from fragmen-
tation photons (as discussed in Sec. 5). Members of the LHCb collaboration are attempting to
base their measurements of photons at lower pT on photons that convert to an electron-positron
pair in the detector material [71, 72]. This approach would provide a clean sample of photons,
however suffers from a rather small efficiency and relative large photon conversion uncertainty.
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-Explore non-linear QCD evolution at extremely 
small-x region

-Gluon saturation expected due to balance 

between split and recombination of gluons

-Saturation Scale; Qs2 ∝ A1/3


-p+A is preferable for saturation study

-Both p+p and p+A are necessary


-Understanding the initial conditions of QGP 
physics 
-Origin of long-range correlations in small 

system

-Early thermalization puzzle

geometric scaling

ln x

non-perturbative region
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Beyond LHC Run 4 — Questions 
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?
Understanding the thermalization of heavy quarks in the quark-gluon plasma

➡ QQbar correlations, multi-charm baryons, p-wave quarkonia, exotic hadrons


Accessing the quark-gluon plasma temperature evolution with thermal radiation

➡ Azimuthal asymmetry of electromagnetic radiation


Characterizing the cross-over to the quark-gluon plasma phase

➡ Chiral symmetry restoration, fluctuations of conserved charges


Exploiting a new laboratory for hadronic physics

➡ Nuclear bound states and hadronic interactions, ultra-soft photons and tests of 

quantum field theories
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• Compact all-silicon tracker with a high-

resolution retractable vertex detector

• Large acceptance and extensive particle 

identification

• Superconducting 2T solenoid

• Continuous readout and online processing

M. MazzilliALICE 3 detector concept
• Compact all-silicon tracker with a high resolution 

retractable vertex detector  

• Large acceptance and extensive particle 
identification  

• Superconducting 2T solenoid  
• Continuous readout and online processing 

4

ALICE3 LoI: 
CERN-LHCC-2022-009 
Scoping document: 
CERN-LHCC-2025-002
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ALICE

• Heavy-ion detector at the Large Hadron 
Collider (LHC)

• Study physics of strongly interacting 
matter at extreme temperatures and 
energy densities using nucleus – nucleus 
collisions, in particular

• Run 3 is currently ongoing
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Tracking: Inner tracker
● Retractable vertex detector

● Three layers within the beam pipe in secondary 
vacuum

● Strongly relying on Inner Tracking System 3 R&D 
→ Sensor design
→ Stitching
→ Wafer-scale bent sensor

● IRIS service system being developed
● Resolution: 10 µm pixel pitch → σpos ~ 2.5 µm
● Material: ~0.1% X/X0 per layer

● Middle layers
● Four layers at 7 – 20 cm and six end cap disks
● Baseline requirement: ~1% X/X0 per layer

ー Possible lighter option currently being studied 
with lighter setup → ~0.5% X/X0

● Benefits on tracking of soft electrons and charged 
hyperons (e.g. Ξ, Ω)
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● Middle layers
● Four layers at 7 – 20 cm and six end cap disks
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● Benefits on tracking of soft electrons and charged 
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● Retractable vertex detector
● Three layers within the beam pipe in secondary 

vacuum
● Strongly relying on Inner Tracking System 3 R&D 

→ Sensor design
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→ Wafer-scale bent sensor
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M. MazzilliPID: Cherenkov light 
Goal: Strengthening and extending the TOF PID for e/π, π/K, and K/p at low pT 
(up to 2, 10, and 16 GeV/c ) 

Requirements  

• ~1.5 mrad at saturation  

• Radiation hardness (NIEL of 1012)

σRICH
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M. MazzilliPID: Cherenkov light 
Goal: Strengthening and extending the TOF PID for e/π, π/K, and K/p at low pT 
(up to 2, 10, and 16 GeV/c ) 

Requirements  

• ~1.5 mrad at saturation  

• Radiation hardness (NIEL of 1012)

σRICH

10

e/π K/π

! SD: CERN-LHCC-2025-002

Requires

➡ σTOF ~ 20 ps

➡ σRICH ~ 1.5 mrad at saturation
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M. MazzilliHeavy-quark correlations 

• At leading order,  pairs are correspondingly 
 pairs that are produced back-to-back in 

azimuth 

• While traversing the medium, the back-to-back 
topology is expected to be washed out, in 
particular at low pT 

• The azimuthal de-correlation is sensitive to the 
thermalisation degree and to the energy loss 

• Crucial for this measurement: large acceptance, 
high purity and efficiency    

cc̄
DD̄

12

M. MazzilliHeavy-quark correlations 

• At leading order,  pairs are correspondingly 
 pairs that are produced back-to-back in 

azimuth 

• While traversing the medium, the back-to-back 
topology is expected to be washed out, in 
particular at low pT 

• The azimuthal de-correlation is sensitive to the 
thermalisation degree and to the energy loss 

• Crucial for this measurement: large acceptance, 
high purity and efficiency    

cc̄
DD̄

12

M. MazzilliBeauty production and flow 

• Due to their larger mass, beauty quarks are 
expected to be less thermalised than charm 
quarks, an effect already hinted at by the 
comparison of elliptic flow (v₂) between prompt 
and non-prompt charm hadrons. 

