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Creating hot and dense matter

T.D. Lee (1975) suggested to distribute a high amount of energy 
over a relatively large volume 

⇨ Collisions of nuclei at very high energy 
‣ Temperature of the produced “fireball” O(1012 K)  
• 105 × T of the centre of the Sun  
• ≈T of the Universe 10-5 s after Big Bang  

Study nuclear matter at extreme conditions of temperature and 
density 


Since the 70’s nuclear physicists were already colliding heavy ions 
‣ UNILAC (GSI), Super-Hilac and Bevalac (Berkeley), 

Synchrophasotron (Dubna) 
‣ to reach Tc , higher-energy accelerators were needed ⇨ 

ultrarelativistic AA collisions 

Since then… HOT QCD                                                        GOALS
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•Determine the phase structure of nuclear matter 

•Determine the nuclear equation of state 

•Understand the mechanisms that lead to the emergence of the fluid behavior of 
hot and dense nuclear matter 

•Quantify the transport properties, including viscosities, of the QGP 

•Learn about properties of nuclei at small x from initial conditions in heavy ion 
collisions, ultra-peripheral collisions 

•Study quantum anomalies via the chiral magnetic e!ect 

•Make connections to other fields 

Abnorrwial nuclear states and vacuurii excitation*
T. D. Lee
Physics Deportment, Columbia University, New York, New York 10027

We examine the theoretical possibility that at high densities there may exist a
new type of nuclear state in which the nucleon mass is either zero or nearly
zero. The related phenomenon of vacuum excitation is also discussed.
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I. INTRODUCTION
In this talk. , I would like to discuss some of my recent

theoretical speculations, made in collaboration with G. C.
Kick. As you shall see, these speculations suggest the pos-
sible existence of some rather interesting physical objects,
hitherto unobserved. ' An effective way to search for these
new objects is through the use of high-energy heavy ions,
which is the subject matter of this meeting.
To begin with, we assume the existence of a strongly inter-

acting neutral spin 0 even parity meson field @(x).Such a
field may simply be a phenomenological description of a
composite 0+ state of other particles, say 7rm, or XE.'
Through the transformation @(x)~@(x) + constant, we
can always choose for the normal vacuum state

(vac
l @(x) l vac) = 0 everywhere.

The state l ) that we are interested in is an excited state; it
has an abnormal expectation value of @(x) in a relatively
large volume 0:

I'IG. i. A pictorial representation of an excited state in which (@{x))
differs from its vacuum value inside a macroscopic volume O.

Pictorially, we may visualize the expectation value (@(x))
in such an excited state as represented by I'ig. I. The linear
dimension of 0 is assumed to be much larger than the usual
microscopic length in particle physics (say, O'Is is, or ),
10 " cm). Thus, much of the description of the field be-
comes almost classical.

In the following, we shall discuss two diGerent circum-
stances:

(i) 0 is filled with nuclear matter, and

(ii) 0 does not contain any nuclear matter.

As we shall see, case (i) may lead to abnormal nuclear
states and case (ii) to pure vacuum excitation states.

= constant & 0

&l~(.) I» =0
inside 0

outside 0

II. ABNORMAL NUCLEAR STATES

We first consider case (i) . For definiteness, the Lagrangian
density is assumed to be

has rapid variation near the surface of Q. s(~4/»—.)' —&(0) —O'V4(V. (~/». )
+ (»~+ g4) j4, (3)

*Based on an invited talk given at the "Annual Bevatron Users
Meeting", Lawrence Berkeley Laboratory, January 19, 1974.
f This research was supported in part by the U.S. Atomic Energy

Commission.' For some earlier speculations on related subjects, cf. E. Feenberg
and H. Primakoff, 1946, Phys. Rev. 70, 980; A. R. Bodmer, 1971,
Phys. Rev. D 4, 1601; A. B. Migdal, 1972, Zh. Eksp. Teor. Fiz. 63,
1993;V. Ne'eman, 1972, in Physics of Dense Matter I.A. U. Symposium,
Boulder, Colorado.' From a theoretical point of view, one knows that at least in the
low and intermediate energy region, the chiral SU2 Q SU2 symmetry
is a reasonably good approximation, as supported by the Adler-Weis-
berger relation, the Goldberger —Treiman relation, and the various
soft-pion relations. The chiral symmetry leads naturally to either ~~
correlations or a 0+ field, such as in the o.-model.

where

U(@) = -'m 'qP + ~ ~ ~

mq is the 0+ meson mass, m~ is the nucleon mass, and P is
the nucleon field. In (4) the precise form of " ~ "depends
on the theory; for a renormalizable theory, it contains
cubic and quartic powers of P.
Let the volume & of the state l ), given by Eq. (2), be

simply that of a super-heavy nucleus. Outside the nucleus,
(P(x) ) = 0 and the nucleon mass is miv. But inside the
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nucleus, the "effective" nuclear mass is m, «, determined by Since sr(x) is a pseudoscalar field, we have

m.its = (m~ + g(y&j', (vac i m(x) i vac) = 0. (12)

which may be quite different from m~. In particular, if we
assume

In the a--model, the potential energy density U is given by

inside 0, (6)
res(~2 + mrs fi2/) 2) 2 (m so ) o. (13)

then the "effective" nucleon mass inside the nucleus would
be—0.The energy difference 6 between such an "abnormal"
state and the normal state may be estimated approximately 2P = mtr 3'~ and 2)'oss = m' —m '. (14)

where os is given by Eq. (11),and the constants X and fr are
related to the cr-mass m, and the ~-mass m by

6~—cVm~ + U( tn~/g—)0 + surface energy If one neglects m, the 0--model is symmetric under the
chiral SU2 )& SU~ transformation. So far as the meson
fields are concerned, this chiral transformation is the same
as the four-dimensional orthogonal transformation between
o (x) and m(x). Consequently, the o-nucleon coupling is
equal to the 7I--nucleon coupling. One has

where X is the total number of nucleons. ' For a sufficiently
heavy nucleus, the surface energy may be neglected. Since
the negative term. in Eq. (7) is proportional to 1V, while the
positive term is proportional to the volume 0, the energy
diQerence 6 in this simple system becomes negative if the
nucleon density n —= X/0 is su6iciently high. To have a
rough idea of the order of magnitude, we may take U(P) ~
isa'qP; the abnormal state becomes the lower energy state
if the nucleon density e is greater (or much greater) t
a critical value e, where

(15)g'/4n —15.

Thus, in the o.-model there is oui/y ore Nekmowri Parameter m, .

1$~ ~ Big Bi~/2g .

han
I-et us apply the ~-model to the problem of abnormal

states in a large nucleus, considered in the previous section.
(8) The effective nuclear mass is now given by

If we assume m& m~ and its coupling g to be of the same
order as the ~ —X coupling (4n.) 'g'~ 15, then at the
critical density, the internucleon distance is

e —'I'~ 1.5 ~ 10—"cm

which is of the same order as the distance between nucleons
in the existing nuclei.
Of course, the above estimation, Eq. (8) is quite crude,

since it neglects the nuclear forces, the relativistic motion
of nucleons, etc. %hile a complete analysis is dificult, some
simple model calculations can be readily made.

