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Abstract
This paper is a write-up of the ideas that were presented, developed and discussed at the fourth
International Workshop on QCD Challenges from pp to AA, which took place in February 2023 in
Padua, Italy. The goal of the workshop was to focus on some of the open questions in the field of
high-energy heavy-ion physics and to stimulate the formulation of concrete suggestions for making
progresses on both the experimental and theoretical sides. The paper gives a brief introduction to
each topic and then summarizes the primary results.

1 Introduction
In hadronic collisions complex many-body sys-
tems of strongly-interacting particles are produced.
The strong interaction, described in the Standard

Model by quantum chromodynamics (QCD), de-
termines the properties of the systems formed in
these collisions and the evolution of the observed
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phenomena with the system complexity. In col-
lisions of heavy nuclei (AA) at ultra-relativistic
energies a system of deconfined quarks and glu-
ons, the quark-gluon plasma (QGP), is formed.
The existence of a QGP state is expected from
QCD calculations on the lattice [1–4]. The search
of evidences of QGP formation and the study of
its properties have shaped the high-energy heavy-
ion physics program at accelerators in the last 30
years [5–14] and traced the road for future experi-
ments [15–18]. Most of the observables and probes
used to investigate the QGP were first studied in
detail in more elementary, smaller, systems, like
electron–positron (e−e+), proton–proton (pp), and
proton–nucleus (pA) collisions. These studies were
fundamental for the comprehension of many as-
pects of the strong force and the development of
QCD. On top of providing a baseline for interpret-
ing the measurements in AA collisions, pp and pA
collisions can be exploited to study the onset of
phenomena ascribed to QGP in AA collisions. The
goal of the workshop series “QCD challenges from
pp to AA collisions” is to bring together experi-
mental and theoretical physicists involved in the
study of strong-interaction phenomena, mainly at
high-energy particle colliders, with the aim of iden-
tifying the main open questions in the field and
proposing new ideas and directions of research for
addressing them. The focus is on those phenomena
in hadronic collisions that are possibly sensitive to
the size of the interacting system.

The 4th edition of the workshop was organized
in Padua, Italy, from 13 February to 17 Febru-
ary 2023. It consisted in plenary and round-table
sessions related to the following six discussion
tracks:

1. Initial state and ultra-peripheral collisions
2. Jet production and properties in pp collisions

and in the medium
3. Event properties and hydro in small and large

systems
4. Hadronization of light and heavy flavour across

collision systems
5. Energy loss and transport in the medium and

in small systems
6. QCD and astrophysics

In plenary sessions invited speakers gave an
overview on their specific field of interest. During
round-table sessions, one per track, small groups

(7-8 persons) discussed in detail new ideas and
studies from both the experimental and theoretical
sides. Moreover, special round-table sessions where
groups from two or more tracks discussed together
about possible synergies have been organized. The
conveners of each track wrapped up the main ideas
emerged and presented the outcome of the discus-
sion in the plenary session on the last day of the
workshop. In this document the outcome of these
discussions is reported.

A section is dedicated to each track. The choice
of the tracks was determined by considering the
latest advances and open questions in the field,
briefly outlined in what follows. In recent years,
an intensive experimental campaign of measure-
ments of jet and heavy-flavour (charm and beauty)
production, azimuthal anisotropy, and correlations
was carried out, giving an unprecedented insight
into the partonic interactions in the medium and
setting important constraints for the understand-
ing of partonic energy loss and of heavy-quark
transport. This campaign will continue in the next
years, also exploiting detector upgrades, with novel
measurements of jet substructure and with new
and precise measurements of several charm and
beauty hadron species, in particular of baryons. A
prerequisite for the interpretation of production
measurements will be the characterisation of the
nuclear parton distribution functions (nPDF) and
of initial-state effects. These topics are discussed
in Sections 2, 3, and 6.

In the last decade, phenomena like long-range
flow-like angular correlations, studied in heavy-ion
collisions and typically interpreted as a conse-
quence of the formation and expansion of a medium
have been observed, with different magnitude, in
pp and pA collisions systems. A major challenge
for the future is understanding the onset of these
phenomena across collision systems, their depen-
dence on event properties like particle multiplicity,
the role played by multiple parton interactions
(MPI), colour reconnection, and fluctuations in
the initial state, as well as explaining the absence
of evidences for other phenomena like partonic
energy loss that naturally accompany flow obser-
vations in heavy-ion collisions. This aspect, which
was discussed in most sessions, is one of the main
subjects of Sections 4 and 6. In recent years, the
paradigm that heavy-quark hadronisation should
proceed similarly in e−e+ and pp collisions, which
motivated the usage of a factorisation approach for

3



calculating charm- and beauty-hadron production
cross sections, has been severely questioned by the
observation that charm and beauty baryon pro-
duction relative to that of mesons is significantly
larger in pp collisions than in e−e+ collisions. Trac-
ing the modification of the hadronisation process
in different hadronic environments, from pp to AA
collisions, and the possible emergence of quark
coalescence as a relevant hadronisation process al-
ready in small collision systems, is a major goal
for the experiments. This topic is the subject of
Section 5.

Many QCD-related measurements performed
at hadronic colliders can provide important pieces
of information to answer open questions related to
cosmic-ray physics and astrophysical objects. The
outcome of the discussions emanating from this
theme is reported in Section 7. Section 8 closes the
document with a summary and an outlook.

We remark that the choice of topics addressed
in the following sections does not aspire to sys-
tematically review all open questions in the field.
It is rather driven by the most important points
presented by the participants at the workshop and
the results of discussions and brainstorming.

2 Initial state and
ultraperipheral collisions

The colliding particles in high-energy hadron col-
lisions are dense gluonic systems. As a result,
describing the initial state of high-energy hadron
collisions requires understanding QCD at high
gluon densities. These conditions can be studied
by probing the structure of heavy nuclei at low
x and Q2. The longitudinal structure of nuclei
can be described using nPDFs [19–22]. In nPDF
analyses, the nucleon-to-proton PDF ratio is pa-
rameterized as a function of x, and evolution in
Q2 is governed by the linear DGLAP equation. At
low x and Q2, however, the spatial separation be-
tween gluons may be smaller than the size scale
of the probing interaction. In this low-x regime,
nonlinearity may affect the evolution of parton
densities, and coherent interactions with multiple
gluons could become important. These so-called
saturation effects are described by the color-glass
condensate (CGC) effective field theory [23]. Ex-
perimentally, the low-x regime is most commonly
accessed at hadron colliders using two classes of

observables: forward inclusive particle production
in pA collisions and photoproduction in ultrape-
ripheral collisions (UPCs). Observing and studying
nonlinear QCD effects is one of the primary goals
of initial state physics.

2.1 Forward measurements and
low-x suppression

Forward detectors at high-energy hadron collid-
ers are ideal tools for studying the low-x regime.
The LHCb detector, for example, can probe x be-
low 10−5 in charm production in pPb collisions.
LHCb measurements of the D0 nuclear modifica-
tion factor in pPb collisions at √

sNN = 5 TeV [24]
have been used in state-of-the-art nPDF fits to
obtain precise descriptions of the gluon distri-
bution at low x [19, 20]. The improvement in
precision over previous-generation nPDF fits is il-
lustrated in Fig. 1. The LHCb D0 data offer clear
evidence of suppression of the low-x gluon den-
sity in heavy nuclei. The resulting suppression is
consistent with both collinearly factorizable shad-
owing of the gluon nPDF and gluon saturation in
the CGC framework. As a result, it is now clear
that observing nonlinear QCD effects in forward
particle production will require high experimental
precision across a wide range of observables.

In order to push to lower x and Q2, the LHCb
collaboration has studied both charged hadron [27]
and neutral pion [28] production in pPb collisions.
The forward results again agree with both nPDF
and CGC predictions. The ALICE collaboration
has also measured the nuclear modification of
charged hadrons and π0 mesons in pPb collisions
at central rapidity [29–31]. The ALICE pPb re-
sults show signs of suppression at pT ≲ 2 GeV,
as opposed to the Cronin-like peak observed in
PbPb collisions. The CMS collaboration has also
measured the nuclear modification of charged
hadrons [32], observing a similar suppression to
that observed by ALICE at low pT. Altogether,
the LHCb, ALICE, and CMS results probe the
nuclear gluon density from x ≲ 10−5 to x ≳ 10−1

over a wide range of Q2.
In addition to nonlinear effects in the evolu-

tion of parton densities, gluon saturation can also
result in multiple scattering with low-x gluons,
leading to modifications of particle correlations
at forward rapidity in pPb collisions. Both the

4



10−5 10−4 10−3 10−2 10−1

x

0.5

1.0

1.5

2.0
R
g P

b
(x
,Q

2
=

10
G

eV
2 )

EPPS16

EPPS21

10−5 10−4 10−3 10−2 10−1

x

0.5

1.0

1.5

2.0

R
g P

b
(x
,Q

2
=

10
G

eV
2 )

nNNPDF2.0

nNNPDF3.0

Figure 1 Comparisons of current- and previous-generation gluon nuclear modification factors Rg
pPb in 208Pb from the

(left) EPPS [20, 25] and (right) nNNPDF [19, 26] collaborations. The shaded regions show the 68% CL uncertainties. In both
cases, the fit results shown in gray do not use LHCb D0 data [24], while the results shown in color do use these data.

PHENIX and STAR experiments have studied di-
pion correlations at forward rapidity, observing a
suppression of back-to-back low-pT di-pion pairs
in deuteron-gold (dAu) and pA collisions [33, 34].
The STAR collaboration also observed that this
suppression scales with A1/3, consistent with satu-
ration predictions. The ATLAS collaboration sees
a similar suppression of back-to-back dijets in pPb
collisions [35].

An ideal probe of the nuclear gluon distribution
is direct photon production in pA collisions [36].
Direct photons probe the gluon nPDF at leading
order and could provide access to the saturation
regime at low pT and forward rapidity. The nu-
clear modification of low-pT direct photons could
reveal nonlinear QCD effects, and photon-hadron
correlations could provide evidence for gluon sat-
uration. The ALICE collaboration is planning to
install a high-granularity forward electromagnetic
calorimeter (FOCAL) that will allow for measure-
ments of forward direct photon production in Run
4 of the LHC [37]. The LHCb collaboration is also
planning on installing tracking stations inside of its
dipole magnet before Run 4, dramatically increas-
ing its acceptance for low-momentum converted
photons [38].