• A direct reconstruction of beauty hadrons would 
allow this key hypothesis to be tested with much 
greater precision, providing a crucial benchmark 
for the field. 

Crucial for this measurement: large acceptance and 
excellent pointing resolution

13

D-meson pair azimuthal de-correlation 
is sensitive to the thermalization 
degree and to the energy loss

Direct reconstruction of beauty hadrons 
allows us to test beauty quark 

thermalization and hadronization
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M. MazzilliMulti-charm hadrons 15

Highly efficient reduction of 
background from primary hyperons 
thanks to the pointing resolution! 

Layers very close to the interaction 
vertex significantly increase the 
efficiency to track weakly decaying 
hadrons prior to their decay 
compared to ALICE  2.1

Direct detection of weakly decaying particles  

• Charged hyperons can leave hits in tracking layers before decay  

• Match corresponding hits to topologically reconstructed candidate to greatly 
improve precision 
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J.K. Gumprecht Strangeness in Quark Matter 2026

● Direct detection of weakly decaying particles
● Charged hyperons can leave hits in tracking layers before decay
● Match corresponding hits to topologically reconstructed 

candidate to greatly improve precision

11

Unique access to multi-charm hadrons

Highly efficient reduction of background from 
primary hyperons thanks to the pointing resolution!

Match hits to topologically 
reconstructed candidate to 
greatly improve precision

J.K. Gumprecht Strangeness in Quark Matter 2026

● Direct detection of weakly decaying particles
● Charged hyperons can leave hits in tracking layers before decay
● Match corresponding hits to topologically reconstructed 

candidate to greatly improve precision

11

Unique access to multi-charm hadrons



QGP time evolution
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QGP temperature and time evolution with dileptons

● Accessing the QGP temperature
● Excellent pointing resolution for HF rejection
● Exceptionally low material budget

→ Little background from ɣ-conversion
● Very good electron identification down to low pT

Dominated by 
QGP radiation
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QGP temperature and time evolution with dileptons

● Accessing the QGP temperature
● Excellent pointing resolution for HF rejection
● Exceptionally low material budget

→ Little background from ɣ-conversion
● Very good electron identification down to low pT

● Probe time dependence of temperature
● With ALICE 3 precision: differential in pT



Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Conformal colliders meet the LHC
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QCD emissions in parton showers are angular ordered

➡Early splittings (perturbative) wider RL
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• Scaling EEC with pT,jet x RL
• Absolute normalization! ln(pT)/(pT) x EEC
• Parton-hadron transition at 2.39 GeV/c/<pT

jet> 
• Clear linear EEC (RL) at small RL – “free” hadron region 
• pQCD [test at low pT] – pQCD/Data ~20% or better
• Baseline for measurements in Pb-Pb

See also CMS measurements in pp at 5 TeV (jets 120 < pT <200 GeV/c)
arXiv:2503.19993 (discussed later within AA context)
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• Small RL: Clear linear scaling ⇒ “free” hadron region


• Large RL: Well described by pQCD ⇒ max. dev. ~20%


• Peaks are aligned at pT,jetRL ≈ 2.4 GeV/c

➡ Implies a common energy scale for parton–hadron 

transition
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• Scaling EEC with pT,jet x RL
• Absolute normalization! ln(pT)/(pT) x EEC
• Parton-hadron transition at 2.39 GeV/c/<pT

jet> 
• Clear linear EEC (RL) at small RL – “free” hadron region 
• pQCD [test at low pT] – pQCD/Data ~20% or better
• Baseline for measurements in Pb-Pb

See also CMS measurements in pp at 5 TeV (jets 120 < pT <200 GeV/c)
arXiv:2503.19993 (discussed later within AA context)
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(dominating small angles)

“early”
(dominating 
large angles)

See also

STAR Phys. Rev. Lett. 135 (2025) 111901
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• Peaks are aligned at pT,jetRL ≈ 2.4 GeV/c
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8ALICE: towards low jet pT
ALICE Collaboration
https://arxiv.org/abs/2409.12687 

• Scaling EEC with pT,jet x RL
• Absolute normalization! ln(pT)/(pT) x EEC
• Parton-hadron transition at 2.39 GeV/c/<pT

jet> 
• Clear linear EEC (RL) at small RL – “free” hadron region 
• pQCD [test at low pT] – pQCD/Data ~20% or better
• Baseline for measurements in Pb-Pb

See also CMS measurements in pp at 5 TeV (jets 120 < pT <200 GeV/c)
arXiv:2503.19993 (discussed later within AA context)

Mateusz Ploskon @ LHCP 2025

“late”
(dominating small angles)