III. o-MODEL

(16)

where (o.) and (~) are the expectation values of o and s
inside the nucleus, and both are assumed to be constants.
For simplicity, let us .assume the nucleons to be described
by a degenerate Fermi distribution with a top Fermi mo-
mentum kp. In the simple case of an equal number of protons
and neutrons, k& is related to the nucleon density e by

k = (3 'ri/2)"

The kinetic energy density of nucleons is given by

U~ = (2/x's) k'(k'+ fl,its)'f' dk.
For definiteness, let us assume the well-known 0--model

for the meson field. ' In this model, besides the usual iso-
vector 0—pion field m. (x) there is also an isoscalar 0+
field &r(x) . In terms of the customary notation of o.(x) used
in the literature, the aforementioned field @(x) is given by

@ = o. —(m~/g), (10)

and its mass m~ = O.-meson mass m . In the normal vacuum,
we adopt the convention (vac

~ f(x) ~
vac) = 0 as before;

consequently,

In addition, there is the usual short-range nuclear inter-
action. As a erst model calculation, we shall assume that
because of the short-range interaction (especially if the
repulsive force is particularly strong) the nuclear matter
resembles an incompressible Quid. Therefore, we may keep
the nucleon density ri fixed; the energy density of the system
is then assumed to be given by

8 = U, + Usr —Imper

o.s = (vac ( o(x) ( vac) = (m~/g).
plus an additive constant that may depend on the 6xed

(11) parameter nr.
' For simplicity, we neglect the relativistic correction here; a detailed

calculation is given in the next section.
Here, as well as in the following, the critical density n, depends

only on the ratio ass/gs.' For references on the o--model, see B.W. Lee, 1972, Chiru/ Dynamics.

6 As we shall see, in order to minimize energy, &m) = 0, and there-
fore m, « = g' (o)' which reduces to Eq. (5) because of Eq. (10) .

~ Later, in a more realistic model-calculation, the short-range repul-
sive interaction wiH be considered explicitly. See the discussion given
in this section after Eq. (23) and in the Appendix.

Rev. Mod. Phys. , Vol. 47, No. 2, April 1975
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Creating hot and dense matter

4

27 

LHC 

CERN Site (Meyrin) 

SPS ~10 Km 

Underground circular  tunnel 
27 km circumference;  
100 m  underground 
4 caverns for experiments  

Accelerator and Experiments 

The Large Hadron Collider (LHC) at CERN
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LHC 

CERN Site (Meyrin) 

SPS ~10 Km 

Underground circular  tunnel 
27 km circumference;  
100 m  underground 
4 caverns for experiments  

Accelerator and Experiments 

The Large Hadron Collider (LHC) at CERN
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Eur. Phys. J. C           (2024) 84:813 Page 5 of 221   813 

Fig. 1 An ALICE event display of detected particles created in a Pb–Pb
√
sNN = 5.02 TeV collision

strange quarks), and a controlled extrapolation to the contin-
uum limit [28]. Indeed the charm, bottom and top quarks are
too heavy to significantly add to the dynamics of the sys-
tem, and it is the dynamics of the strange and, most impor-
tantly, of the light up and down quarks to determine the rich
phase structure of QCD. Once the equation of state of QCD
matter is evaluated with this technique, it is then possible
to extract the temperature dependence of various thermody-
namic quantities, such as the pressure, the energy and entropy
density. The main results of such calculations demonstrate
that a strongly interacting system with zero net baryon den-
sity evolves smoothly from a confined (hadronic) towards
a deconfined (quarks and gluons) state, when its tempera-
ture is increased up to T ∼ 155 MeV [26,28]. Since there
is no discontinuity in thermodynamic variables, a crossover
transition occurs, where de-confined and confined hadronic
matter can co-exist and no latent heat is involved. The cor-
responding temperature is commonly indicated as “pseudo-
critical temperature” Tpc. Moreover, it is found that such a
cross-over occurs is in coincidence with the restoration of the
chiral symmetry. The liberation of many new degrees of free-
dom is indicated by a strong increase in the energy density
(ε) normalised to the fourth power of temperature (Stefan–
Boltzmann law) around the deconfinement temperature. This
can be clearly seen in Fig. 2, where the extrapolation to the
continuum of lattice simulations of (2+1)-flavour QCD is
shown [26]. The temperature dependence of other thermo-
dynamical quantities as pressure (p) and entropy density (s)
are also reported.

Figure 2 also shows that even at T ∼ 400 MeV, the energy
density is still ∼ 20% lower than the non-interacting ideal-
gas limit. It is expected that this limit will be reached at very
large T, due to the asymptotic freedom of QCD [9], i.e. the
vanishing strength of the strong interaction for increasingly
large momentum transfers. This residual difference has pro-
found consequences on the properties of the QGP, with the
remaining coupling responsible for various QGP features.
In particular, below the ideal gas limit, the QGP manifests
itself as a strongly interacting system of quarks and gluons.
It behaves as an almost perfect liquid [29], with the pres-
ence of bound states of quasi-particles (qq, gg, qg) [30].
These properties have furnished in the literature to the defi-
nition of sQGP, with the letter “s” underlining its strong cou-
pling [31]. Strongly coupled systems like the QGP also occur
in the domain of electromagnetic interactions. For example,
ultracold atomic Fermi gases in the extremely small pico-
eV temperature range are the subject of an intense research
activity [32].

It is worth stressing that the result shown in Fig. 2 is
obtained for a QCD medium with zero net baryon number.
This is a particularly relevant configuration as it corresponds
to that of the early universe, where deconfined quarks and
gluons also hadronised around Tc. A complementary situa-
tion, corresponding to large baryon density and relatively low
temperature, may also lead to the creation of the QGP. This
could be present in the core of neutron stars [33]. In the labo-
ratory, a situation corresponding to that of the early universe
can be obtained by colliding heavy ions in the energy range
accessible to hadron colliders. The CERN Large Hadron Col-

123
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Quark-gluon plasma (QGP) phase, if existed, would obviously be very short-lived, how to observe it? 
• is there a memory of the passage through the QGP phase? 
• are there “signatures” of the QGP that we can look for in the final state? 

two major proposals made in the 80’s:

Starting from two historic predictions

Strangeness enhancement  
P. Koch, B. Müller and J. Rafelski  

Phys. Rep. 142, 167 (1986)

J/𝜓 suppression  
T. Matsui and H. Satz  

Phys.Lett.B 178 (1986) 416-422.
6
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Strangeness enhancement

7

• Strangeness enhancement: yield-ratio between 

(multi)strange hadrons and pion larger in heavy-ion collisions 

than minimum-bias pp collisions  

• Smooth increase vs. event multiplicity, without a clear 

collision-system dependence (from small systems like pp to 

large systems like Pb-Pb)

mfaggin@cern.ch
Strange heavy-flavour hadron production vs. multiplicity

Eur. Phys. J. C 80 (2020) 693

Λ
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● Strangeness enhancement (SE): yield-ratio between (multi)strange hadrons 
and π± larger in heavy-ion collisions than minimum-bias pp collisions

● Smooth increase vs. event multiplicity, without a clear collision-system 
dependence

● Baryon production in Pb–Pb collisions at intermediate p
T
 enhanced by 

hadronization via coalescence

● What do strange D-meson production 
measurements teach us about heavy-quark 
hadronization at the LHC?