2.2 Probing low x with vector-meson
photoproduction in UPCs

Studies of photoproduction of vector mesons in
UPCs have provided complementary probes of the
gluonic structure of nucleons. In UPCs, the elec-
tric field of a nucleus produces quasi-real photons,
which can interact coherently with the colliding

nucleus. The photon flux scales with Z2, where Z
is the atomic number of the nucleus. Furthermore,
hadronic interactions are suppressed in UPCs due
to the large impact parameter of the collision,
which exceeds the sum of the radii of the collid-
ing nuclei. This results in an experimentally clean
signal. Vector meson photoproduction is senstive
to the the gluon density of the nucleus at lead-
ing order at x = me±y/

√
sNN, where m is the

vector meson’s mass and y is its rapidity. As a re-
sult, vector meson photoproduction in high-energy
UPCs can probe gluon densities at extremely low
x [39, 40].

Coherent vector meson photoproduction has
been recently measured in heavy-ion collisions for
ρ0 [41–43], J/ψ [44–47], and ψ(2S) [44, 46]. The
results cover a wide range in rapidity and show
partial agreement with theoretical models. The
heavy-ion cross section can be used to calculate
photonuclear cross section. However, this calcula-
tion suffers from an ambiguity because the photon
could be emitted by either nucleus, resulting in
two possible x values for each data point. Two
solutions have been proposed to resolve this am-
biguity. First, vector meson photoproduction can
be measured in multiple nuclear breakup classes,
which can then be used to extract photoproduc-
tion cross sections at both possible values of x [48].
This method has been used by both the ALICE
and CMS collaborations to extract low-x photo-
production cross sections [49, 50], which are shown
in Fig. 2 (left). Second, coherent production in
peripheral and ultraperipheral collisions can be
combined [51]. Coherent production in peripheral
heavy-ion collisions has been measured by both
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the ALICE and LHCb collaborations. Both meth-
ods allow for access of unique x range down to
x ∼ 10−5 − 10−6. The experimental results show
strong gluon suppression relative to the Impulse
Approximation [52], which can be best described
by models with either shadowing or saturation ef-
fects [53]. Additionally, the |t|-dependence of the
photonuclear cross section, where |t| ≃ p2

T, is di-
rectly sensitive to the spatial distribution of gluons
in the nucleus [54–56].

The gluon distribution in the proton can be
studied using vector meson photoproduction in pp
or pPb collisions. The results of LHCb [58, 59] and
ALICE [60–62] extend the exclusive J/ψ Bjorken-
x photonuclear cross section coverage down to
∼ 10−6. However, no clear indication of gluon sat-
uration at low x is visible, and data follow trends
observed in ep collisions at HERA [63–65]. A sim-
ilar trend is visible in Y (nS) [66, 67] and ρ0 [68]
meson data from the CMS collaboration. Deviation
from this trend might be visible in the dissocia-
tive vector meson photoproduction cross section
at higher collision energies reachable during Runs
3 and 4 of the LHC.

2.3 Progress in higher-order
calculations for J/ψ
photoproduction

The theoretical interpretation of vector meson pho-
toproduction data from UPCs is limited by large
factorization scale uncertainties [69–72]. Further-
more, the LO and NLO results have opposite signs.
This contrasts with the expectations of a forward
t = 0 elastic scattering amplitude based on Regge
theory, and in general hints at poor perturbative
stability of the amplitude. This, together with the
sensitivity of the process to generalized parton
distributions, poses a major obstacle to includ-
ing exclusive heavy vector meson photoproduction
data in global PDF analyses.

Recent theoretical work has aimed to over-
come these challenges. PDFs can be related to
GPDs using the so-called Shuvaev integral trans-
form at moderate-to-low values of the skewness
parameter ξ ∼ x/2, which quantifies the fraction
of longitudinal momentum transfer from the ini-
tial state hadron to that in the final state [73–75].
The conventional collinear factorization coefficient
functions for exclusive heavy vector meson photo-
production at NLO can then be supplemented with

corrections of O(Q2
0/µ

2), where Q0 is the GPD
input scale and µ the factorization scale [76]. For
exclusive J/ψ photoproduction, µ = O(mc), where
mc is the charm quark mass, so such corrections are
of O(1) and are crucial ingredients in the descrip-
tion of the process. Moreover, the choice µ = mc

allows for the resummation of a particular class
of large double logarithms (αs ln(1/ξ) ln(m2

c/µ
2))n

that arise in the high-energy limit of the ampli-
tude [77]. Collectively, the implementation of this
low cut-off procedure and program of effective low-
x resummation provide for a more reliable and
stable MS amplitude to NLO with a reduced fac-
torization scale dependence, allowing for a sensible
comparison to the experimental data [57].

The central cross section predictions based on
input GPDs constructed from three global PDF
analyses via the Shuvaev transform differ dramati-
cally in the kinematic region accessible to the LHC
but are compatible at HERA energies, see Fig. 2
(right). This observation, together with the rela-
tive size of the input PDF uncertainties in the
low-x and low-µ domain compared to the experi-
mental uncertainties and the systematically tamed
scale uncertainty discussed above, motivated an
extraction of a low-x ∼ 10−3 − 3 × 10−6 and low-
µ2 ∼ 2.4 GeV2 gluon PDF over both HERA and
LHC kinematic regions via independent fitting and
statistical reweighting approaches using the ex-
clusive J/ψ photoproduction data gathered from
HERA and the LHC [78]. More global impact stud-
ies of this data within a larger fitting framework
would be desirable to allow for refined extractions
of PDFs and provide novel constraints at low x and
low µ, which would be of practical use to the PDF
fitting groups and to the wider particle physics
community.

2.4 Challenges and opportunities
Substantial experimental and theoretical progress
has been made towards developing a coherent pic-
ture of the gluonic structure of nuclei from forward
particle production and vector meson photopro-
duction measurements. However, the proton PDF
extractions using HERA and LHCb J/ψ photopro-
duction data discussed above differ dramatically
from proton PDF determinations using LHCb
D0 meson production data [57]. This discrepancy
shows that a great deal of work is needed to recon-
cile these two classes of observables through better
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J=ψ this procedure substantially reduces the resulting NLO
contribution and, moreover, reduces the scale dependence
of the predictions. It indicates the stability of the perturba-
tive series.
Indeed, as shown in the left panel of Fig. 2, before theQ0

subtraction the NLO corrections may exceed the value of
the LO contribution and, depending on the scale, even the
sign of the amplitude can change. However, after the
subtraction and choosing the optimal scale μF ¼ Mψ=2
in the leading order part of the amplitude [first term of (4)],
we observe a rather good scale stability as shown in the
right panel of Fig. 2.
In Fig. 3, we show the results for ImAa with a ¼ g, q for

the choice μF ¼ Mψ=2 ¼ mc for two values of the factori-
zation scale: μ2f ¼ m2

c and μ2f ¼ 2m2
c. We take μR ¼ μf.

Here Aa¼g;q are the gluon and quark contributions to the
γp → J=ψ þ p amplitude in the collinear factorization
scheme at NLO. The plot shows the stability of the
amplitude with respect to variations of μf and also that
the Q0 subtraction practically fully absorbs the quark
contribution. With this setup, we can therefore say that
low x exclusive J=ψ photoproduction probes predomi-
nantly only the gluon distribution.

C. Renormalization scale

The renormalization scale is taken to be μR ¼ μf. The
reasons for this are as follows. First, this corresponds
to the BLM prescription [32]; such a choice eliminates the
contribution proportional to β0 (i.e., the term β0 lnðμ2R=μ2fÞ
from the NLO terms in Eq. (3.95) of [19]). Second,
following the discussion in [33] for the analogous QED
case, we note that the new quark loop insertion into the
gluon propagator appears twice in the calculation. The
part with scales μ < μf is generated by the virtual compo-
nent (∝ δð1 − zÞ) of the LO splitting during DGLAP
evolution, while the part with scales μ > μR accounts for
the running αs behavior obtained after the regularization
of the ultraviolet divergence. In order not to miss some
contribution and/or to avoid double counting, we take the
renormalization scale equal to the factorization scale,
μR ¼ μf.

V. DESCRIPTION OF J=ψ
PHOTOPRODUCTION DATA

All of the calculations presented so far are performed for
the imaginary part of the production amplitude. The real
part is obtained via a dispersion relation, which in the high
energy limit (for the even signature amplitude) can be
written in the simplified form [34],

ReA
ImA

¼ tan
!
π
2

∂ðln ImA=W2Þ
∂ðlnW2Þ

"
: ð7Þ

Next we have used NRQCD to describe the formation of
the J=ψ wave function. We project the open heavy cc̄ quark
pair onto the color singlet configuration with the corre-
sponding transition matrix element hO1iV , which is fixed
by the experimentally measured leptonic decay width of the
J=ψ .7 Higher order corrections within NRQCD are not
included here, but have been discussed in [35]. For the total
cross section, they occur at Oðv2Þ and have to be consid-
ered together with higher Fock states. The resulting
correction is of the order of a few percent [35] and beyond
the accuracy we require.
Note that actually we calculate the value of ImA at t ¼ 0

and then restore the total γp → J=ψ þ p cross section
assuming an exponential t behavior with a slope

B ¼ 4.9þ 4α0P lnðW=W0Þ GeV−2;

with W0 ¼ 90 GeV and α0P ¼ 0.06 GeV−2. This paramet-
rization grows more slowly with W than the formula used
by H1 [36], but is still compatible with the HERA data. We
have chosen the slope parameter α0P to be compatible with
Model 4 of [37] which fits a wider variety of data.

A. HERA data

As can be seen from Fig. 4, the J=ψ photoproduction
data obtained at HERA [18] are described reasonably well

CT14(γ
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FIG. 4. The γp → J=ψ þ p data obtained at HERA [18] and
LHCb [8] compared with the predictions obtained using the NLO
PDFs taken from three different sets of global partons [1–3] with
μf ¼ mc (solid lines). The dashed line for the CT14 prediction,
corresponding to μ2f ¼ 2m2

c, is added to demonstrate the scale
stability of our NLO predictions; but note that our optimal choice
μ2f ¼ m2

c agrees better with the HERA data.

7The exclusive final state requires a colorless high energy
scattering (modeled by the two-gluon exchange) and does not
allow for an octet contribution, as this would populate the rapidity
gap and destroy the exclusivity of the final state.

FLETT, JONES, MARTIN, RYSKIN, and TEUBNER PHYS. REV. D 101, 094011 (2020)

094011-6

Figure 2 J/ψ photoproduction cross sections for γPb (left) from ALICE [49] and CMS [50] measured using nuclear breakup
categories to unambiguously determine the energy dependence and for γp (right) from HERA and LHCb measurements
versus NLO predictions [57].

theoretical understanding of the processes e.g. in
terms of low-x resummations and applied sub-
traction schemes. This reconciliation is becoming
increasingly urgent as nPDFs achieve new levels of
precision yet continue to produce predictions com-
patible with CGC calculations, demonstrating the
difficulty of conclusively observing the effects of
nonlinear QCD. Vital new experimental inputs are
expected in the near future as the LHC prepares
to produce high-energy OO and pO collisions. Vec-
tor meson photoproduction data from OO UPCs
could be used to further tame factorization scale
uncertainties by constructing ratios with PbPb
measurements [70]. Furthermore, forward parti-
cle production measurements in pO collisions will
probe the A-dependence of gluon suppression in
nuclei, potentially revealing the onset of saturation
effects at low x.