“early”
(dominating 
large angles)

EEC(RL) =
1

Njet

X

i,j

Z
dR0

L�(RL �R0
L)

pT,ipT,j

p2T,jet

<latexit sha1_base64="xRbHIva1PxRsAhM/3FlTfe/x5Fg="></latexit>



Parton–hadron transition

32

)c (GeV/LR〉T
ch jetp〈

1 10

)-1 )c
 ((

G
eV

/
EE

C
Σ × 〉

Tch
 je

t
p〈/〉

Tch
 je

t
p〈

ln

0.1

0.2

0.3

0.4

0.5

0.6

0.7

)c (GeV/LR〉T
ch jetp〈

1 10

Th
eo

ry
 / 

D
at

a

0.6

0.8

1

1.2

1.4

T
ch jetp

c(20, 40) GeV/
c(40, 60) GeV/
c(60, 80) GeV/

Transition region
cPeak = 2.39 GeV/

c0.17 GeV/±

Hadron region

LR×A
Pertubative region

pQCD

 = 5.02 TeVsALICE   pp 
| < 0.5

jet
η = 0.4, |R charged-particle jets, TkAnti-

c > 1.0 GeV/
T, track
p

0

ALICE arXiv:2409.12687 • Scaling ΣEEC with pT,jetRL ⇒ Proportional to virtuality


• Small RL: Clear linear scaling ⇒ “free” hadron regime


• Large RL: Well described by pQCD ⇒ max. dev. ~20%


• Peaks are aligned at pT,jetRL ≈ 2.4 GeV/c

➡ Implies a common energy scale for parton–hadron 

transition

Phys. Rev. D111 (2025) L011502

8ALICE: towards low jet pT
ALICE Collaboration
https://arxiv.org/abs/2409.12687 

• Scaling EEC with pT,jet x RL
• Absolute normalization! ln(pT)/(pT) x EEC
• Parton-hadron transition at 2.39 GeV/c/<pT

jet> 
• Clear linear EEC (RL) at small RL – “free” hadron region 
• pQCD [test at low pT] – pQCD/Data ~20% or better
• Baseline for measurements in Pb-Pb

See also CMS measurements in pp at 5 TeV (jets 120 < pT <200 GeV/c)
arXiv:2503.19993 (discussed later within AA context)
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• Small RL: Clear linear scaling ⇒ “free” hadron regime


• Large RL: Well described by pQCD ⇒ max. dev. ~20%


• Peaks are aligned at pT,jetRL ≈ 2.4 GeV/c

➡ Implies a common energy scale for parton–hadron 

transition
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8ALICE: towards low jet pT
ALICE Collaboration
https://arxiv.org/abs/2409.12687 

• Scaling EEC with pT,jet x RL
• Absolute normalization! ln(pT)/(pT) x EEC
• Parton-hadron transition at 2.39 GeV/c/<pT

jet> 
• Clear linear EEC (RL) at small RL – “free” hadron region 
• pQCD [test at low pT] – pQCD/Data ~20% or better
• Baseline for measurements in Pb-Pb

See also CMS measurements in pp at 5 TeV (jets 120 < pT <200 GeV/c)
arXiv:2503.19993 (discussed later within AA context)
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ALI-PREL-557422 Ananya Rai, Yale University                                                                    Hard Probes 2024 6

QCD evolution from right (perturbative 
partons) to left (non-perturbative, free 
streaming hadrons), with peak region 
representing confinement transition 

Curve shifts left with increasing jet  – 
elongating the perturbative regime  

 — anomalous dimension of EEC 
operator - quantum correction!

Powers of the slope: 
“Scaling behavior”  

pT

δ2

Non-perturbative Perturbative

Results: EEC
pp s = 13 TeV

Confinement

Slope ~ 1/R1−γ2
L

ALI-PREL-558358

Ananya Rai, Yale University                                                                    Hard Probes 2024 7

 

Similar behavior as the 
EEC  

 is the anomalous  
dimension of E3C 
operator!

δ3

Preserve the overall  
“size” of the correlation  
by keeping information  
about largest angle

Non-perturbative Perturbative
Confinement

Results: E3C
pp s = 13 TeV

Slope ~ 1/R1−γ3
L

Large-RL slope: probe the quantum corrections

➡Αnomalous dimensions of EEC (γ2) and E3C (γ3) operators


➡EEC/E3C  ∝ Rγ3−γ2
L ∝ αs ln RT
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s via jet E3C/E2C ratio

CMS Collaboration
arXiv:2402.13864
Phys. Rev. Lett. 133 (2024) 071903

Most precise determination of QCD coupling constant from jet substructure measurements

Leveraging scaling properties of EEC’s => slope of E3C/E2C => extraction of s
Slope in perturbative regime and  => E3C/E2C slope    

Mateusz Ploskon @ LHCP 2025

change in 
E3C/E2C slope with pT,jet 
 running s=s(Q)