● Do their production evolve vs. event 
multiplicity?

● Are they sensitive to QGP-induced effects 
(e.g. strangeness enhancement, coalescence, 
E-loss, flow, …)? 

charm
strange

up
down

3/16

“Measuring the system size dependence of the 
strangeness production with ALICE”

R. Nepeivoda, 04/06/2024

Do not m
iss!

In Pb-Pb, restoration of chiral symmetry increase the strangeness 
production 
• ms ~ 150 MeV ~ Tc 
• copious production of ss pairs, mostly by gg fusion 

Recombination of the strangeness quarks

Eur. Phys. J. C 80 (2020) 693

Francesca Ercolessi,  
Monday 15:00
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Strangeness enhancement, in small systems!

8

• What is the microscopic origin of strangeness enhancement in pp & p-Pb collisions? 

• Is it related to hard processes, such as jets, to the underlying event, or to both?
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JHEP 07 (2023), 136

• No significant event-multiplicity dependence in jets  
→ enhancement is limited to the soft particle production. Provide novel constraints on the underlying 
particle-production mechanisms!

p-Pb

R

Production inside jet

(From hard scattering)

Inclusive production

(hard scattering + 
soft production)
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• Relative production of Ξ wrt K0S is favored in transverse-to-leading processes 
 → insight into the strangeness enhancement effect  (hard scattering processes or in the underlying event)

999

arXiv:2405.14511

04/06/2024

Ξ/K!" yield ratio vs multiplicity
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NEW!
arXiv:2405.14511

→ Transverse-to-leading processes give the dominant 
contribution to the Ξ/K!"	full yield ratio in pp collisions

→ The toward-leading and transverse-to-leading 
Ξ/K!"	yield ratios increase with multiplicity in a 
compatible way

TAKE-HOME MESSAGE #4

pp

Strangeness enhancement, in small systems!

• What is the microscopic origin of strangeness enhancement in pp & p-Pb collisions? 

• Is it related to hard processes, such as jets, to the underlying event, or to both?

Leading

(from hard scattering)

Transverse to  leading

(from underlying event)

Strangeness enhancement in pp collisions using angular correlations ALICE Collaboration
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Figure 9: Top panel: full (blue), transverse-to-leading (green) and toward-leading (red) X±/K0
S yield ratios

as a function of the charged-particle multiplicity measured at midrapidity in events with a trigger particle. The
data points are drawn with markers, and their statistical and systematic uncertainties are shown by error bars and
empty boxes, respectively. Shadowed boxes represent systematic uncertainties uncorrelated across multiplicity.
The model predictions are drawn with lines of different styles. The width of the bands represents the sum in
quadrature of statistical and systematic uncertainties of the model predictions, and is visible only for toward-leading
production. Central panel: ratio between the model predictions and the cubic spline fitted to the data points. The
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At T >> 0, high density of colour charge in the medium induces Debye screening  
• at T > TD, melting of quarkonia 
• also regenerated…

Quarkonium suppression
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Prompt J/ψ R
AA

 in Pb–Pb collisions

JHEP 02 (2024) 066

ATLAS, Eur. Phys. J. C 78 (2018) 762
CMS, Eur. Phys. J. C 78 (2018) 509

Dissociation: Vitev et al., PLB 778 (2018) 384-391
SHMc: Andronic et al., PLB 797 (2019) 134836
BT: B. Chen, CPC43 (2019) 124101

✔ p
T
-differential results compatible with corresponding measurements from ATLAS ad CMS in the overlapping p

T  
region

✔ Models including regeneration can describe the rising trend towards low p
T  

and with increasing centrality

M. Coquet
Tuesday, 15:00PRL 132, 042301 (2024)

• Suppression of J/ψ and ψ(2S) in Pb-Pb collisions 
relative to pp collisions as a function of the 
collision centrality.  

• Clear hierarchy of suppression of J/ψ and ψ(2S): 
suppressed by a factor of ~2 wrt J/ψ  → weaker 
binding energy

hypothesis, as detailed in Ref. [45]. For the pp reference,
uncertainties were obtained by combining the correspond-
ing values from the narrower pT intervals reported in
Ref. [43]. A further uncertainty related to the evaluation
of the pp luminosity is also considered in the RAA
evaluation [43]. All the uncertainties discussed in this
paragraph are added in quadrature to obtain the total
systematic uncertainty.
When the ψð2SÞ to J=ψ cross section ratios are com-

puted, all uncertainties cancel out except the one related to
the signal extraction which is dominated by the former
resonance. For the double ratios, the uncertainties on the
pp cross section ratio between ψð2SÞ and J=ψ were also
obtained starting from Ref. [43]. All the results shown in
this Letter and the corresponding model calculations refer
to inclusive quarkonium production, which includes non-
prompt quarkonia, originating from the decay of b hadrons.
In Fig. 1, the ratio of ψð2SÞ and J=ψ cross sections (not

corrected for the branching ratios of the dimuon decay) is
shown as a function of centrality, expressed as the average
number of participant nucleons hNparti. In the lower panel,
the values of the double ratio can be read, showing a ψð2SÞ
suppression, with respect to J=ψ , by a factor of about 2
from pp to Pb-Pb. No significant centrality dependence of

the results is seen, within the uncertainties. Comparison
with calculations of a transport approach (TAMU) [15] and
of the SHMc model [18,47] are also shown. The TAMU
model reproduces the cross section ratios over centrality,
while the SHMc model tends to underestimate the data
in central Pb-Pb collisions. The ALICE results are also
compared with the corresponding inclusive (double) ratios
obtained by NA50 in 0 < y < 1 [27], which reach smaller
values for central events.
In Fig. 2, the nuclear modification factors for ψð2SÞ

(this analysis) and J=ψ (from Ref. [45]) are compared,
as a function of hNparti. With the limited number of
centrality intervals that could be defined, the RAA values
for the ψð2SÞ do not show a clear trend and are generally
consistent with an RAA value of about 0.4. In Fig. 2,
calculations with the TAMU model are also shown,
indicating a good agreement with the measured RAA for
both J=ψ and ψð2SÞ. The SHMc model reproduces, within
uncertainties, the J=ψRAA centrality dependence, while it
underestimates the ψð2SÞ production in central and semi-
central collisions.
Figure 3 shows the ψð2SÞRAA, compared with the

corresponding result for the J=ψ [46], as a function of
pT . The corresponding CMS measurements [48] in the
region jyj < 1.6 and 6.5 < pT < 30 GeV=c are also
reported. The main feature is an increase of the nuclear
modification factor at low pT, similar to what was observed
for the J=ψ and understood as a direct consequence of the
recombination process of charm and anticharm quarks.
The strong suppression of the ψð2SÞ (RAA ∼ 0.15 at
pT ¼ 10 GeV=c) persists up to pT ¼ 30 GeV=c as shown
by the CMS data, that agree within uncertainties with those
of ALICE in the common pT range, in spite of the different
rapidity coverage. A comparison with predictions from the
TAMU model [15] is shown, indicating that also the pT

50 100
partN

0.005

0.01

0.015

0.02

0.025

!
J/"

/ B
R

 
(2

S)
!"