3 Jet production and properties
in pp and in the medium

The fragmentation of energetic quarks and glu-
ons in relativistic heavy-ion collisions is modified
with respect to its vacuum counterpart due to the
presence of a QGP. Hard-propagating partons scat-
ter with the constituents of this color-deconfined
medium both elastically and inelastically (see e.g.
Ref. [79] for a recent review). Inelastic scattering
processes trigger additional radiation governed by
an emission probability distinct from the standard
Altarelli-Parisi (AP) splitting kernels. One of the
peculiarities of the medium-induced spectrum is

the absence of a collinear singularity. Consequently,
medium-induced emissions typically appear at
large angles, sometimes even outside the cone of
the reconstructed jet, leading to a degradation of
the jet energy. This suppression of the jet pT spec-
trum in AA collisions with respect to pp collisions
has been experimentally confirmed both at RHIC
and LHC energies. An in-depth understanding of
energy loss mechanisms requires an experimental
program that goes significantly beyond inclusive
observables.

During the workshop, we explored the potential
of jet substructure measurements to pin down one
of the fundamental scales of in-medium jet physics,
namely the characteristic angle of medium-induced
emissions, θc. This angular scale also controls the
interference pattern of multiple emitters [80] and,
as a consequence, the amount of energy lost. An
unambiguous determination of θc would not only
inform about these fundamental properties of jet
evolution in a dense medium but also about prop-
erties of the QGP itself, such as the effective length
L or transport properties often characterized by
the coefficient q̂, the mean squared pT transferred
per unit length. In this report, we first review the
current status of jet substructure measurements
that target the determination of θc. Next, we dis-
cuss the potential of new observables proposed in
the talks by the participants and conclude with a
brief overview of the follow-up discussions.
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Figure 3 A compilation of recent jet substructure measurements indicating a narrowing of the jet core in heavy-ion
collisions. From left-to-right the figures have been extracted from Refs. [81–83].

3.1 Experimental searches of color
coherence effects

The quest for color coherence effects in jet observ-
ables has been an active field of research during
the last decade. Here, we focus on the most re-
cent developments and refer the reader to Ref. [84]
for a complete review. One of the most recent
measurements aiming at unveiling color coherence
dynamics is that of the groomed jet radius, θg, by
the ALICE experiment [81] (Fig. 3, left). The dis-
tribution was measured to be narrower in PbPb
than in pp, i.e. splittings with θg < 0.2 are en-
hanced in the medium. The data points agree with
a wide set of theoretical predictions based on quite
different ingredients, some of them lacking a color
coherence angle implementation.

The ATLAS collaboration extended the mea-
surement of θg by studying the nuclear modifica-
tion factor RAA as a function of θg [82] (Fig. 3,
middle). For pp collisions, this double differential
measurement revealed sizeable discrepancies (up to
50%) between general purpose Monte Carlo event
generators and data, thus highlighting the impor-
tance of measuring the pp baseline to guarantee
a meaningful interpretation of heavy-ion-to-pp ra-
tios. Regarding the PbPb data, ATLAS observes
an increasing jet suppression with increasing θg,
with a possible inflection point at around θg = 0.05.
This result is in qualitative agreement with a very
recent measurement [83] that does not rely on Soft-
Drop grooming but rather utilizes a re-clustering
procedure in the spirit of trimming [85] in which
hard subjets are found inside large-R jets. In that
measurement (Fig. 3, right), RAA was evaluated

for configurations with different subjet multiplic-
ity, and it was found that large-R jets with single
subjets are quenched significantly less than jets
with a complex topology (a factor of 2 difference in
terms of the jet RAA). In addition, RAA remains
flat as a function of the opening angle between
subjets (∆R12) for subjets with ∆R12 > 0.2 which
may be interpreted as a constraint on the maximal
value of θc. In fact, the value of θc < 0.2 is con-
sistent with previous measurements of radius (r)
dependent fragmentation functions [86] where only
minimal changes of the jet fragmentation pattern
in PbPb collisions were observed for r < 0.1.

The aforementioned measurements point to a
narrowing of the angular scale of jets in PbPb
relative to pp collision. A possible caveat of such
inclusive jet measurements is that the compari-
son is made at the same reconstructed jet energy,
which does not map to the same scattered parton
energy in pp and PbPb due to the additional en-
ergy loss that is present in the latter case. This
can potentially lead to selection biases [87, 88].

The theoretical interpretation of these results is
not yet unambiguous and it is therefore important
to discuss novel observables with θc-sensitivity that
can help disentangle between different effects.

3.2 Novel observables with
θc-sensitivity

The observables discussed during the meeting can
be categorized into two classes: clustering-tree
based and energy-flow based. In the former cate-
gory two proposals rely on the dynamical grooming
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(DyG) method [89]. On the one hand, the dynami-
cally groomed jet radius (akin to θg but probing
a wider region of phase-space) was proposed as
a potential candidate to detect color coherence
effects [90]. This observable has been already mea-
sured in pp collisions [91] and benchmarked against
a theoretical prediction at high-logarithmic accu-
racy in perturbative QCD [92]. In the medium case,
an analytic calculation was also presented together
with a dedicated MC study of non-perturbative ef-
fects such as hadronisation and medium response.
The key difference between the SoftDrop and Dy-
namical Grooming versions of θg is that while the
former leads to a shift in the distribution towards
smaller values in PbPb, the latter predicts a gen-
uine change in the shape of the distribution, i.e. the
vacuum distribution is almost flat (for some DyG
settings) and color coherence dynamics induces a
peak around θc. The discriminating power of this
observable is therefore potentially enhanced.

Vacuum and medium-modified showers factor-
ize in time to first approximation [93], with the
harder vacuum part happening earlier. A broader
early vacuum shower will undergo a more active
medium-induced shower due to the larger number
of emitters. This introduces a jet-width dependence
of energy loss, which is naturally inter wound with
flavour dependence. These effects coexist with color
coherence, which further regulates the effective
number of emitters in the medium.

The color charge dependence of inclusive jet
suppression was explicitly studied in several phe-
nomenological works, see e.g. Refs. [94, 95]. An
experimental strategy to distinguish between these
confounding effects was introduced in Ref. [96]
which proposes to exploit the forward capabilities
of LHC detectors.

Finally, a complementary set of observables
that do not rely on clustering sequences are the so-
called energy-energy correlators [97] (EECs) that
describe n-point correlation functions of energy
flux. In recent years, there has been a renewed
interest on EECs both theoretically and exper-
imentally. On the formal side, the logarithmic
structure of these observables in vacuum entails
a beautiful connection to light-ray operators and
conformal field theory [98–100]. In a heavy-ion
context, first steps towards calculating the two-
point energy-energy correlator were presented
in Refs. [101, 102]. A leading-order calculation
demonstrated an enhancement of this observable

at large angles attributed to color decoherence
dynamics. The authors also proposed an experi-
mental measurement of this observable in γ+jet
events to mitigate the selection bias effect. The
quantitative impact of energy loss, underlying
event and medium response on this observable,
although formally power-suppressed by construc-
tion of the observable, remains to be studied. It
would also be beneficial to perform an in-depth
study of the complementarity of clustering-tree
based and energy-flow based observables to study
jet quenching.

3.3 Future steps
The multiple scales involved in the evolution of jets
in heavy-ion collisions makes any attempt of iso-
lating θc-dynamics an extremely challenging task.
We identified a few basic requirements that any
observable needs to meet in order to qualify for
such a task: (i) calculable vacuum baseline, (ii)
resilience to underlying event, and (iii) reduced
sensitivity to medium response. We believe that jet
substructure observables computed in high-pT jets
could potentially meet these requirements since a
sufficiently large separation of scales is guaranteed.

4 Event properties and hydro
in small and large systems

The development of collective flow behavior [103–
106] and the enhancement of strange hadron
production [107, 108] have been considered as sig-
natures of the presence of the QGP in nuclear
collisions. Such phenomena were considered exclu-
sive to heavy-ion collisions until similar features
were also observed in high-multiplicity pp and pA
collisions. This raised the question of whether they
are due to the formation of a strongly interacting
QGP medium or could be explained by another
mechanism, e.g., initial-state momentum correla-
tions. The former scenario is supported by the
success of hydrodynamic frameworks in describing
the anisotropic flow patterns seen in small colli-
sion systems [109]. However, collective-like effects
have been observed also in ultraperipheral AA col-
lisions [110] and recent ALICE results suggest that
a non zero elliptic flow is measured even in low-
multiplicity pp collisions. Therefore, small systems
have grown into prominence in the study of the hot
QCD medium and are no longer regarded solely

9



as reference measurements for the studies per-
formed with heavy-ion collisions. This discussion
track focused on the frameworks describing event
properties and hydro in small and large systems.

4.1 Global description across
systems: core-corona approaches

The open questions regarding the interpretation of
QGP-like effects in small colliding systems require
further theoretical development of the descrip-
tion of the medium created in relativistic nuclear
collisions. In particular, there is a need for phe-
nomenological approaches that take into account
non-equilibrium effects that become more and
more important going from large to small systems
and that also include the description of both a ‘core’
(hydrodynamically evolving QGP) and a ‘corona’
(non-thermalized particles at low densities or high
momentum) part of the produced medium [111].

Indeed, the relativistic hydrodynamic ap-
proaches describe the matter in local thermal
equilibrium (ideal hydro) or with moderate devi-
ations around it (viscous and anisotropic hydro).
Still, other parts of the system, such as matter
far out-of-equilibrium and propagating jets, are
often not included in the hydrodynamic descrip-
tion. This limits the applicability of the hydro
framework for small systems and at lower colli-
sion energies. The core-corona approaches try to
solve this issue, allowing simulations of large and
small systems, as well as a wide range of collision
energies: from the highest LHC energies down to
the lowest energies of the beam energy scan at
RHIC. It is worth mentioning that this capabil-
ity is also intrinsic in kinetic approaches, in which
both the partonic and the hadronic phases are
described through the Boltzmann equations (e.g.,
AMPT [112]) or generalized transport equations
(e.g., PHSD [113]). Here the dynamical separation
of a core and corona part is automatically achieved
during the space-time evolution of the fireball cre-
ated in relativistic nuclear collisions. In this sense,
such approaches can be considered as belonging
to the broader class of core-corona approaches.