(xL=RL)

Large-RL slope: probe the quantum corrections

➡Αnomalous dimensions of EEC (γ2) and E3C (γ3) operators


➡EEC/E3C  ∝ Rγ3−γ2
L ∝ αs ln RT

CMS Phys. Rev. Lett. 133 (2024) 071903
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Q(GeV)

<latexit sha1_base64="WIO8AOSpQRYsBZfhtVZ0yHkeIrY=">AAACOnicbVDLSgNBEJz1bXwlehG8DAbBU9xViR7FEPAY0UTBhDA76dUhszvLTK8kLPFrvOoX+CNevYlXP8DZJAcTLWgoqrrp7vJjKQy67rszMzs3v7C4tJxbWV1b38gXNhtGJZpDnSup9K3PDEgRQR0FSriNNbDQl3DjdyuZf/MI2ggVXWM/hlbI7iMRCM7QSu38dhOhh+mVVDFQFdC4elQ5qFYrg3a+6JbcIehf4o1JkYxRaxecXLOjeBJChFwyY+48N8ZWyjQKLmGQayYGYsa77B7uLI1YCKaVDl8Y0D2rdGigtK0I6VD9PZGy0Jh+6NvOkOGDmfYy8V+vN1owoXVMtmRS88OpCzE4baUiihOEiI8ODBJJUdEsR9oRGjjKviWMa2F/pPyBacbRpp2z6XnTWf0ljcOSVy6VL4+LZ+fjHJfIDtkl+8QjJ+SMXJAaqRNOnsgzeSGvzpvz4Xw6X6PWGWc8s0Um4Hz/AOBirK4=</latexit> S
lo
p
e
of

p
E
3C

/E
E
C

<latexit sha1_base64="Pi7ZsuXSV68ijUAfPqhJVcxIPqc=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtd1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBxu6Nv</latexit>

0
<latexit sha1_base64="zEwPLln906OEe+Ba9OTG0wJuIqI=">AAACI3icbVDLTgIxFG3xhfgCXbppJCauyIxRdEl04xKjPBKYkE6nAw1tZ9J2jGTCJ7jVL/Br3Bk3LvwXOzALAU/S5OSce3NPjx9zpo3jfMPC2vrG5lZxu7Szu7d/UK4ctnWUKEJbJOKR6vpYU84kbRlmOO3GimLhc9rxx7eZ33miSrNIPppJTD2Bh5KFjGBjpYdLxxmUq07NmQGtEjcnVZCjOajAUj+ISCKoNIRjrXuuExsvxcowwum01E80jTEZ4yHtWSqxoNpLZ1mn6NQqAQojZZ80aKb+3Uix0HoifDspsBnpZS8T//We5wcWtEBnRxY1XywlNOG1lzIZJ4ZKMg8YJhyZCGWFoYApSgyfWIKJYvaPiIywwsTYWku2PXe5q1XSPq+59Vr9/qLauMl7LIJjcALOgAuuQAPcgSZoAQKG4AW8gjf4Dj/gJ/yajxZgvnMEFgB/fgFsMaPo</latexit>

500
<latexit sha1_base64="o929K1zVXhdABFs4F4VlVC4FBHE=">AAACJHicbVDLSgMxFE3qq46vVpdugkVwVTIi1WXRjcsK9gHtUDKZTBuayQxJRixDf8GtfoFf405cuPFbzLSzsK0HAodz7uWeHD8RXBuMv2FpY3Nre6e86+ztHxweVarHHR2nirI2jUWsej7RTHDJ2oYbwXqJYiTyBev6k7vc7z4xpXksH800YV5ERpKHnBKTSy7GeFip4TqeA60TtyA1UKA1rEJnEMQ0jZg0VBCt+y5OjJcRZTgVbOYMUs0SQidkxPqWShIx7WXzsDN0bpUAhbGyTxo0V/9uZCTSehr5djIiZqxXvVz813teHFjSAp0fWdb8aCWhCW+8jMskNUzSRcAwFcjEKG8MBVwxasTUEkIVt39EdEwUocb26tj23NWu1knnsu426o2Hq1rztuixDE7BGbgALrgGTXAPWqANKBiDF/AK3uA7/ICf8GsxWoLFzglYAvz5Bd5XpB4=</latexit>

1000
<latexit sha1_base64="FQerMsquIg0rNhHVZ3hfZZx1Mgw=">AAACJHicbVDLSgMxFE3qq46vVpdugkVwVWZEq8uiG5cV7APaoWQymTY0yQxJRixDf8GtfoFf405cuPFbzLSzsNUDgcM593JPTpBwpo3rfsHS2vrG5lZ529nZ3ds/qFQPOzpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk9vc7z5SpVksH8w0ob7AI8kiRrDJJe/SdYeVmlt350B/iVeQGijQGlahMwhjkgoqDeFY677nJsbPsDKMcDpzBqmmCSYTPKJ9SyUWVPvZPOwMnVolRFGs7JMGzdXfGxkWWk9FYCcFNmO96uXiv97T4sCSFur8yLIWiJWEJrr2MyaT1FBJFgGjlCMTo7wxFDJFieFTSzBRzP4RkTFWmBjbq2Pb81a7+ks653WvUW/cX9SaN0WPZXAMTsAZ8MAVaII70AJtQMAYPIMX8Arf4Dv8gJ+L0RIsdo7AEuD3D+cSpCM=</latexit>