BR

c < 12 GeV/
T
p < 4, cmsyALICE, 2.5 < 

 > 0 (EPJ C49(2007) 559)
T
p < 1, 

lab
yNA50, 0 < 

 = 5.02 TeVNNsPb,#Pb

 = 17.3 GeVNNsPb,#Pb

 = 5.02 TeVNNsSHMc,
 = 5.02 TeVNNsTAMU,

0 50 100 150 200 250 300 350 400
$partN%

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6pp]

!
J/"/

(2
S)

!"/[
Pb

Pb
]

!
J/"/

(2
S)

!"[

 = 5.02 TeV, arXiv:2109.15240)sALICE (pp ref: 
 = 27 GeV, from EPJC48 329(2006))sNA50 (pp ref: 

FIG. 1. Ratio of the ψð2SÞ and J=ψ inclusive cross sections, not
corrected for the corresponding branching ratios (BR) of the
dimuon decay, as a function of hNparti. The vertical error bars and
the filled boxes represent statistical and systematic uncertainties,
respectively. Data are compared to predictions of the TAMU [15]
and SHMc [18,47] models, the corresponding lines showing
their uncertainty band, and to results of the SPS NA50 experi-
ment [27]. In the lower panel, the ratios are normalized to the
corresponding pp value (double ratio). The filled boxes around
the line at unity indicate the global systematic uncertainties.
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Quarkonium suppression, also regeneration?
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At T >> 0, high density of colour charge in the medium induces Debye screening  
• at T > TD, melting of quarkonia 
• also regenerated…

• Models including regeneration can describe the rising 
trend towards low pT
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Figure 8. Prompt J/ψ RAA as a function of pT in the 0–10% (left panel) and 30–50% (right panel)
centrality classes compared with models [36, 37, 85, 89, 90]. Error bars and boxes represent statistical
and uncorrelated systematic uncertainties, respectively. Shaded bands represent model uncertainties.
The global uncertainty is shown around unity.

gluon dissociation and reversed process. The model employs the (2+1)-dimensional version
of the ideal hydrodynamic equations, including both a deconfined and a hadronic phase with
a first order phase transition between these two. The uncertainties plotted in figure 7 for
all models include contributions from total cc cross section, as well as uncertainties from
CNM assumptions. Both SHMc and BT models show an overall good agreement with data
within uncertainties, in particular for pT below 5GeV/c. At higher pT, both models tend to
underpredict the data, with the SHMc model showing a larger discrepancy, which is mainly
due to the fact that in the SHMc model most of the produced J/ψ yields are thermal, with
only a small contribution from the collision corona.

Figure 8 presents the prompt J/ψ nuclear modification factor as a function of pT in
the centrality class 0–10% (left panel) and 30–50% (right panel) compared with model
calculations. In addition to the SHMc and BT models, prompt J/ψ RAA measurements
are also compared with the dissociation model by Vitev et al. [89]. In this model, which
employs rate equations, the collisional dissociation of charmonia includes thermal effects on
the wave function due to the screening of the cc attractive potential from the free colour
charges in the QGP. The medium is modelled by a (2+1)-dimensional viscous hydrodynamic
model. Non-relativistic quantum chromodynamics (NRQCD) theory [91] is used to obtain
the baseline nucleon–nucleon cross sections for charmonia and the pT-dependent feed-down
from excited states. As this model provides predictions for pT > 5GeV/c, the contribution
from CNM effects is assumed to be negligible. The SHMc model reproduces the prompt J/ψ
RAA results at low pT in both centrality classes, while it is significantly below the data for
pT > 5GeV/c. The BT model provides a good description of the measurements in the full
pT range in 0–10% most central collisions, while the model underpredicts the data in the
centrality class 30–50%. The dissociation model, available only above 5GeV/c, provides a
good description of prompt J/ψ RAA measurements within uncertainties.

– 18 –
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At T >> 0, high density of colour charge in the medium induces Debye screening  
• at T > TD, melting of quarkonia 
• also regenerated…
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Figure 9. Centrality dependence (expressed in terms of average number of participants) of prompt
J/ψ RAA measured by ALICE in Pb–Pb collisions at √

sNN = 5.02TeV in the transverse momentum
interval 1.5 < pT < 10GeV/c. Results are compared with the BT model by Zhuang et al. [37, 85].
Error bars and boxes represent statistical and uncorrelated systematic uncertainties, respectively.
Shaded bands represent model uncertainties. The global uncertainty is shown around unity.

The centrality dependence of the pT-integrated (1.5 < pT < 10GeV/c) RAA of prompt
J/ψ is compared with calculations from BT model in figure 9. The BT model, which shows a
rising trend with increasing number of participants from 〈Npart〉 ∼ 50, is in good agreement
with experimental results in 0–10% and 10–30% centrality classes. Below 〈Npart〉 ∼ 50, both
the data and the model exhibit a similar increasing trend towards more peripheral collisions,
however the agreement between data and model worsens.

4.4 Comparison with models for non-prompt J/ψ production

In the following, the comparison of non-prompt J/ψ measurements with models describing
open heavy-flavour production is discussed. As both the production mechanisms and the
interaction with the medium are significantly different for prompt charmonia and open
heavy-flavour hadrons, non-prompt J/ψ measurements are compared with a different set of
models with respect to those considered for prompt J/ψ results.

In figure 10, the yields of non-prompt J/ψ measured in the centralities 0–10% (left panel)
and 30–50% (right panel), are compared with partonic transport model calculations [92–97].
The ratios of the models to data are depicted in the bottom panels, where the error bands are
the model uncertainties. For computing the ratio, an average value of the model is considered
within the corresponding pT intervals where the measurements are performed. Error bars
around unity are the quadratic sum of statistical and systematic uncertainties on the measured
yields. In the transport model by Chen et al. [92] (LT1), as well as in the POWLANG transport
model by Monteno et al. [93, 94], the Langevin equation is used for describing the evolution
of the ancestor beauty quarks through the QGP. In POWLANG, transport coefficients
are obtained either through perturbative calculations using the hard thermal loop (HTL)

– 19 –

• Models including regeneration can describe the rising 
trend towards low pT and with increasing centrality

JHEP02 (2024) 066 Boltzmann�transport�model�(BT),��
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We have differential, more views on the QGP

ALICE review paper

Eur. Phys. J. C 84, 813 (2024)

Will introduce selective topics providing perspectives along the stage

  813 Page 8 of 221 Eur. Phys. J. C           (2024) 84:813 

Fig. 3 The evolution of a heavy-ion collision at LHC energies

in Fig. 3, and halt at the kinetic freeze-out temperature Tkin,

which is achieved at the time of ∼ 10 fm/c. At this point, the
particle momenta are fixed. These particles travel towards the
ALICE detector, where they will be measured ∼ 1015 fm/c
after the initial collision. The high-energy beams of the LHC
provide an unprecedented opportunity to study the QGP in
the laboratory. The highest centre of mass energy per nucleon
pair (

√
sNN) achieved at the LHC in Pb–Pb collisions has

been 5.02 TeV, which is ∼ 25 times higher than the top energy
available at the Relativistic Heavy-Ion Collider (which began
taking data in 2000). This in principle allows for the hottest,
densest, and longest ever lived QGP formed in the laboratory
to be probed using the ALICE detector.