Two examples of core-corona models with
hydrodynamic formulation for the QGP phase
are DCCI2 [114, 115], EPOS2/3 [116, 117] and
EPOS4 [118, 119]. The latter has been recently
publicly released [120]. The experimental data on
charged-particle multiplicity and Ω/π ratio from

pp to AA collisions are used both in the DCCI2
model and EPOS to fix the model parameters.

As seen from Fig. 4(a) the fractions of the core
and corona parts exhibit a clear scaling with mul-
tiplicity. There is a smooth increase of the core
part and a decrease of the corona part going from
low to high multiplicity. The onset of core dom-
inance within the DCCI2 approach happens at
⟨dNch/dη⟩ ∼ 20. The same scaling is present in
observables sensitive to particle multiplicity, such
as the Ω/π ratio, see Fig. 4(b). EPOS can also
describe the trend of the experimental measure-
ments for the mean transverse momentum ⟨pT⟩ as
a function of multiplicity shown in Fig. 4(c), in-
cluding the jump seen when passing from pp to
PbPb collisions. Therefore, core-corona approaches
are able to describe the hadrochemistry and kine-
matics across systems. It is interesting to note that
the core part has an important role even in pp
collisions.

Furthermore, an important feature of core-
corona models is the ability to describe multiple
observables across many collision systems simulta-
neously. This feature is crucial for an over-arching
understanding of how similar phenomena can
appear from small to large collision systems.

4.2 Deeper insights into nuclear
collisions: realistic 3D view

While the majority of studies are related to ob-
servables at midrapidity, in the last decade, it has
become more and more important to gain a realis-
tic three-dimensional view of the entire interaction
area of the collision. For example, describing the
tilted fireball produced in non-central heavy-ion
reactions [122] as well as the asymmetric particle
rapidity distributions generated in pA and other
asymmetric collisions [123, 124]. In relativistic AA
collisions, the tilt of the source is converted by
the collective expansion of the produced hot mat-
ter into the directed flow v1, which is the first
harmonic of the particle azimuthal distribution
in momentum space. The directed flow of light
hadrons constitutes a probe of the asymmetric
geometry of the matter distribution in the longi-
tudinal direction in pA collisions [124]. Full 3D
simulations are also crucial for the comparison to
the elliptic and triangular flow data in small sys-
tems. In particular, the correct rapidity treatment
reconciles triangular flow measurements from the
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Figure 4 Left: Fraction of core and corona as a function of multiplicity from pp to PbPb. Middle and right: integrated
Ω/π yield ratio (middle) and average transverse momentum (right) as a function of charged-particle multiplicity density at
midrapidity from pp to PbPb compared to EPOS 4.0.0 predictions from various parts of the collision system [121].

STAR and PHENIX experiments [123]. This high-
lights the importance of the correct 3D view of the
fireball and requires theoretical approaches to have
the initial condition modeled in ‘realistic’ ways and
support further investigation of collectivity and
correlations at large rapidity.

Surprisingly, it turned out recently that the
v1 of heavy-flavor particles is much larger than
that of light charged hadrons in both large and
small systems [125, 126]; the origin of the v1 of D
mesons is different from the one of the bulk medium
and its large value manifest only due to the non-
perturbative interaction of heavy quarks with the
QGP medium [127]. Therefore, the directed flow
allows 3D access to the production of both soft and
hard probes and a deeper look into their mutual
interaction.

LHCb collaboration is a relative newcomer to
collective flow measurements in heavy-ion colli-
sions. However, thanks to upgrades in Run 3 LHCb
will be able to study PbPb collisions up to 30% cen-
trality. The large forward rapidity reach of LHCb
puts it in a unique position to contribute to the
study of the full 3D picture of nuclear collisions.
In parallel, LHCb will take data in a fixed target
mode with SMOG2 for a wide range of nuclear tar-
gets at a smaller center of mass energy but with
high luminosity.

4.3 The evergreen tale of collectivity
Multi-particle correlation measurements are ar-
guably the most versatile and precise tool in
studying collective phenomena in nuclear collisions.
The centrality and momentum dependence of el-
liptic and triangular flow coefficients are the key

inputs of the state-of-the-art Bayesian inference
analyses of QGP properties like specific shear and
bulk viscosities [128–130]. The momentum depen-
dence of baryon and meson elliptic flow is used
to benchmark different hadronization mechanisms
(e.g. fragmentation or coalescence) at different mo-
mentum scales. More generally the observed similar
mass ordering of collective flow in PbPb and pPb
collisions points to the common origin of this effect.

The crucial outstanding question is whether
the initial state effects, e.g. initial momentum cor-
relations, could be resolved in flow measurements
in small systems. One very promising observable
is the correlation between fluctuations in mean pT
and elliptic flow magnitude [131, 132]. In central
PbPb collisions, the elliptic and radial flows have a
positive correlation: the density at a larger impact
parameter (smaller overlap area) must increase
to maintain the same multiplicity. In very periph-
eral collisions, the collision geometry is no longer
controlled by the impact parameter, but rather
by large fluctuations of colliding nucleons. With
the net entropy results, more deformed shapes
have a lower density than more compact configu-
rations leading to the anti-correlation of elliptic
flow and mean pT fluctuations. In contrast, the
initial state models predict positive correlations.
Indeed the Pearson correlation coefficient mea-
sured by ATLAS and CMS collaborations shows
the characteristic change in behavior at low and
high multiplicities, as shown in Fig. 5. However, a
firm conclusion about measuring the initial state
effects is complicated by the measurement’s sen-
sitivity to experimental cuts and similar behavior
seen in models without initial state correlations,
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e.g. AMPT [133]. Further studies of this fascinating
behavior will be pursued.

Figure 5 Pearson correlation coefficient ρ(c2{2}, [pT ]) as
a function of multiplicity as measured by ATLAS [134] and
CMS [135].

The difficulty to link the collective behavior
seen in small systems to initial-state effects or to
identify it as a QGP signature has stimulated first
attempts to study observables related to particle
production and collectivity by means of multidif-
ferential analysis, in which centrality selection is
flanked by event-shape categorization of events.
An example of such event-shape selection meth-
ods employed from small to large systems is the
transverse spherocity analysis [136–140], which has
been used to classify events based on different
degree of the collective effects in heavy-ion colli-
sions [139]. Other event-shape selection techniques
are those based on the relative transverse activity
classifier [141, 142] and on flattenicity [143, 144],
mainly employed in pp collisions, as well as the
event-shape engineering based on flow vector [145],
until now exploited especially in heavy-ion experi-
ments at LHC for studying correlations between
flow harmonics of different order [146]. Pursuing
further studies based on multidifferential measure-
ments especially in pA collisions may help to gain
deeper insights into the origin of collectivity in
small colliding systems.

The collective effects of QGP can manifest
themselves not only in the kinematic distribution
of final state particles but also leave imprints in
their polarization. The short, but rapid rotation

of the medium achieves very large values of vor-
ticity. In a thermal system, this leads to spin
alignment of quarks and consequently the spin
of produced hadrons. By measuring the spin of
produced hadrons with respect to the collision
axis, the amount and direction of hadron polar-
ization can be estimated. Polarization physics has
attracted a lot of attention from both experi-
mental and theoretical communities [147]. The
Lambda polarization puzzle and recently measured
vector meson polarization have led to new theo-
retical developments. Various phenomena can be
studied with polarization, ranging from global fea-
tures due to the collectively expanding medium to
more localized vorticity that appears due to high-
energy particles propagating through the medium
[148, 149]. Notably, vorticity - and subsequently
also polarization - has been shown to encode in-
formation about medium properties like viscosity,
potentially rendering polarization measurements a
fundamental tool in characterizing the QGP.

5 Hadronization of light and
heavy flavour across collision
systems

By now, there is abundant evidence that many
non-perturbative “constants” such as baryon-to-
meson ratios, strangeness fractions, and (moments
of) hadron kinematic distributions, can depend
sensitively on the type of colliding beam particles
(the collision system) and on event activity (the
production environment).

Using rapidity density of charged particles as
a proxy for event activity, many (though not all)
salient observables exhibit continuous increases
with progressively higher average multiplicity den-
sities in pp, pA, and AA collisions, typically
reaching approximately constant asymptotic values
for (central) AA collisions.

Several physical models have been proposed
that are capable of modelling these trends qualita-
tively, and increasingly even quantitatively. During
the workshop the following types of models were
discussed:
• General-purpose Monte-Carlo event generators

(such as PYTHIA [150] and HERWIG [151])
mainly focus on e+e−, e±p, and pp collision sys-
tems. Colour reconnections (CR) can increase
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baryon-to-meson ratios [152, 153] and non-
perturbative colour interactions (CI) between
strings or clusters can increase both baryon and
strangeness fractions [154–157]. Both types of
effects (CR and CI) depend (implicitly or explic-
itly) on the effective local density of coloured
partons. Since there is no “medium” in these
models, the main physical driver for the local
density of coloured partons in hadron-hadron
collisions is multi-parton interactions (MPI).
These are absent in e+e− and e±pcollisions. Note
however that e+e− → WW → hadrons fur-
nishes a case similar to that of double-parton
interactions, and was instrumental to demon-
strating the existence of CR at LEP 2 [158],
albeit with relatively low statistics. Both mech-
anisms (CR and CI) can also produce flow-type
effects [159–162].

• Models of quark coalescence are based on the
idea that in the dense medium of quarks and glu-
ons that is formed in high-energy AA collisions,
but even in high multiplicity pA and pp ones,
hadrons come from the coalescence of quarks
with a similar velocity. Nearly twenty years ago
it was realized that such an hadronization mecha-
nism would be quite efficient in creating baryons,
resulting in larger baryon yields w.r.t. those ex-
pected from standard fragmentation functions.
Most of the coalescence approaches evaluate the
hadrons yields as a convolution of the quark
thermal (at least at low pT) distribution func-
tions at a temperature TH ≃ 155 MeV and the
hadron wave function [163, 164]. A statistical
homogeneous color distribution is assumed in
evaluating the probability of quark coalescence.
An alternative formulation of the idea of recom-
bination instead evaluates the hadron formation
as a convolution between the quark distribution
function with a Breit-Wigner resonant scattering
cross section instead of the hadron Wigner wave
function [165]. Despite differences in the details,
all these approaches show the general feature
of an enhancement of baryon to meson ratio at
intermediate pT with p/π,Λ/K0

S ≃ 1 [164]; fur-
thermore they all agree that at pT > 6 − 8 GeV
the dominant process will be independent string
fragmentation. Coalescence models share also
the feature of predicting a quark-number scaling
of the hadron elliptic flow, which has been also
observed experimentally [163, 164, 166]. In the
last decade these approaches have been extended

to the charm sector and have successfully pre-
dicted large values of the Λ+

c /D0 ratio [167, 168]
with peak reaching about unity in AA collisions
and about 0.5 in pp and pA collisions [169].