1500
<latexit sha1_base64="qK3dcnNNMEvyi58bgGX1X8Yb2FA=">AAACJHicbVDLSgMxFE181vHV6tJNsAiuSqZIdVl047KCfUA7lEwm04ZmMkOSEcvQX3CrX+DXuBMXbvwWM+0sbOuBwOGce7knx08E1wbjb7ixubW9s1vac/YPDo+Oy5WTjo5TRVmbxiJWPZ9oJrhkbcONYL1EMRL5gnX9yV3ud5+Y0jyWj2aaMC8iI8lDTonJpTrGeFiu4hqeA60TtyBVUKA1rEBnEMQ0jZg0VBCt+y5OjJcRZTgVbOYMUs0SQidkxPqWShIx7WXzsDN0YZUAhbGyTxo0V/9uZCTSehr5djIiZqxXvVz813teHFjSAp0fWdb8aCWhCW+8jMskNUzSRcAwFcjEKG8MBVwxasTUEkIVt39EdEwUocb26tj23NWu1kmnXnMbtcbDVbV5W/RYAmfgHFwCF1yDJrgHLdAGFIzBC3gFb/AdfsBP+LUY3YDFzilYAvz5BeAXpB8=</latexit>

2000

<latexit sha1_base64="WB4z/DXD1Uax7OQVo5NtQ0la5is=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEFCUVKowVLIxF0IfURpXjOK1VO4lsB1FF/QRW+AK+hg2xMPAvOG0G2nIkS0fn3Kt7fPyEM6Ud5xuWNja3tnfKu9be/sHhUaV63FFxKgltk5jHsudjRTmLaFszzWkvkRQLn9OuP7nN/e4TlYrF0aOeJtQTeBSxkBGsjfTg2PVhpebYzhxonbgFqYECrWEVWoMgJqmgkSYcK9V3nUR7GZaaEU5n1iBVNMFkgke0b2iEBVVeNs86Q+dGCVAYS/Mijebq340MC6WmwjeTAuuxWvVy8V/veXFgSQtUfmRZ88VKQh1eexmLklTTiCwChilHOkZ5YShgkhLNp4ZgIpn5IyJjLDHRplbLtOeudrVOOnXbbdiN+8ta86bosQxOwRm4AC64Ak1wB1qgDQgYgRfwCt7gO/yAn/BrMVqCxc4JWAL8+QVjdKPj</latexit>

0.2

<latexit sha1_base64="cupTaqvMMBWjW6iyQGmibupHGEU=">AAACI3icbVC7TsMwFLXLq4RXCyNLRIXEFCWACmMFC2MR9CG1UeU4TmvVdiLbQVRRP4EVvoCvYUMsDPwLTpuBthzJ0tE59+oenyBhVGnX/YaltfWNza3ytrWzu7d/UKketlWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJxre533kiUtFYPOpJQnyOhoJGFCNtpAfXuRhUaq7jzmCvEq8gNVCgOahCqx/GOOVEaMyQUj3PTbSfIakpZmRq9VNFEoTHaEh6hgrEifKzWdapfWqU0I5iaZ7Q9kz9u5EhrtSEB2aSIz1Sy14u/us9zw8saKHKjyxqAV9KqKNrP6MiSTUReB4wSpmtYzsvzA6pJFiziSEIS2r+aOMRkghrU6tl2vOWu1ol7XPHqzv1+8ta46bosQyOwQk4Ax64Ag1wB5qgBTAYghfwCt7gO/yAn/BrPlqCxc4RWAD8+QVlMaPk</latexit>

0.3

<latexit sha1_base64="+EkKRWbT3B7s9tDnrPZuCkz9ZZw=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEFCWoKowVLIxF0IfURpXjOK1VO4lsB1FF/QRW+AK+hg2xMPAvOG0G2nIkS0fn3Kt7fPyEM6Ud5xuWNja3tnfKu9be/sHhUaV63FFxKgltk5jHsudjRTmLaFszzWkvkRQLn9OuP7nN/e4TlYrF0aOeJtQTeBSxkBGsjfTg2PVhpebYzhxonbgFqYECrWEVWoMgJqmgkSYcK9V3nUR7GZaaEU5n1iBVNMFkgke0b2iEBVVeNs86Q+dGCVAYS/Mijebq340MC6WmwjeTAuuxWvVy8V/veXFgSQtUfmRZ88VKQh1eexmLklTTiCwChilHOkZ5YShgkhLNp4ZgIpn5IyJjLDHRplbLtOeudrVOOpe227Ab9/Va86bosQxOwRm4AC64Ak1wB1qgDQgYgRfwCt7gO/yAn/BrMVqCxc4JWAL8+QVm7qPl</latexit>