1.2.2 Observables in heavy-ion collisions

There are various experimental probes used to investigate
all phases of heavy-ion collisions: the initial state, the QGP
phase, and the final hadronic phase. Each of these probes has
varying sensitivities to each phase. To start, a fundamental
quantity for many of these probes is the Lorentz-invariant
differential yield of final state particles, given by:

E
d3N
dp3 = 1

2πpT

d2N
dpTdy

, (1)

which is the number density of the particle three-momentum
scaled by the particle energy (E). This will depend on the
measured particle species in question, the transverse momen-
tum, pT, and rapidity, y. When the particle species is not

known, pseudorapidity η is used instead,4 and both are equiv-
alent when the particle energy is much greater than its mass.
Different pT ranges will probe different physical processes,
and for clarity in this review, one can define low-pT as
pT ! 2 GeV/c, intermediate-pT as 2 ! pT ! 8 GeV/c, and
high-pT as pT " 8 GeV/c.This classification is not intended
to provide a rigid distinction regarding these processes, but
to aid the reader regarding references to momentum ranges.

Initial state. Regarding the initial state, for a given collision,
the multiplicity can be determined, which is an addition of
the number of charged hadrons in a broad momentum range.
It plays a critical role in providing a selection on a range
of impact parameters, b, for heavy-ion collisions. It will be
large when b is small, which leads to large numbers of Npart
that will correspondingly produce large numbers of particles.
Such small-b collisions are referred to as central i.e. head-on,
whereas collisions with large impact parameters and small
numbers of Npart (and fewer produced particles) are referred
to as peripheral. The multiplicity therefore provides an exper-
imental handle on the centrality of a collision. Such a handle
is extremely useful, as many of the system properties such
as the energy density or lifetime depend upon the central-
ity. The multiplicity can also provide a measure of the initial
state entropy. If the system hydrodynamically evolves with-
out internal resistance i.e. viscous effects are minimal, the
multiplicity in the final state can be used to determine the

4 Defined as η = − ln[tan (θ/2)], θ being the polar emission angle of
the particle. A more complete description of kinematic variables can be
found in a Review of Particle Physics by the Particle Data Group [37].

123
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• The good agreement among different experiments suggests a universal behavior in particle production 
as a function of energy in heavy-ion collisions 

• How well different models capture the measured particle production? → key experimental constraints 
for model validation 

Particle production: multiplicity
dN/dη vs. energy
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A Large Ion Collider Experiment

ALICE Highlights | LHCP 2024 | M van Leeuwen

Particle yields in heavy-ion collisions: statistical hadronisation

Particle production yields follow statistical 
hadronisation:


with 

• T = 156 ± 2 MeV

• plus resonance feeddown

• plus final state scattering

14

N ∝ (2 J + 1) e−m/T

Yield vs mass

A
ndronic A

., et al. N
ature 561, 321-330

Particle production in heavy-ion collisions

• Particle production in heavy-ion collisions 

follow statistical hadronization: 

• The yields depend solely on the mass and 

temperature, consistent with a thermal model. 

→supporting the thermal nature of the 

hadronization process. 

N / (2J + 1)e�m/T
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Light nuclei production

Thermal model prediction: Eur. Phys. J. A (2020) 56:280

• Dependence of light-nuclei production on event multiplicity provides 
important insights into the mechanisms of light-nuclei formation 

• 3He, t favour coalescence models → likely formed through the 
coalescence of nucleons in the later stages of the collision

Light nuclei: binding energy O(10 MeV) 
expect dissociation in rescattering phase 
+ formation via coalescence of baryons 
⇒ different evolution vs density 

LIGHT (ANTI)NUCLEI PRODUCTION IN Pb-Pb … PHYSICAL REVIEW C 107, 064904 (2023)

FIG. 6. Left: ratios of transverse momentum spectra of t and 3He in different centrality intervals. Right: multiplicity dependence of the
average t /3He ratio compared with the coalescence model expectations (two-body coalescence in orange and three-body coalescence in blue)
[57]. The open boxes represent the total systematic uncertainties, while the vertical lines are the statistical ones.

capture qualitatively the observed trend with multiplicity. The
UrQMD model uses a hybrid approach where nuclei are ulti-
mately produced by coalescence. However, none of the model
curves are able to explain quantitatively all the data points.
In all cases, a decrease in the ratios is observed from central
Pb-Pb collisions toward peripheral Pb-Pb collisions. In partic-
ular, in the case of the d/p ratio, this depletion is significant
when considering only the uncorrelated uncertainties. Such
an effect is expected in transport codes modeling interactions
of the nuclei in the rescattering phase following the hadron
formation [85].

In the SHM, assuming the grand canonical ensemble, the
nucleus-to-proton ratios are fixed by the temperature of the
source, thus they are expected to stay constant as a function
of charged-particle multiplicity. However, when assuming a
canonical ensemble and the exact conservation of baryon
number over a defined volume, the nucleus-to-proton ratios
increase from low to high multiplicities. The extension of
the conservation volume was studied via event-by-event cor-
relation measurement and it was found to be Vc = (1.6 ±
0.2) dV/dy [25]. The studies presented here thus show that a
small conservation volume is needed to describe deuteron-to-
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URQMD hybrid coalescence shown as a purple line [86].
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Hypertriton production, application to neutron star

chiara.pinto@cern.ch                                                                                                         

Astrophysics applications: neutron stars

! D. Lonardoni et al., PRL 114, 092301 (2015)
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• 3-body hyperon-nucleon interaction is key in the 
softening of the EoS and the consequent reduction of 
the predicted maximum mass

• different results on the maximum mass not necessarily 
incompatible with the observed neutron stars

• At the LHC, !"H has been measured in pp, p-Pb, and Pb–Pb collisions
• !

"H powerful probe for investigating the nucleon–Λ interaction 
• Crucial for the calculation of the equation of state (EoS) and the neutron star mass-

radius relation
~ 10 fm

Lightest hyper nucleus 
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Astrophysics applications: neutron stars

! D. Lonardoni et al., PRL 114, 092301 (2015)
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• 3-body hyperon-nucleon interaction is key in the 
softening of the EoS and the consequent reduction of 
the predicted maximum mass

• different results on the maximum mass not necessarily 
incompatible with the observed neutron stars

• At the LHC, !"H has been measured in pp, p-Pb, and Pb–Pb collisions
• !

"H powerful probe for investigating the nucleon–Λ interaction 
• Crucial for the calculation of the equation of state (EoS) and the neutron star mass-

radius relation
~ 10 fm

• At the LHC,            has been measured in pp, p-Pb, and Pb–Pb collisions 

•          powerful probe for investigating the nucleon–Λ interaction  

• Crucial for the calculation of the equation of state (EoS) and the neutron star mass-radius relation
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ALI-PREL-571731

• In small collision systems (as pp) size of system created in the collision is smaller or equal to that of the nucleus under study
• Coalescence is sensitive to the interplay between the size of the collision system and the spatial extension of the nucleus 

wave function 
• !

"H/Λ ratio provides a powerful tool to investigate nuclear production mechanism à For small systems model predictions 
are quite different
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Testing production models with hypertriton

~ 10 fm

&
'!