• Statistical hadronization models (SHM) are suc-
cessful in describing hadron yields in (central)
heavy-ion collisions over a broad range of col-
lision energies [170]. The evolution of hadron
ratios with multiplicity in pp, pPb and collisions
is also well described [171], here with some as-
sumptions on the canonical conservation volume
for strangeness and baryon numbers [172].

• Core-corona models are designed to simulate
relativistic pp, pA, and AA collisions across a
wide range of energies. These models aims to
provide a unified approach by considering col-
lective effects in all systems and assuming the
creation of a medium. In the core-corona pro-
cedure, high-multiplicity events are made by a
dense core (bulk-matter) that thermalizes and
expands collectively, and a corona near the sur-
face. The separation between core and corona is
considered a dynamical process based on density.
The two main models considered are EPOS and
DCCI and are explained in detail in Sec. 4.1.

• Another approach to in-medium hadronization,
also based on the idea of a quark recombination,
is the one developed on the background of a
POWHEG+PYTHIA Monte Carlo event genera-
tors [173]. On a hadronization surface identified
by the local temperature TH = 155 MeV, a
charm quark is recombined with a thermal quark
or di-quark at finite mass values typical of those
of the constituent quark picture. The recombina-
tion occurs if the invariant mass of the pair, MC ,
is larger than the mass of the lightest charmed
hadron. Then the cluster decays into a charmed
hadron that has the same baryon number and
strangeness of the cluster or, for large invari-
ant masses, MC > Mmax ≃ 4 GeV, it hadronizes
via string-fragmentation according to PYTHIA
6.4. A specific trait of this approach is to as-
sume a thermal population of di-quarks that
acquire also a hydrodynamical radial and elliptic
flows. In Sect.5.2, this feature will be discussed
in relation to the elliptic flow of Λ+

c .

In Sect. 5.1 and 5.2 respectively, the current status
in terms of available experimental measurements
and their description by theoretical models is
presented, focusing on light and heavy flavours,
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respectively. In Sect. 5.3, the current status of ob-
servations and physical models of exotic hadrons
(carrying charm quarks) is discussed. The struc-
ture of these hadrons, whether tetraquarks or
pentaquarks, is interesting and currently theoreti-
cally debated. These hadrons can also shed light
on hadronization mechanisms, as suggested by the
recent observation by LHCb [174] of an event-
multiplicity dependence of the χc1(3872) hadron
production in pp collisions. Finally, in Sect. 5.4, a
summary is followed by a menu for next steps.

5.1 Light Flavours
One of the most intensely studied observable is the
multiplicity dependence of the yield ratio to pions
for various strange particle species. Measured by
ALICE [108] across pp, pA, and AA collisions, the
ratio is observed to exhibit a strong multiplicity
dependence for pp and pA collisions, progressively
stronger for multi-strange hyperons.

It was discussed during the workshop that it
would be advisable to indicate also the values mea-
sured in e+e− collisions when showing these plots,
for a clearer “vacuum” reference value. Interest-
ing attempts were also made to separate this into
quark and gluon jets [175] in e+e− collisions: the
interpretation of the data is however complex also
because of the dependence of the results on the
details of the method used to separate the classes.
Non-trivial multiplicity dependence of these quanti-
ties in e+e− collisions is also possible [176], though
so far little explored.

An important conundrum that any physical
model of these effects will need to address is the
fact that the proton-to-pion ratio has been ob-
served to exhibit very little (if any) dependence
on multiplicity, combined with the intriguing fact
that the values of this ratio observed in LHC colli-
sions appears to be a bit below the value observed
at LEP, see Fig. 6 (left). According to the PDG
table of average identified-particle multiplicities in
e+e− collisions [179], ⟨Np⟩ / ⟨Nπ⟩ at LEP is about
0.062 ± 0.002, whereas the values measured by
ALICE in pp collisions [108] range from about
0.048 ± 0.006 for the lowest charged-particle den-
sities to about 0.055 ± 0.005 for the highest ones.
This presents a challenge for many of the cur-
rent dynamical models on the market, for which
the LEP value typically acts as an effective lower
bound. Even in models (or tunes) that do not use

the LEP value as a direct constraint, one would
still have to address at least in principle what
physical mechanism accounts for the universality
breakdown between e+e− and pp collisions. One
potential mechanism that has been hypothesised to
possibly reduce the number of proton–antiproton
pairs is hadronic re-annihilation [180] though it
may be doubtful if that could be sufficiently active
even at low multiplicities, as required by data. An-
other point that was made during the workshop is
that it may be useful as a cross check to study how
the numerator and denominator, i.e. the proton
and pion yields, evolve separately, although the de-
nominator is of course largely degenerate with the
charged multiplicity itself. Other potential cross
checks could include measurements of this (and
other) ratios in high-p⊥ (quark and gluon) jets.

A further interesting observation in baryon pro-
duction in pp collisions is that there is a dip in both
baryon-baryon and baryon-antibaryon correlations
near ∆ϕ ∼ 0 [178], which is not described by MC
models, Fig. 6 (right), see also ref. [181]. The sug-
gestion was made that this might be interesting
to follow up with similar measurements involving
heavy-flavour baryons, though admittedly experi-
mentally very challenging. Hadrochemistry in jets
is since recently being measured, with data already
existing on hyperons [182] and on deuterons [183].

5.2 Heavy Flavours
A rather surprising observation at the LHC is the
large fragmentation fraction for charmed baryons
in pp collisions [184], which is significantly larger
than that measured at LEP. PYTHIA (CR Mode
2) [152] describes Λ+

c data but underpredicts Ξ0,+
c

data. In a statistical hadronization approach, He
and Rapp [185] assumed, under the guidance of
the Relativistic Quark Model [186], the existence
of a vast set of excited charm-baryon states, most
of which yet unobserved [179], in order to describe
the measured Λ+

c /D0 ratio. This approach under-
predicts Ξ0,+

c . SHM was recently applied to bottom
hadronization in pp collisions [187].

The current status of the comparison of data
and models is shown in Fig. 7, where the ratios
of D+

s mesons and Λ+
c baryons to D0 mesons are

shown as a function of pT for pp and central PbPb
collisions. The data exhibit a clear difference be-
tween pp and PbPb, which the models capture
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Correlation Between Baryons

• Dip around Δφ ~ 0 not expected

• Very low-pT particles (pT > 0.6 GeV)

‣ Should be effects in fragmentation


• Similar difference for baryon-antibaryon 
pairs as well


• Similar study should be extended to 
heavy flavors 

Figure 6 Left: Baryon-to-meson ratios measured by ALICE [108], with approximate indications of the values measured at
LEP (DELPHI [177]) superimposed. Right: proton-Λ correlations in azimuth [178]

Figure 7 Charm hadron ratios vs. pT, data in comparison to models [14] (Catania: coalescence; TAMU, GSI-Hd: SHM,
TAMU with enhanced charm-baryon spectrum, GSI-Hd with the PDG one).

well, though overall the model description of the
data needs further improvements.

The rather complete charm chemistry was
recently measured by ALICE in central PbPb col-
lisions [14], see Fig. 8 (left). The SHM describes
(predicted [188]) the data very well, except for the
Λc baryon, where a good description is achieved
only by the inclusion of many (tripled in num-
ber) excited charm-baryon states compared to
the default (PDG) hadron spectrum. It is impor-
tant to recall that SHM assumes a concurrent
hadronization of all flavors in QGP at the crossover

temperature of 156.5 MeV. A similarly quantitative
description of charmed hadron yields in dynamical
models remains challenging, but developments are
under way. Importantly, Λc flow is is predicted, see
Fig. 8 (right) where the expected pT dependence of
v2(Λc) and v2(D0) is predicted in a coalescence ap-
proach and in the POWLANG mechanism. In the
coalescence model the v2 of Λc receives a contribu-
tion from two light quarks while the D meson only
from one. In the POWLANG approach instead Λ+

c
combines to a diquark evolving hydrodynamically
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Figure 8 Left: charm hadron yields in central PbPb collisions, data [14] and SHM predictions. Note the scale factor of
30 for the J/ψ meson. Right: The difference between the v2 values of Λ+

c and D0 as a function of pT as predicted by the
Catania coalescence model and POWLANG.

with the bulk medium and has a milder difference
w.r.t. D in particular at intermediate pT.

In closing this section it is worth mentioning
the possible presence of a persisting problem in
the data on Λ+

c baryon, where the rapidity distri-
bution with LHCb (forward rapidity) and ALICE
(midrapidity) data appears too peaked at midra-
pidity. It is also worth recalling that hadronization
in the charm sector is not only interesting per se,
but crucial for the attempts to extract the heavy
quark transport coefficients via (transport) model
description of the data. Currently, the spread in
the model predictions due to hadronization is large
[189].

5.3 Exotic Hadrons
Exotic hadrons are those hadrons which do no fit in
the standard meson and baryon classification [190].
We discuss briefly the charm-carrying tetraquark
candidates χc1(3872), which is charmonium-like
(hidden-charm) and the recently-discovered T+

cc ,
a doubly-charmed tetraquark candidate with a
mass of about 3875 MeV/c2 and a ccūd̄ quark
content [191]. Both hadrons can be interpreted as
(loosely-bound) mesonic molecular states, namely
D∗0D̄0 and D∗+D0, respectively, as their masses lie
narrowly below the thresholds for the respective
channels. In such an interpretation these hadrons
are consequently extended objects (of size up to
10 fm), but the case of compact tetraquark states
is not excluded.

The study of exotic-hadron production can pos-
sibly also shed light on hadronization mechanisms,
as suggested by the recent observation by LHCb
[174] of an event-multiplicity dependence of the
χc1(3872) meson production in pp collisions, shown
in Fig. 9 (left). The measurement is described in
the comover model [193] as break-up via interac-
tion with other particles, modeled with an effective
cross section dependent on the size of the hadron.
A relatively-compact tetraquark is preferred in this
case, but it is currently discussed how conclusive
this comparison is [194, 195]. The cross section ra-
tio was observed to be larger in pPb collisions [196].
The multiplicity dependence of T+

cc production
[192] suggests an increasing trend (Fig. 9 right),
which is surprising, given the comparable size of
the two hadrons.

Another very interesting exotic state, the
X(6900), discovered in 2020 by LHCb [197] and re-
cently confirmed by ATLAS [198] and CMS [199],
is a candidate for a tetraquark of charm quarks and
antiquarks. Studying it in the future as a function
of multiplicity, challenging as it certainly is, will be
an important component towards understanding
the hadronization of complex exotic hadrons.