0.4

<latexit sha1_base64="Ih8At/2tLqvnMO9ZPrViqjY0ESk=">AAACI3icbVC7TsMwFLXLq4RXCyNLRIXEFCUICmMFC2MR9CG1UeU4TmvVdiLbQVRRP4EVvoCvYUMsDPwLTpuBthzJ0tE59+oenyBhVGnX/YaltfWNza3ytrWzu7d/UKketlWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJxre533kiUtFYPOpJQnyOhoJGFCNtpAfXuRxUaq7jzmCvEq8gNVCgOahCqx/GOOVEaMyQUj3PTbSfIakpZmRq9VNFEoTHaEh6hgrEifKzWdapfWqU0I5iaZ7Q9kz9u5EhrtSEB2aSIz1Sy14u/us9zw8saKHKjyxqAV9KqKNrP6MiSTUReB4wSpmtYzsvzA6pJFiziSEIS2r+aOMRkghrU6tl2vOWu1ol7XPHqzv1+4ta46bosQyOwQk4Ax64Ag1wB5qgBTAYghfwCt7gO/yAn/BrPlqCxc4RWAD8+QVoq6Pm</latexit>

0.5

<latexit sha1_base64="Be8q+qJK2SFymdfP2SwHktnY1dg=">AAACI3icbVDLSgMxFE3qq46vVpdugkVwNcyIVJdFNy4r2ge0Q8lkMm1okhmSjFhKP8GtfoFf407cuPBfzLSzsNUDgcM593JPTphypo3nfcHS2vrG5lZ529nZ3ds/qFQP2zrJFKEtkvBEdUOsKWeStgwznHZTRbEIOe2E45vc7zxSpVkiH8wkpYHAQ8liRrCx0r3n1geVmud6c6C/xC9IDRRoDqrQ6UcJyQSVhnCsdc/3UhNMsTKMcDpz+pmmKSZjPKQ9SyUWVAfTedYZOrVKhOJE2ScNmqu/N6ZYaD0RoZ0U2Iz0qpeL/3pPiwNLWqTzI8taKFYSmvgqmDKZZoZKsggYZxyZBOWFoYgpSgyfWIKJYvaPiIywwsTYWh3bnr/a1V/SPnf9ulu/u6g1rosey+AYnIAz4INL0AC3oAlagIAheAYv4BW+wXf4AT8XoyVY7ByBJcDvH2poo+c=</latexit>

0.6

<latexit sha1_base64="ANrgXaCxhHkRORiFc0wY5RTZvR0=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEFCUVKowVLIxF0IfURpXjOK1VO4lsB1FF/QRW+AK+hg2xMPAvOG0G2nIkS0fn3Kt7fPyEM6Ud5xuWNja3tnfKu9be/sHhUaV63FFxKgltk5jHsudjRTmLaFszzWkvkRQLn9OuP7nN/e4TlYrF0aOeJtQTeBSxkBGsjfTg2vVhpebYzhxonbgFqYECrWEVWoMgJqmgkSYcK9V3nUR7GZaaEU5n1iBVNMFkgke0b2iEBVVeNs86Q+dGCVAYS/Mijebq340MC6WmwjeTAuuxWvVy8V/veXFgSQtUfmRZ88VKQh1eexmLklTTiCwChilHOkZ5YShgkhLNp4ZgIpn5IyJjLDHRplbLtOeudrVOOnXbbdiN+8ta86bosQxOwRm4AC64Ak1wB1qgDQgYgRfwCt7gO/yAn/BrMVqCxc4JWAL8+QVlM6Pk</latexit>

1.2
<latexit sha1_base64="3uA5JlJkCicwobDlk4IpfITAzMs=">AAACI3icbVDLSgMxFE3qq46vVpdugkVwNcyIVJdFNy4r2ge0Q8lkMm1okhmSjFhKP8GtfoFf407cuPBfzLSzsNUDgcM593JPTphypo3nfcHS2vrG5lZ529nZ3ds/qFQP2zrJFKEtkvBEdUOsKWeStgwznHZTRbEIOe2E45vc7zxSpVkiH8wkpYHAQ8liRrCx0r3v+oNKzXO9OdBf4hekBgo0B1Xo9KOEZIJKQzjWuud7qQmmWBlGOJ05/UzTFJMxHtKepRILqoPpPOsMnVolQnGi7JMGzdXfG1MstJ6I0E4KbEZ61cvFf72nxYElLdL5kWUtFCsJTXwVTJlMM0MlWQSMM45MgvLCUMQUJYZPLMFEMftHREZYYWJsrY5tz1/t6i9pn7t+3a3fXdQa10WPZXAMTsAZ8MElaIBb0AQtQMAQPIMX8Arf4Dv8gJ+L0RIsdo7AEuD3D2N2o+M=</latexit>