15

• (
)H/3He ratio allows for testing the production models

§ SHM predicts a flat ratio: sensitive to their similar masses (m
!
"H=2.991 and m3He=2.809 GeV/c2), but insensitive to 

their size [r3He: 1.76 fm, r
Λ
"H	(npΛ): 4.9 fm (BΛ= 2.35 MeV), r

Λ
"H	(dΛ): 10 fm (BΛ ~ 0.13 MeV)]

§ coalescenceà interplay between the spatial extension of the nucleus wavefunction and the system size

§ better agreement with coalescence

chiara.pinto@cern.ch                                                                                                                             16

! ALICE Collaboration, arXiv:2405.19839

vs.

r0, PbPb ~ 3-6 fm

Hypertriton in Pb—Pb: test of production models

r0, pp ~ 1 fm

Hypertriton production in pp & Pb-Pb collisions

• Hypertriton production in pp & Pb-Pb collisions 
consistent with coalescence model                          
→ powerful tool to investigate the mechanism of 
nuclear production

arXiv:2405.19826

• coalescence → interplay between the spatial extension 
of the nucleus wavefunction and the system size  

• SHM predicts a flat ratio: sensitive to their similar 
masses, but insensitive to their size

pp Pb-Pb
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Studying QGP with elliptic flow

S. Trogolo - Initial Stages, 2023

Azimuthal anisotropies in heavy-ion collisions 4

x

y

z

!
A

A

Reaction plane Ψ2

The interaction region has an initial geometrical anisotropy  

The initial geometrical anisotropy is transformed into a 
momentum anisotropy by the pressure gradients

E
d3N
dpT

= 1
2π

d2N
pTdpTdy {1 +

∞

∑
i=1

vn cos[n(φ − Ψn)]}

v2 = ⟨cos[2(φ − Ψ2)]⟩ second harmonic coefficient 
elliptic flow

! S. Voloshin et al., Z.Phys.C 70 (1996) 665-672 

! J.-Y.Ollitrault, NPA 590 (1995) 561c-564c 

! A. M. Poskanzer et al., PRC 58 (1998) 1671-1678

Elliptic flow (v2): asymmetry between the in-plane and out-of-plane directions 
➡ low pT: participation in collective motion and thermalization of heavy quarks 
➡ high pT: path-length dependence of energy loss
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Studying QGP with elliptic flow

1/14

Eccentricity in the initial state of a heavy-ion collision is converted to momentum anisotropy in the final state 
distributions of particles →	the second-order coefficient of the Fourier expansion is referred to as elliptic flow

• Elliptic flow can be used to probe the transport coefficients of the QGP (i.e. shear viscosity and bulk 
viscosity), the initial state of the collision and its fluctuations

• Strange hadrons are good candidates because they have small hadronic cross sections →	their flow is less 
affected by the hadronic phase interactions

!! = cos 2(( − *"#)

Fig
ure 

cre
dit

→	Flow in pp and p-Pb collisions in talk by W. Wu Thu 18th 11:02

Chiara De Martin – ICHEP 2024

Eccentricity in the initial state of a heavy-ion collision is converted to momentum 
anisotropy in the final state distributions of particles by the pressure gradients: 
• elliptic flow v2: second-order coefficient  

→ probe the transport coefficients of the QGP (i.e. shear viscosity and bulk viscosity), 
the initial state of the collisions and its fluctuations



MinJung Kweon, Inha University, QCHSC 2024 2020

Elliptic flow of hadrons

18/07/2024

Elliptic flow of hadrons vs centrality and !!

2/14

For all species, ## increases from central to peripheral collisions up to 40-50%
→	Due to the larger initial state eccentricity in more peripheral collisions

The magnitude of ## in the 50-60% class is compatible to the one measured in 40-50%
→	Due to a convolution of several effects, e.g. smaller lifetime of the fireball that does not allow for the 
development of ##

ALICE, JHEP 09 (2018) 006

Chiara De Martin – ICHEP 2024

JHEP 09 (2018) 006

• Strongly centrality dependent → peripheral collisions (40-50%) 
showing more pronounced anisotropy 

• Heavier particles have a smaller v2 at lower pT → mass 
ordering (same for multi-strange hadrons) due to interplay 
between elliptic and radial flow 

• Meson and baryon grouping at the intermediate pT → 
interpreted as evidence that quark degrees of freedom 
dominate the stage when v2 develops 

18/07/2024

Elliptic flow of multi-strange hadrons in Run 2

4/14

ALICE, JHEP 05 (2023) 243

• Also multi-strange hadrons + and , exhibit mass ordering for $# < 3 GeV/c and are grouped with 
baryons at intermediate $# values

• The measurement of Ξ and Ω flow is limited to the centrality range 10-50% and %! < 6 GeV/c 
→	 Run 3 data will allow for an extension of $# and centrality intervals

Measurement of !!
performed with the 
2- and 4-particle 
cumulants 

!! ≈ !!! 2 + !!!{4}
2

Chiara De Martin – ICHEP 2024

JHEP 05 (2023) 243

v2

<v2>

→ Insights into the viscosity of the QGP and the degree of  
    thermalization of the system
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➡ energy loss via elastic collisions and/or radiative 
processes

S. Trogolo - Initial Stages, 2023
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➡  !QGP lifetime ≃ 10 fm/c
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➡ low-pT heavy-quarks 
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Heavy quarks interact with QGP constituents  
• Energy loss via elastic collisions and/or radiative processes 
• low-pT heavy-quarks thermalisation in the medium? 

➡ energy loss via elastic collisions and/or radiative 
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Charm quark transport in the medium
Charm quark transport 11

• For the first time in Pb-Pb at the LHC down to zero pT
• Low pT is dominated by charm diffusion in the medium (multiple elastic scatterings in 

QGP ”Brownian motion”)
• Charm meson nuclear modification factor and elliptic flow constrain the QGP 

diffusion coefficient. 
• 1.5<2!"# <4.5→ $charm ≃ 3−8fm/c 

ALICE, JHEP 01 (2022) 174 
ALICE, PLB 813 (2021) 136054 

LHCP2022 | May 18th, 2022 | 7

Heavy flavour transport

• Heavy quarks: access to quark transport at hadron level
• Expect beauty thermalisation slower than charm — smaller v2

• Need ALICE 3 performance (pointing resolution, acceptance) for precision 
measurement of e.g. Λc and Λb v2

Λc v2 performance Λb v2 performance

Lo
ng

 a
xi

s

Interactions with the plasma
generate azimuthal anisotropy v2:

!"
!# ∝ 1 + 2(!cos2(- − /)

Non-central 
collision

!" = ($"/&)(#
relaxation time

Jinjoo Seo - 2022 HIM02 JUL 2022 19

Heavy quark transport

Heavy quark diffusion

Collisional broadening
In low momentum region

Relaxation time

Depend on quark mass
Depend on diffusion coefficients

Semi-hard scattering

Radiative energy loss  
(i.e. gluon radiation)

In high momentum region 

< r2 > = 6 Ds t τQ = (mQ/T) Dŝq = < q2
⊥ > /λ

• Interactions - diffusion lead to thermalisation of heavy quarks
• Expect beauty thermalisation slower than charm → smaller v2

• Precise RAA and v2 measurements of charm and beauty hadrons down to low pT → diffusion coefficients Ds

➡ Precise measurement down to low pT with ALICE 3 thanks to unique pointing resolution and large acceptance

diffusion!