5.4 Next Steps
In this section the possible next steps discussed at
the workshop are presented (essentially a wish list
for the experiments, clearly a long-term program):
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Figure 9 Multiplicity dependence of the cross section ratio of χc1(3872) and ψ meson (left) and of the T+
cc measured yield

[192] (right).

• Other non-strange baryon than protons vs. mul-
tiplicity (which points to the ∆ resonances, ex-
perimentally a very challenging measurement).

• Correlations (at low momentum) between
baryons, both with light and heavy quarks.

• Λ+
c /D0 ratio at low multiplicities (and at high

pT) in pp collisions, to check if the value in e+e−

is recovered.
• Clarifying (experimentally) the apparent incon-

sistency in the Λ+
c /D0 dependence on rapidity.

• The measurement of Λc elliptic flow in PbPb
and its difference w.r.t. the D one would allow to
infer the relevance of diquark degrees of freedom
in the QGP, see Fig. 8 above.

• Search for new excited baryon states, both for
the charm and bottom sector.

• More differential χc1(3872) measurements, in
yield rather than ratio to ψ(2S).

6 Energy loss and transport
from small to large systems

Despite the impressive progresses on both the ex-
perimental and theoretical side in the last twenty
years, a fully satisfactory description of in-medium
energy loss and related phenomena has not been
reached yet. Still challenging is the comprehensive
description of RAA and flow data of several parti-
cles, which provide sensitivity to the energy-loss
process and to its dependence on parton colour-
charge and mass. Furthermore, the observation of
collective effects in small systems without sizeable
signs of energy loss is a major puzzle yet to be
solved.

6.1 Signals for energy loss in small
systems

One of the most exciting challenges posed by the
experimental results obtained in small collision
systems is the so-called v2 − RpPb puzzle. Finite
elliptic flow, v2 > 0, is observed for heavy flavour
hadrons [200, 201] and even for jets [202, 203],
which could be naturally explained by partonic
energy loss, while RpPb is compatible with nuclear
PDF model calculations [204–207]. While such a
behavior is predicted by the CGC model, it also
predicts bottonium v2(Υ) > 0 [208], which is not
observed [209]. Other possible solutions to the
v2 −RpPb puzzle, which do not include energy loss,
exist. For instance, AMPT predicts v2 > 0 and
RpPb ≈ 1 by means of a parton escape mechanism
(see e.g. [202]). Moreover, a Glasma phase alone
could give “diffusion” and no energy loss resulting
in RpPb > 1 which moves back to unity through
energy loss in a medium [210, 211].

Taking into account experimental uncertain-
ties, RpPb provides only relatively weak constraints
on possible energy loss effects, and thus they can-
not be completely excluded. Employing jet-hadron
correlation measurements in pPb collisions for
charged jet energies in the range 15 − 60 GeV/c,
ALICE has provided a limit on the energy lost
outside a jet cone of R = 0.4 of 0.4 GeV at 90%
CL, ATLAS has extended the measurements to
jet pT > 60 GeV/c without observing a clear en-
ergy loss pattern. With the larger data samples
projected to be collected during the LHC Run 3
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for pp, pPb and OO collisions this limit can be
pushed below 0.1 GeV [212].

Energy loss effects are expected to be larger in
collisions producing a large particle multiplicity,
which is interpreted as due to the high number
of initial parton-parton interactions, and thus,
high multiplicity events correspond to high initial
energy densities. However, the analysis of such
events is complicated due to selection biases [213].
An example is the jet-hadron azimuth angular
correlation measurements in pp, where the ob-
served broadening can be reproduced by PYTHIA8
calculations which do not include any medium
effects [214].

New ideas for the analysis of pp collisions dis-
cussed during the workshop are a better control of
the multiplicity dispersion over large rapidity re-
gions and search for signals of redistributed energy
in the underlying event of jets. From the theory
side, it would be important that models predicting
a finite v2 > 0 in small systems provide also the
minimum parton energy loss that could explain
the effect.

6.2 Role of the pre-equilibrium stage
Most model calculations of parton energy loss in
heavy-ion collisions assume no interactions in the
first ∼ 1 fm/c, i.e. before the QGP formation.
However, recent studies in the CGC and in effective
kinetic theory predict a substantial q̂ in the pre-
hydrodynamics phases [210, 215], which may have
consequences for the determination of q̂ in the
QGP phase and the understanding of jet quenching
(see e.g. [216]).

Recent energy loss calculations in heavy-ion
collisions consider three simplified scenarios for
the initial stages: (1) parton production time, τp,
and medium production time, τm are equal and
0, (2) τp = τm = 1 fm/c and (3) τp = 0 and τm =
1 fm/c. While all the scenarios can reproduce the
pT-dependence of the RPbPb, albeit with different
coupling parameters, once the coupling parameter
is fixed, they yield a significantly different high-
pT particle v2. This highlights the importance of
the treatment of energy loss in the initial stages
to properly understand the RPbPb and high-pT v2
data.

While a large q̂ is predicted in the region 0 −
1 fm/c, so far no realistic medium-interactions have
been considered in this pre-hydrodynamics phase.

We think that efforts from the theory community
are needed to understand the consequences for v2
and energy loss. Moreover, we wonder whether
small systems can be considered a proxy for pre-
equilibrium effects since in these systems this phase
dominates.

6.3 Energy dependence of q̂
Another interesting theoretical result was brought
to our attention during the workshop: Rigorous
analytical estimations within the framework of
kinetic theory have revealed significant jet en-
ergy dependence of q̂. For the first time, all
possible diagrams for 2 → 2 [217] and 2 → 3
[218, 219] quark-gluon scatterings are being thor-
oughly utilized to evaluate q̂ within the Dynamical
Quasi-Particle Model, which describes the QGP
phase in the PHSD transport approach [220]. At a
high- temperature limit obtained Ejet-dependence
is in accordance with the well-known LO-HTL
leading-log expression [221, 222]. This energy de-
pendence is sensitive to the choice of the coupling
constant and it can be especially useful for further
improvements of jet-quenching models, which usu-
ally do not take Ejet-dependence into account or
fail to reproduce asymptotic leading-log behavior.

We think it is important to quantify the conse-
quences for the in-medium parton shower evolution
and jet shapes. Can the energy dependence be
constrained from experimental data?

6.4 Energy loss in Quarkonium
production

The observation that in pp collisions prompt J/ψ
mesons are part of jets and carry, on average, only
50% of the jet energy came as a surprise, since
event generators predict them to be produced al-
most isolated. A possible explanation is that J/ψ
pre-states are produced as colour-octets which ra-
diate gluons evolving into a colour singlet. Also
J/ψ mesons produced as part of a parton shower
with a g → cc̄ splitting are non-isolated. In both
cases, the directly production of J/ψ mesons can
be modified by the presence of a QGP. Indeed,
CMS observes that in PbPb collisions high-pT non-
isolated J/ψ are more suppressed than the isolated
ones [223]

So far nothing is known about the nature of the
particles produced in association with the J/ψ. We
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think it is important to characterise them measur-
ing their pT and angular distributions (or studying
jet shapes) in order to constrain the production
mechanism. One should also search for modifica-
tions of the jet structure comparing PbPb and pp
collisions. Do the same phenomena occur for Υ
production? Moreover, the mechanisms responsi-
ble for high-pT J/ψ suppression might also play a
role in charmed hadron suppression, since the cc̄
pair stays for some time in a colour octet state. We
propose to study charm suppression as a function
of the DD̄ opening angle.

6.5 Better constraints on Heavy
Flavor Diffusion

In heavy-ion collisions, charm hadron spectra in
the low-pT region and v2 are used to constrain the
charm diffusion coefficient. However, collisional en-
ergy loss is not the only key ingredient for the
calculations. It has been shown that without ra-
diative energy loss, the predicted RAA is too high
and v2 too low [218, 224]. Another important in-
gredient for the interpretation of the experimental
results is the relation between the c-quark and the
hadron pT. This relation is different for hadroni-
sation via recombination and fragmentation. For
recombination the momentum of the hadron is
larger than that of the charm quark and it also
inherits part of the flow of the light hadron with
which it combines [225].

We think that in order to mitigate the influence
of the hadronisation mechanism on the determi-
nation of the diffusion coefficient one should limit
the analysis to models which can describe simul-
taneously RAA, v2 and the baryon-to-meson ratio
Λc/D. Further improvements will be obtained by
extending the measurements to lower pT. In the
future, additional observables such as D0-hadron
v2 with event shape engineering (ESE), D0 v2{4},
and v3 as well as correlations of D0 versus pion vn

in ESE classes will improve the constraints on the
HF diffusion [226, 227]. Moreover, we emphasise
the importance for models to provide uncertainty
bands since they have a large effect on χ2/ndf .

Ultimately, one will use B mesons (LHC Run
3 and beyond, sPHENIX) to measure the heavy-
flavour diffusion coefficient. For b-quarks, there
are less uncertainties in the transport description
(Boltzmann, Langevin ..) [228, 229]. Furthermore,
the larger mass brings the calculations closer to the

infinite-mass approximation used in lattice QCD
calculations of the diffusion coefficient [230].

6.6 Signals for Heavy Flavor
Thermalisation

Modifications of charm hadron spectra and ellip-
tic flow represent only indirect signs of charm
thermalisation. Thermalisation implies that the
information about the initial conditions of the pro-
duction gets blurred completely. Ultimately, this
can be demonstrated with DD azimuthal angle cor-
relations. The relative height of the nearside and
back-to-back peaks is sensitive to energy loss and
the width of these peaks to the extent of thermal-
isation, which would imply full isotropisation at
low pT (see e.g. [231]).

These measurements are very statistics hungry
and might be only possible with the ALICE 3 de-
tector in LHC Run 5 [18]. It would be interesting
to see how much one can already learn from charm
hadron–inclusive hadron correlations. On the one
hand, the decorrelation from the decay renders the
measurement less sensitive, on the other hand one
gains a large factor in sample size. Moreover, ex-
perimental performance studies need calculations
with state-of-the-art models.

6.7 Challenges for future high
precision measurements

We close this chapter with a section on more gen-
eral considerations concerning the challenges for
future high precision measurements. Today one
witnesses a significant variability among models
with different description of partonic interactions
in the medium, medium evolution, hadronisation,
hadronic phase, and nuclear PDFs. Important ques-
tions to be answered by theorists are: whether the
choice and number of modelling parameters are
under sufficient control, and whether the observ-
ables currently provided by the experiments are
already optimal.

Results from Bayesian analyses for parameter
constraints are crucially sensitive to uncertainties:
wrong uncertainties equals to wrong results. Hence,
experimentalists must assure that the uncertain-
ties they estimate are under sufficient control for
the high-precision era. For instance, the tendency
to choose systematic uncertainties conservatively
can lead to overestimated overall uncertainties
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entering the fits. A more complicated issue are cor-
relations among systematic uncertainties, since in
many cases they are not evaluated within the same
measured distribution and very rarely among dif-
ferent measurements performed by different groups.
Last but not least, models are sometimes used to
evaluate the systematic uncertainties, which also
introduces correlations between the experimental
uncertainties and the models.