1.1
<latexit sha1_base64="sLKaL536+CtlCpsMMiyOHP4OC2U=">AAACI3icbVDLSgMxFE3qq46vVpdugkVwNcyIVJdFNy4r2ge0Q8lkMm1okhmSjFhKP8GtfoFf407cuPBfzLSzsNUDgcM593JPTphypo3nfcHS2vrG5lZ529nZ3ds/qFQP2zrJFKEtkvBEdUOsKWeStgwznHZTRbEIOe2E45vc7zxSpVkiH8wkpYHAQ8liRrCx0r3veoNKzXO9OdBf4hekBgo0B1Xo9KOEZIJKQzjWuud7qQmmWBlGOJ05/UzTFJMxHtKepRILqoPpPOsMnVolQnGi7JMGzdXfG1MstJ6I0E4KbEZ61cvFf72nxYElLdL5kWUtFCsJTXwVTJlMM0MlWQSMM45MgvLCUMQUJYZPLMFEMftHREZYYWJsrY5tz1/t6i9pn7t+3a3fXdQa10WPZXAMTsAZ8MElaIBb0AQtQMAQPIMX8Arf4Dv8gJ+L0RIsdo7AEuD3D2G5o+I=</latexit>

1.0
<latexit sha1_base64="5ixem1fWrjnuE0G+O43JmO/84nQ=">AAACI3icbVC7TsMwFLXLq4RXCyNLRIXEFCUIFdgqWBiLoA+pjSrHcVqrthPZDqKK+gms8AV8DRtiYeBfcNoMtOVIlo7OuVf3+AQJo0q77jcsra1vbG6Vt62d3b39g0r1sK3iVGLSwjGLZTdAijAqSEtTzUg3kQTxgJFOML7N/c4TkYrG4lFPEuJzNBQ0ohhpIz24zvWgUnMddwZ7lXgFqYECzUEVWv0wxiknQmOGlOp5bqL9DElNMSNTq58qkiA8RkPSM1QgTpSfzbJO7VOjhHYUS/OEtmfq340McaUmPDCTHOmRWvZy8V/veX5gQQtVfmRRC/hSQh1d+RkVSaqJwPOAUcpsHdt5YXZIJcGaTQxBWFLzRxuPkERYm1ot05633NUqaZ87Xt2p31/UGjdFj2VwDE7AGfDAJWiAO9AELYDBELyAV/AG3+EH/IRf89ESLHaOwALgzy9vn6Pq</latexit>

0.9
<latexit sha1_base64="bvcXl3n0Pqz66IFmtWIPhg8Bfdo=">AAACI3icbVC7TsMwFHXKq4RXCyOLRYXEFCUIlY4VLIxF0IfURpXjOK1V24lsB1FF/QRW+AK+hg2xMPAvOG0G2nIkS0fn3Kt7fIKEUaVd99sqbWxube+Ud+29/YPDo0r1uKPiVGLSxjGLZS9AijAqSFtTzUgvkQTxgJFuMLnN/e4TkYrG4lFPE+JzNBI0ohhpIz24TmNYqbmOOwdcJ15BaqBAa1i17EEY45QToTFDSvU9N9F+hqSmmJGZPUgVSRCeoBHpGyoQJ8rP5lln8NwoIYxiaZ7QcK7+3cgQV2rKAzPJkR6rVS8X//WeFweWtFDlR5a1gK8k1FHDz6hIUk0EXgSMUgZ1DPPCYEglwZpNDUFYUvNHiMdIIqxNrbZpz1vtap10Lh2v7tTvr2rNm6LHMjgFZ+ACeOAaNMEdaIE2wGAEXsAreLPerQ/r0/pajJasYucELMH6+QVt4qPp</latexit>

0.8

<latexit sha1_base64="2lHwROS04BmYh1gtB/ExRuSCFDQ=">AAACNnicbVDLTsJAFJ36RHyBunPTSExckdYYdEl04xITeSSUkOlwgQkzbTNza8Cm/+JWv8BfcePOuPUTHKALAU8yyck59+aeOX4kuEbH+bDW1jc2t7ZzO/ndvf2Dw0LxqKHDWDGos1CEquVTDYIHUEeOAlqRAip9AU1/dDf1m0+gNA+DR5xE0JF0EPA+ZxSN1C2ceAhjTDyQ0TCpTXDIaZp2CyWn7MxgrxI3IyWSodYtWnmvF7JYQoBMUK3brhNhJ6EKOROQ5r1YQ0TZiA6gbWhAJehOMouf2udG6dn9UJkXoD1T/24kVGo9kb6ZlBSHetmbiv964/mBBa2np0cWNV8uJcT+TSfhQRQjBGwesB8LG0N72qHd4woYiokhlClu/mizIVWUoWk6b9pzl7taJY3LslspVx6uStXbrMccOSVn5IK45JpUyT2pkTph5Jm8kFfyZr1bn9aX9T0fXbOynWOyAOvnF4INrLQ=</latexit>