22

JHEP01 (2022) 174

• The low-pT region provides insight into the heavy-quark interactions with the medium 

• Comparison of RAA and v2 with transport models

At low-pT, also shadowing & bulk evolution of the medium
• Charm quark interacts with the medium via collisional and radiative processes in Pb-Pb collisions  

• Charm quarks are thermalised with medium → collective motion

RAA
v2
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2 4 6 8 10 12 14 16 18 20
 155 MeV ≈ cT at cTsDπ2

ALICE, JHEP 01 (2022) 174

ALICE, PLB 813 (2021) 136054

STAR, PRL 118 (2017) 212301

, PRD 85 (2012) 014510et al.lQCD, D. Banerjee 

, PRD 86 (2012) 014509et al.lQCD, H.T. Ding 

, PRD 103 (2021) 014511et al.lQCD, L. Altenkort 

ALI−DER−499016

S. Trogolo - Initial Stages, 2023

Estimation of the spatial diffusion coefficient 13

Data-to-model agreement (i.e. analysis) for both the RAA and flow 

➡ constrain diffusion coefficient Ds (∝ relaxation time) → 1.5  < 2π DsTc < 4.5 

‣ !charm ≃ 3-8 fm/c 
‣ !QGP liftime ≃ 10 fm/c

χ2

! X. Dong et al., Ann.Rev.Nucl.Part.Sci. 69 (2019) 417

2 4 6 8 10 12 14 16 18 20
 155 MeV ≈ cT at cTsDπ2

ALICE, JHEP 01 (2022) 174

ALICE, PLB 813 (2021) 136054

STAR, PRL 118 (2017) 212301

, PRD 85 (2012) 014510et al.lQCD, D. Banerjee 

, PRD 86 (2012) 014509et al.lQCD, H.T. Ding 

, PRD 103 (2021) 014511et al.lQCD, L. Altenkort 

ALI−DER−499016
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Estimation of the spatial diffusion coefficient 13

Data-to-model agreement (i.e. analysis) for both the RAA and flow 

➡ constrain diffusion coefficient Ds (∝ relaxation time) → 1.5  < 2π DsTc < 4.5 

‣ !charm ≃ 3-8 fm/c 
‣ !QGP liftime ≃ 10 fm/c

χ2

! X. Dong et al., Ann.Rev.Nucl.Part.Sci. 69 (2019) 417

1.5 < 2𝛑DsTc < 4.5 → direct access to heavy-flavour relaxation time: 𝝉charm ~ 3-8 fm/c

Quantitative information via spacial diffusion coefficient

X. Dong et al., Ann.Rev.Nucl.Part.Sci. 69 (2019) 417
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Virtual direct photon productionDielectron production in central Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Figure 11: Direct-photon invariant yield in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV, compared
with the predictions from a state-of-the-art model [13]. The error bars and boxes represent the statistical and
systematic uncertainties of the data, respectively.

dielectron yield at low mee, i.e.

dN
incl
g

dpT
=

dN
data
ee

dpT
⇥
 

dN
cocktail
g
dpT

,
dN

cocktail
ee
dpT

!
. (11)

Most of the uncertainties related to the parameterized pT spectra used as input for the cocktail calcu-
lations cancel in the cocktail ratio. The resulting direct-photon pT-differential spectrum in the 10%
most central Pb–Pb collisions at

p
sNN = 5.02 TeV is shown in Fig. 11. Within each pT bin, the mean

pT is calculated with an iterative procedure using an exponential function to interpolate the pT spec-
trum [113]. The data are compared to a hybrid model that describes all stages of the heavy-ion col-
lisions [13]. The calculations include the contribution from prompt photons computed with next-to-
leading-order perturbative QCD using INCNLO [114], nCTEQ15 parton distribution functions corrected
for nuclear matter effects [115], and BFG-II fragmentation functions [116]. The measured direct-photon
invariant yield is consistent with the prompt photon contribution alone, but the central values of the data
points are systematically higher. The model predicts additional contributions from the pre-equilibrium,
as well as fluid-dynamical, phases. The very early nuclear medium is described using the IP-Glasma
model [117, 118] with a time-evolution determined by Yang–Mills equations. It is followed by an out-of-
equilibrium phase where the energy-momentum tensor is evolved with non-equilibrium linear response
functions [119, 120]. This pre-hydrodynamical K?MP?ST [120] phase feeds into a fluid-dynamical
evolution, modelled with MUSIC [121]. The contribution of thermal photons is obtained by integrat-
ing photon emission rates over the entire space-time volume occupied by the fluid-dynamical phase.
Thermal photons are the largest source of direct photons at pT < 3 GeV/c, whereas the pre-equilibrium
contribution never dominates, but exceeds the thermal contribution for pT > 3.5 GeV/c. The predicted
invariant yield of all direct-photon contributions together can describe the measurement, although it tends
to overestimate the data by about 1s .

20

Direct photon-production mechanisms: 
• prompt photons: originating from initial hard 

scatterings (high pT) 
• pre-equilibrium photons: reflecting the dynamics 

before the QGP reaches full thermalization (inter 
mediated pT)  

• thermal photons: emitted by the QGP and the 
hadronic gas (low pT)  

→ provides strong evidence for the formation and 
evolution of the QGP, as well as the role of various 
stages in the photon-emission process.

arXiv:2308.16704

• Agreement between the data and the model across different pT ranges → models capture the key processes 
of photon production in the complex environment of a heavy-ion collision.                           
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I.Arsene | Quark Matter '23
10

High-pT isolated photon production in Pb-Pb collisions

● No direct-photon suppression in the centrality range 0-50%
● Suppression in peripheral collisions (50-90%) explained by the centrality bias

Carolina Arata
Tuesday 15:50 (174)

Loizides et al., PLB773 (2017) 408

Isolated photon production: 
• Direct photons (prompt) are mostly isolated  

Compton scattering Annihilation processes

Isolated

• No direct-photon suppression in the central heavy-ion collisions 

• Consistent with the expectation that direct photons should escape the medium without significant 
interaction → probe for studying the initial stages of heavy-ion collisions, less affected by the hot and 
dense medium.                          

I.Arsene | Quark Matter '23
10

High-pT isolated photon production in Pb-Pb collisions

● No direct-photon suppression in the centrality range 0-50%
● Suppression in peripheral collisions (50-90%) explained by the centrality bias

Carolina Arata
Tuesday 15:50 (174)

Loizides et al., PLB773 (2017) 408

Isolated photon production

Carolina Arata - QM23, 05/09/23

0-50%: consistent with 1 
Model comparison:  NLO pQCD ratio


 > 20 GeV/c  agreement

 < 20 GeV/c  some tension


50-90% < 1 due to centrality selection 
bias of Glauber model  
Agreement with model by C. Loizides &  
A. Morsch Phys.Lett.B 773 (2017)408-411

pT →
pT →

Nuclear modification factor RAA

 / 2710

/

Carolina Arata - QM23, 05/09/23
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total pT of charged 
particles inside an 
isolation cone

Photon jet

RAA

Isolation cone
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sarah.porteboeuf@clermont.in2p3.fr

Courtesy of Antonin Maire 

The name « small systems » 
appeared at LHC Run I, it is 

now a session at Quark 
Matter, it is a recent aspect 

of heavy-ion physics  

From large to small system

Will introduce selective topics
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June 7th, 2024You Zhou (NBI) @ SQM2024 5

Working definition for small systems
❖ Working definition: Long-Range Multi-

particle correlations

• v2{4} ≈ v2{6} ≈ v2{8}

• v2{k} (2-sub) ≈ v2{k} (3-sub)

• Observation of flow in small systems

ALICE, PRL123, 142301 (2019)

Elliptic flow in small systems

PRL123, 142301 (2019)

Observation of flow in small system: 
• Measure elliptic flow as a function of the charged particle multiplicity for different systems  
• Nature of particle correlations in high-energy collisions

 Is the measurement the consequence of the evolution of a hydrodynamic fluid?
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Elliptic flow in small systems, similar to Pb-Pb?