7 QCD and astrophysics
Along studies of QCD that cast light on the struc-
ture and behavior of nucleons and nuclei, various
connections with astroparticle and astrophysics-
related “puzzles” have been discussed during the
workshop. A better understanding of phenomena
in soft QCD is expected to lead to breakthroughs
in these fields. We summarize the input needed
from collider experiments for the applications in
astroparticle and astrophysics in Table 7.

7.1 Hyperon puzzle for neutron stars
The interaction of hyperons (Y) with nucleons
(N) is one of the keys to understand the compo-
sition of the most dense objects in our Universe:
neutron stars (NS) [232, 233]. These are charac-
terised by large masses (M ≈ 1.2–2.2 solar masses
M⊙) and small radii (R ≈ 9–13 km) [234–236]. In
the standard scenario, the gravitational pressure
is counter-balanced by the Fermi pressure of neu-
trons in the core, which, along with electrons, are
the only from the parent star remnants.

The high-density environment (ρ ≈ 4 ρ0, with
ρ0 being the nuclear density) assumed to occur in
the interior of NS leads to an increase in the Fermi
energy of the nucleons, resulting into the appear-
ance of new degrees of freedom such as hyperons.
Nonetheless, this energetically-favoured produc-
tion of strange hadrons induces a softening of the
Equation of State (EoS) incompatible with the
current highest mass limit from experimental obser-
vations of close to 3M⊙ [237–239]. For this reason,
the presence of hyperons inside the inner cores of
NS is still under debate, and this “hyperon puzzle”
is far from being solved [240, 241]. A possible way
out is represented by two-body and three-body re-
pulsive YN and YNN interactions. In both cases,
a sufficiently strong YN or YNN repulsive interac-
tion can push the appearance of hyperons to larger

densities, limiting the possible presence of these
particle species inside NS, stiffening the EoS and
leading to larger star masses.

Currently, ALICE femtoscopic measurements
in small systems (pp, pPb) for baryon-baryon pairs
involving hyperons deliver the most precise data on
the residual strong interaction between nucleons
and strange hadrons [242–254].

The results obtained in recent years from fem-
toscopic measurements in small colliding systems
have proven that femtoscopy can play a central role
in understanding the dynamics between hyperons
and nucleons in vacuum. For example, the ALICE
measurements on pΞ− pairs [243, 244] confirmed
a strong attractive interaction between these two
hadrons and provided a direct confirmation of
lattice potentials [255], leading to a better under-
standing of the interaction among hyperons and
nucleons.

A comparison between hadronic models and
these data is necessary in order to constrain
calculations at finite density and to pin down
the behavior of hyperons in a dense matter en-
vironment. The great possibility to investigate,
within the femtoscopy technique, different Y–N
interactions and to extend the measurements to
three-body forces, can finally provide quantitative
input to the long-standing hyperon puzzle.

7.2 Muon Puzzle in atmospheric
showers

Cosmic rays (CRs) are fully ionized nuclei that
arrive at Earth with relativistic kinetic energies.
At energies above 100 TeV, CRs are observed
indirectly by ground-based experiments through
extensive air showers, particle showers produced
in Earth’s atmosphere. Air shower features are
used to determine the direction, energy, and mass
of the cosmic ray. Two main features of an air
shower are used to estimate the mass, its depth
of shower maximum Xmax, and the number of
muons Nµ produced in the shower. The bulk of
muons is produced at the end of a hadronic cascade
dominated by interactions in the non-perturbative
regime of QCD, which are modeled by effective
theories like the core-corona model EPOS-LHC
[258, 259], and the parton shower model Pythia
with string-string interactions [154, 260, 261]. Es-
pecially thanks to the latest generation of large
air shower experiments that measure air showers
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Table 1 Desired input for astroparticle and astrophysics from colliders.

Motivation Experiments Desirables
Anti-hyperon puzzle in neutron stars

Interactions of hyperons
(Y) and nucleons (N); NΣ,
ΛΦ; three-body interac-
tions NNY, NYY, YYY

ALICE, LHCb Precision measure-
ments, rapidity
dependence?

Searches for dark matter and primordial antimatter
In pH2, pHe, pD2: produc-
tion of d̄/He, p̄, e+, π0 →
γγ, η → γγ

LHCb SMOG2,
AMBER, NA61

LHC run at 450 GeV

Muon puzzle in air showers
Charged particle spec-
tra; pO and πO
inelastic cross-section;
multiplicity-dependent
hadrochemistry:
R = E(π0)/Etot, p/π,
Λ/K0

S , Ξ/Λ, . . .

ALICE, LHCb,
LHCf, FOCAL

Precision measure-
ments over wide range
in η and

√
s in p-ion

systems, especially pO

Atmospheric background to astro-neutrinos
D0, D+ production cross-
sections at forward rapid-
ity; multiplicity-dependent
charm production; oxygen
gluon nPDF at x ∼ 10−7

LHCb, FASER Forward acceptance at
large rapidity required
to reach small x, LHC
run at 450 GeV

in unprecedented detail, a significant muon deficit
is observed in current state-of-the-art simulations
based on Xmax in comparison to observations in
real air showers (Fig. 10). This muon production
anomaly is called the “Muon Puzzle in air show-
ers”, more information can be found in Ref. [262].
The produced number of muons is very sensitive
to the energy fraction carried away by photons,
which are primarily produced in π0 decays [263–
265]. Small changes of the π0-fraction among all
produced hadrons in the forward region have a
large effect on muon production [264, 266].

To solve the Muon Puzzle, forward measure-
ments of the light-flavor hadron production at
small transverse momentum in minimum bias
events are needed, in particular the hadrochem-
istry. Indirectly, precision measurements of the
inelastic cross-section in pA collisions are also
needed, and ideally also the proton-π inelastic
cross-section, which affect predictions for Xmax.
Particularly important are measurements by for-
ward experiments like LHCf [267–269], CMS with

CASTOR [270], and LHCb [27, 271, 272]. A key
ingredient to resolve the muon puzzle could be
multiplicity-dependent strangeness enhancement
observed by ALICE [108] in the central collision
region. LHCb found evidence for this effect also in
the forward region [273]. In the near future, the
study of soft hadron production in pO collisions
at the LHC is another key step forward, which
provides the best reference for cosmic proton with
air, and will greatly reduce the uncertainty coming
from interpolations of pp and pPb data.

7.3 Production of secondary
particles in the Galaxy

With the last generation of particle detec-
tors in space (PAMELA [274], AMS-02 [275],
DAMPE [276], CALET [277], Fermi-LAT [278])
and with the future ones like GAPS [279], physics
of CRs and gamma rays (γ rays) is more and
more a precision discipline. The fluxes of positrons
(e+) [275] and light antinuclei like antiprotons
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Figure 10 Compilation of muon measurements converted
to the abstract z-scale for the hadronic interaction model
EPOS-LHC. The z-scale is given by z = (ln(Nµ) −
ln(Nµ,p))/(ln(Nµ,Fe) − ln(Nµ,p)), where Nµ is the mea-
sured muon content and Nµ,p and Nµ,Fe are predictions
for proton and iron CRs, respectively. The energy scales
of the experimental datasets shown here have been cross-
calibrated as described in Ref. [256]. The expected value
zmass based on the cosmic-ray mass composition estimated
by the GSF model [257] is subtracted. Also shown are zmass
values computed from Xmax measurements by the Pierre
Auger Observatory (grey band).
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(p̄) [277], and potentially in the near future an-
tideuteron (d̄) and antihelium (He), are being
measured with percent uncertainties in a wide
energy range and compared to the expectations
from secondary-only production, namely primary
CR interactions with the interstellar medium
(ISM), to evidence primary astrophysical sources
or contributions from dark matter annihilation
or decay [280–283]. To improve the secondary
production description, and infer conclusions on
the primary contributions, the uncertainties on
hadronic cross-section, currently contributing as
±20% [284] to the secondary p̄ flux, need to scale
down to the experimental precision. Cross-section
measurements in the pp channel, dominating the
secondary production [284–286], or either with the
CR projectile or the ISM target replaced by he-
lium (Hep, pHe, and HeHe), are hence needed.
Both direct and indirect production have to be
addressed. For p̄, with the dominant contributions
coming from prompt emission, hyperon-induced
and the possible isospin asymmetry for antineutron
production have to be constrained on data [287].
For d̄ and He nuclei, suppressed in the CRs-ISM

production at low energies with respect to DM
signal predictions[288, 289], in addition to direct
production via coalescence, a possible contribution
from Λb baryon decays [290] has to be constrained.
For e+ above 1 GeV energy, the flux data by
AMS-02 are higher than the current secondary-
only predictions [291], that could be improved
with measurements of the π± and K± spallation
cross-sections from Hep, pHe, and HeHe collisions.

Most of the γ rays produced by hadronic in-
teractions detected by Fermi-LAT [292] originate
instead from the π0 → γγ decay and new data on
the Lorentz invariant cross section for π0 produc-
tion are needed [286] to bring down the σ(pp →
π0 X) uncertainty to the same level as the Fermi-
LAT statistical errors. Particularly, measurements
for pT ≲ 1 GeV, large coverage in xF = 2pL/

√
s

and beam energies in the laboratory frame from a
few tens of GeV to few TeV, both for pp and pHe
collisions, would contribute most in decreasing the
uncertainties.

In parallel to the theoretical progresses, ex-
periments from different facilities are providing
relevant measurements. At the SPS accelerator at
CERN, NA61 [293] and COMPASS [294] fixed-
target experiments are being upgraded to extend
and improve p̄, e+, and γ production cross-section
measurements from pp and pHe interactions. Lever-
aging on the injection of gases in the LHC
beam-pipe with a system called SMOG, the LHCb
experiment has also been operated in fixed-target
mode since 2015, providing the first measurements
for both direct [295] and hyperon-induced [296]
σ(pHe → p̄X,√sNN = 110GeV ). Measurements
of d̄, K±, π0, η, e+ in the same dataset and of
p̄ at lower beam energies are also ongoing or fea-
sible with the SMOG system. With the upgrade
of the LHCb fixed-target programme, namely the
installation of a gas storage cell upstream of the
LHCb nominal interaction point and a new gas feed
system [297], hydrogen and deuterium could be in-
jected as well, shedding light on the possible isospin
asymmetry in the antineutron-to-antiproton pro-
duction. Moreover, concurrent data-taking with
the beam-beam collisions was demonstrated to be
feasible [298], resulting in larger collected data
samples and more precise cross-section measure-
ments [299]. All of this is resulting in a unique
facility for QCD measurements at the LHC and,
notably, for its connection to astrophysics.
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8 Summary and outlook
The 4th edition of the workshop QCD challenges
from pp to AA collisions took place in Padua,
Italy, from 13th to 17th February 2023. It was at-
tended by 65 researchers, including both “senior”
experimental and theoretical physicists and young
researchers (about 15%). The agenda consisted of
plenary sessions alternated to parallel round-table
sessions organised in parallel on six tracks, with a
few sessions dedicated to inter-track discussions.
The workshop format was very effective in stim-
ulating discussions. In the round-table sessions
there was ample time for following up the topics
presented during plenary sessions, the questions
raised, as well as for deepening items and ideas
that session conveners had prepared in advance.