Pythia
<latexit sha1_base64="/AOr5OUA8+L5bdaKqpkiVPmg3UE=">AAACNnicbVDLTsJAFJ36RHyBunPTSExckdYYdEl0wxITeSRAyHS4wISZtpm5VbDhX9zqF/grbtwZt36CU+hCwJNMcnLOvblnjhcKrtFxPqy19Y3Nre3MTnZ3b//gMJc/qusgUgxqLBCBanpUg+A+1JCjgGaogEpPQMMb3SV+4xGU5oH/gJMQOpIOfN7njKKRurmTNsIY4zbIcBhXQD3xwXTazRWcojODvUrclBRIimo3b2XbvYBFEnxkgmrdcp0QOzFVyJmAabYdaQgpG9EBtAz1qQTdiWfxp/a5UXp2P1Dm+WjP1L8bMZVaT6RnJiXFoV72EvFfbzw/sKD1dHJkUfPkUkLs33Ri7ocRgs/mAfuRsDGwkw7tHlfAUEwMoUxx80ebDamiDE3TWdOeu9zVKqlfFt1SsXR/VSjfpj1myCk5IxfEJdekTCqkSmqEkWfyQl7Jm/VufVpf1vd8dM1Kd47JAqyfX3H2rKs=</latexit>

Herwig

<latexit sha1_base64="S+1p41zr+D5FlJOXd6a9ZiPAM7w="></latexit>
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ALICE: Towards lower jet pT
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ALI-PREL-604282ALI-PREL-558363

Run 3 data

• Charged particle jets down to pT,jet = 20 GeV/c 
➡Small RL: identical slope for all pT,jet intervals 
➡Map to αs: access non-perturbative correlations


• Ongoing: map charged to full jets to set energy scale

➡Track functions, model dependent mapping…

Phys. Rev. Lett. 133 (2024) 231902



Dead-cone of heavy quark radiation
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ALICE Nature 605 (2022) 440

One of fundamental properties of 
QCD: suppression of gluon 
emissions within cone θ < mQ / E 
— dead-cone effect
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Find a phase space in Laud plan that 
is less affected by hadronization

• Direct observation for charm 
quarks in pp — QCD vacuum

Cunqueiro and Płoskoń Phys. Rev. D99 (2019) 074027



Dead-cone of heavy quark radiation
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One of fundamental properties of 
QCD: suppression of gluon 
emissions within cone θ < mQ / E 
— dead-cone effect
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EEC in heavy-ion collisions
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Phys. Rev. Lett. 130 (2023) 262301

Sensitive to the onset of color coherence
A non-exhaustive list of theoretical activities…

Large angle enhancement 
due to medium response

Onset Peak

Phys. Rev. Lett. 132 (2024) 1

Quark Matter 2025Ananya Rai, Yale University 4

Energy Correlators in Heavy Ion Collisions
Motivation

Large angle enhancement due to 
medium response 

Many more papers!

Sensitivity to the onset of  
color coherence

PRL.132.011901 PRL.130.262301
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EEC in Pb–Pb collisions
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Increasing jet pT

• No significant difference between w and w/o wake, slightly favor elastic scattering?

• JEWEL consistently overestimates the low-RL enhancement

• CoLBT does well at low-RL but doesn’t capture large-RL suppression

See also CMS Phys. Lett. B866 (2025) 139556 



Not conclusion

41

2

ALICE

• Heavy-ion detector at the Large Hadron 
Collider (LHC)

• Study physics of strongly interacting 
matter at extreme temperatures and 
energy densities using nucleus – nucleus 
collisions, in particular

• Run 3 is currently ongoing
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Backup
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2

ALICE

• Heavy-ion detector at the Large Hadron 
Collider (LHC)

• Study physics of strongly interacting 
matter at extreme temperatures and 
energy densities using nucleus – nucleus 
collisions, in particular

• Run 3 is currently ongoing

2010-2013 2015-2018 2022-2026 2030-2033

ALICE 1 ALICE 2 ALICE 2.1

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5

2036-

ALICE 3

S. Siddhanta, SQM 202625/03/2026

Beyond LHC Run 4 — Shopping list 
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• B-hadron production and flow


• Multicharm baryon production


• Angular and momentum correlations of 
charm meson pairs


• γ+jet correlations for jet quenching


• Production of χc1,2 and χc1(3872)


• Net-proton event-by-event fluctuations


• Dielectron production and elliptic flow


• Low-pT photon production at forward rapidity


• Axion-like particle searches in γγ →γγ.