In general, the necessity emerging in the last
years of shifting away from the paradigm consid-
ering proton–proton and heavy-ion collisions as
systems featuring different and unrelated proper-
ties was further established during the workshop.
Understanding the observation of collective flow
behavior as well as the dependence of strangeness
production on the event charged-particle multi-
plicity is considered of pivotal importance. It was
noted in particular the need for phenomenological
approaches that take into account non-equilibrium
effects that become more and more important
going from large to small collision systems. The per-
formance of core-corona approaches in describing
the hadrochemistry and kinematics across collision
systems was discussed, together with the possible
relevant role played by the core in pp collisions.
Gaining a realistic three-dimensional description
of the entire interaction area of the collision was
highlighted as a necessary step for interpreting
rapidity-differential measurements and observables
like v1 and particle asymmetries sensitive to ef-
fects and correlations spanning over wide rapidity
intervals. Full 3D simulations are also crucial for
the comparison to the elliptic and triangular flow
data in small systems. Moreover, studying the
correlation between fluctuations in mean pT and
elliptic-flow magnitude could help resolving initial-
state effects like initial momentum correlations in
small systems.

So far no evidence was found of energy loss
in small systems while positive elliptic-flow values
have been observed for several high-energy probes,
like heavy-flavour, quarkonia and jets. Also with

jet-hadron correlations, expected to be less affected
by the experimental uncertainties, only upper lim-
its to the out-of-cone radiation could be set in pPb
collisions. A better control of the multiplicity dis-
persion over large rapidity regions and searches for
signals of the redistributed energy in the underly-
ing event were discussed as possible directions to
solve the RpPb − v2 puzzle. On the theory side, it
would be important that models predicting posi-
tive v2 specified also the minimum parton energy
loss required to generate it. Sensitivity to possible
energy loss in the final state requires understand-
ing of the initial state also for the production of
high-energy partons. At high collision energy the
colliding nuclei can be represented as dense gluonic
systems. Saturation effects, which can be described
by the Colour Glass Condensate effective field
theory, can become relevant when low Bjorken-x
values are involved. As reviewed during the work-
shop, in recent years, substantial progress has been
made to constrain this low-x regime with measure-
ments of particle production at forward rapidity
in pA collisions and of photoproduction of vector
mesons in ultraperipheral collisions. These data
stimulated significant theoretical developments, es-
pecially to overcome the obstacles posed by the
poor stability of perturbative calculations of the
amplitude to the inclusion of heavy-vector meson
data in global PDF analyses. However, attempts of
extracting proton PDF by relating PDF to GPD
and using HERA and LHCb J/ψ photoproduction
data show large differences from PDF determined
using LHCb D0-meson data. This discrepancy in-
dicates the need of additional theoretical work but
also that new experimental data including those
from pO and OO runs at the LHC and forward
direct-photon production measurements that de-
tector upgrades will allow, will be vital to observe
and understand nonlinear QCD effects.

Similarly to the appearance of long-range cor-
relations and flow-like effects, the hadronisation
process is a further important case in which con-
cepts originally introduced to describe hadron
production yields and momentum distributions in
heavy-ion collisions turned out to be effective for
proton–proton and proton–Pb collisions. In par-
ticular, models including quark-recombination as
a hadronisation process or based on a statistical
approach agnostic of any partonic phase describe
heavy-flavour baryon production significantly bet-
ter than calculations that employ fragmentation
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functions constrained to reproduce e+e− data and
that strongly underestimate the baryon-to-meson
ratios. Models based on string-fragmentation ex-
pect an enhancement of baryon-to-meson ratios in
hadronic collisions only if colour reconnection is
implemented more realistically, going beyond the
leading-colour approximation that is sufficient for
describe e+e− data. It is expected that the exper-
iments will make an effort in the incoming years
to measure the production yields of Σc(2455)0,++

and of the charm-and-strange baryons Ξ0,+
c and

Ω0
c with improved precision over a wider transverse

momentum range and better profiling their evolu-
tion with multiplicity across collision systems. A
precise measurement of beauty baryon production
at midrapidity, which is currently missing, will al-
low to determine whether baryons are effectively
less produced at forward rapidity, resolving the ap-
parent tension between ALICE and LHCb charm
baryon data. On the theoretical side, a careful
study of the expected multiplicity dependence in
small systems as well as a study of the possible
rapidity dependence of the baryon-to-meson ratios
is desirable. Particle angular correlations are also
envisaged as powerful probes of the hadronisation
dynamics. Aside “standard” heavy-flavour baryons,
studying the production yields and the properties
of exotic hadrons with heavy-quark content may
add further insight into hadronisation, as well as
into the nature and internal structures of these
states.

For “large” collision systems and for the charac-
terisation of the QGP, polarisation measurements
are seen as a very promising way to investigate
vorticity phenomena that can arise in the medium
both as a global effect related to the medium ro-
tation as well as localised ones in response to the
passage of a high-energy particle. The possibil-
ity to connect quark-spin alignment to hadron
polarisation is based on the assumption that a
sizeable fraction of hadrons is formed via coa-
lescence, inheriting the spin of the system of
recombining quarks. Polarization measurements
can therefore also probe the hadronisation process.
Constraining the hadronisation is also fundamen-
tal for making a step further in the study of
in-medium energy loss and heavy-quark trans-
port. In particular, for determining the spatial
diffusion coefficient from charm-hadron data, it

is mandatory to rely only on models that can si-
multaneously describe RAA, v2 and the Λ+

c /D0

ratio. Additional constraints could be set by new
and precise measurements of D-meson flow coeffi-
cients with Event Shape Engineering or of direct
correlations of D-meson and pion flow coefficients.
Eventually, thanks to the detector upgrades and
the expected new measurements of beauty flow
and RAA, the spatial-diffusion coefficient could be
determined with beauty hadrons. This possibility
has the advantage that the uncertainties in both
transport models and lattice-QCD calculations are
smaller on beauty observables than on charm ones.

Concerning in-medium energy loss, the energy
dependence of the q̂ coefficient, which encodes the
scattering power of the medium, was discussed in
the workshop. Understanding its consequences for
in-medium parton shower and jet shapes and how
experimental data could constrain it are important
challenges for the future. It was also highlighted
that treating energy loss in the first instants after
the collision, within the pre-equilibrium stage of
the QGP, an interval often neglected in energy-loss
calculations, could be important for the simul-
taneous description of RAA and v2 and for the
determination of q̂. It was also proposed to in-
vestigate whether small systems could provide a
proxy for addressing the pre-equilibrium stage. As
a different direction to study energy loss and in
particular medium-induced radiation, the potential
of jet substructure measurements for determin-
ing the characteristic angle of medium-induced
emissions, θc was extensively debated in the work-
shop. Observables based on clustering-tree, like the
dynamically groomed jet radius, and on energy-
flow, like energy-energy correlators, were discussed.
For the latter, measurements in γ-jet events were
advertised as promising thanks to mitigation of
selection-bias effects. In general, isolating the θc-
related dynamics remains a very challenging task:
jet-substructure observables in high-pT jets could
more naturally match the requirements identified
as necessary to fulfill this task, i.e. having a calcu-
lable vacuum baseline, resilience to the underlying
event, and reduced sensitivity to medium response.

At the workshop some QCD aspects influencing
the understanding of astrophysics and cosmic-ray
physics were also discussed. Far from being solved
is the "hyperon puzzle" for neutron stars. It was re-
marked that there is a need of further femtoscopic
measurements for clarifying whether two-body or
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three-body repulsive interactions exist and limit
the formation of hyperons in the core of neutron
stars, stiffening the equation of state and allow-
ing larger star masses. Another "puzzle" discussed
in the workshop concerns the deficit of muons
in state-of-the-art simulations compared to ob-
servations in air showers. Important inputs from
particle-accelerator experiments are forward mea-
surements of light-flavor hadron production at
small transverse momentum, in particular studies
of hadrochemistry, including profiling strangeness
enhancement as a function of the event multiplicity.
It was noted that a future run of pO collisions at
the LHC could provide a better reference for cosmic
rays than current pp and pPb data. Concerning
the search of dark-matter signals, the constantly
improving precision of measurements of charged
cosmic rays and γ rays from particle detectors
in space is opening a new era. However, in or-
der to draw conclusions on the primary sources
which the description of the secondary produc-
tion in cosmic-ray interactions with the interstellar
medium must be improved. To this purpose, pre-
cise measurements of the production cross section
of p, d, He, K±, π0, η in pp as well as in pHe,
Hep, and HeHe collisions possible with the NA61
upgrade, the COMPASS++/AMBER experiment,
and the LHCb SMOG program, are fundamen-
tal to reduce the uncertainties on hadronic cross
sections. Constraining light antinuclei production
in beauty-hadron decay with LHCb or in the future
with ALICE3 will also be important.

We would like to conclude this document with
few final remarks on the effectiveness of the work-
shop structure. With respect to previous editions,
an effort was made to enlarge the participation
of physicists working on QCD-related topics out-
side the heavy-ion physics community. This was
a major objective of this edition that we think
should be pursued also in the future. The intro-
duction of a session connecting QCD at colliders
with astrophysics themes was also a new ingredi-
ent of this edition appreciated by the participants.
For young researchers, the participation in the
round-table sessions was a particularly valuable
experience. During the organisation of the event,
it was deliberately chosen to give session conveners
ample freedom to define the topics they preferred
to deepen during the sessions and, to a large extent,
define the speakers. While this freedom assures
lively and focused discussions, it also makes it

more complex to assure some continuity between
the topics discussed in different editions. However,
we do not consider this as a significant limitation,
rather as a feature characterising what should be
the expectations and the outcome of a similar
event, which, on top of stimulating detailed discus-
sions on well-established open points in the field,
is also meant to start new collaborations and di-
rections of research. The organisation of a 1-day
online “prequel” event a couple of months before
the workshop could be useful to make new partic-
ipants familiar with the workshop format and to
sharpen the discussion topics, also defining points
and questions to be addressed in the workshop.
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