• Similar observations in Pb-Pb, high multiplicity p-Pb and pp collisions!  

• Low pT (pT < 3 GeV/c) - Mass ordering 

• Intermediate pT (3 < pT < 6 GeV/c): baryon-meson grouping, splitting between baryons and mesons v2
18/07/2024

Elliptic flow of multi-strange hadrons in Run 2

4/14

ALICE, JHEP 05 (2023) 243

• Also multi-strange hadrons + and , exhibit mass ordering for $# < 3 GeV/c and are grouped with 
baryons at intermediate $# values

• The measurement of Ξ and Ω flow is limited to the centrality range 10-50% and %! < 6 GeV/c 
→	 Run 3 data will allow for an extension of $# and centrality intervals

Measurement of !!
performed with the 
2- and 4-particle 
cumulants 

!! ≈ !!! 2 + !!!{4}
2

Chiara De Martin – ICHEP 2024

JHEP 05 (2023) 243
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Figure 3. The pT-differential v2 measured with four-particle cumulants (v2{4}) for different particle
species and centralities in Pb–Pb collisions at √

sNN = 5.02TeV. The vertical error bars and the
filled boxes represent statistical and systematic uncertainties, respectively.

tervals, with the most central and the most peripheral, i.e. 10–20% and 50–60%, drawn
in the top left and bottom right, respectively. This analysis profits from the data samples
collected by ALICE in 2015 and 2018 which allow extending the previous results from
two-particle correlations [25–27, 33] to higher-order cumulants. Figure 3 presents the first
pT-differential v2 measurements using four-particle cumulants (i.e. v2{4}) for the same par-
ticle species as reported in figure 2 from Pb–Pb collisions at √

sNN = 5.02TeV. In both
cases, similar features of the pT-differential measurements as reported and discussed in
detail in refs. [26–28, 33] are confirmed. The progressive increase of v2 with the centrality
of the collision for a given pT interval illustrates the final-state anisotropy that originates
from the initial-state ellipsoidal geometry in non-central collisions, quantified by the spa-
tial eccentricity ε2. Furthermore, both the effects known in the literature as mass ordering
and the meson–baryon particle type grouping are present in these new measurements. The
former originates from the radial flow of the system, while the latter is explained in a
dynamical picture where flow develops at the partonic level followed by quark coalescence
into hadrons [32].

The meson–baryon grouping is generally attributed to hadron production via coales-
cence in the intermediate pT region [32], where the direct contribution from hydrodynamic
expansion may no longer be dominant and the path-length dependence of energy loss might
not play a significant role yet [60]. This grouping is further investigated using the number
of constituent quarks (NCQ) scaling, similarly to what was done in refs. [26–28, 33]. The
values of v2{4}/nq reported in figure 4 confirm that the scaling, if it holds at all, is only
approximate. The contributions of v2{4} from different sources will be further discussed in
section 5.3, where detailed comparisons with theoretical model calculations will be shown.

– 13 –

pp                                        p-Pb                                 Pb-Pb
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Elliptic flow in small systems, similar to Pb-Pb?

• Similar observations in Pb-Pb, high multiplicity p-Pb and pp collisions!  

• Low pT (pT < 3 GeV/c) - Mass ordering 

• Intermediate pT (3 < pT < 6 GeV/c): baryon-meson grouping, splitting between baryons and mesons v2
18/07/2024

Elliptic flow of multi-strange hadrons in Run 2

4/14
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Chiara De Martin – ICHEP 2024
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tervals, with the most central and the most peripheral, i.e. 10–20% and 50–60%, drawn
in the top left and bottom right, respectively. This analysis profits from the data samples
collected by ALICE in 2015 and 2018 which allow extending the previous results from
two-particle correlations [25–27, 33] to higher-order cumulants. Figure 3 presents the first
pT-differential v2 measurements using four-particle cumulants (i.e. v2{4}) for the same par-
ticle species as reported in figure 2 from Pb–Pb collisions at √

sNN = 5.02TeV. In both
cases, similar features of the pT-differential measurements as reported and discussed in
detail in refs. [26–28, 33] are confirmed. The progressive increase of v2 with the centrality
of the collision for a given pT interval illustrates the final-state anisotropy that originates
from the initial-state ellipsoidal geometry in non-central collisions, quantified by the spa-
tial eccentricity ε2. Furthermore, both the effects known in the literature as mass ordering
and the meson–baryon particle type grouping are present in these new measurements. The
former originates from the radial flow of the system, while the latter is explained in a
dynamical picture where flow develops at the partonic level followed by quark coalescence
into hadrons [32].

The meson–baryon grouping is generally attributed to hadron production via coales-
cence in the intermediate pT region [32], where the direct contribution from hydrodynamic
expansion may no longer be dominant and the path-length dependence of energy loss might
not play a significant role yet [60]. This grouping is further investigated using the number
of constituent quarks (NCQ) scaling, similarly to what was done in refs. [26–28, 33]. The
values of v2{4}/nq reported in figure 4 confirm that the scaling, if it holds at all, is only
approximate. The contributions of v2{4} from different sources will be further discussed in
section 5.3, where detailed comparisons with theoretical model calculations will be shown.
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Figure 7. The measured and calculated evolution of v2 (left) and v3 (right) in pp and p–Pb
collisions as a function of charged-particle multiplicity at midrapidity. The blue and red markers
represent the measured p–Pb and pp data, respectively. The calculations provided by hydrodynamical
models [52, 55, 64, 74] are presented with colored lines. The corresponding bands mark their statistical
uncertainty. For GubsHyd calculations, the statistical uncertainty is smaller than the line thickness.

and pseudorapidity intervals, are matched to the data reported in this article. The flow
coefficients in the hydrodynamic calculation are extracted with the two-particle cumulant
method, as the TRENTo+iEBE-VISHNU does not contain any non-flow.

Figure 7 shows that TRENTo+iEBE-VISHNU overestimates both v2 and v3. In the
studied range, the v2 and v3 data increase with multiplicity. However, TRENTo+iEBE-
VISHNU predicts the opposite trend, which is similar to what is found in large collision
systems [47]. The large discrepancies in the prediction might be alleviated by inclusion of the
newly measured p–Pb constraints in a future Bayesian parameter estimation as well as by
improvements of the initial condition model for small-system collisions.

The results are also compared with IP-Glasma+MUSIC+UrQMD hydrodynamic cal-
culations [74]. This model uses IP-Glasma initial conditions [30] including sub-nucleonic
fluctuations with three hot spots per nucleon. The hydrodynamic evolution is performed
by MUSIC [36] and coupled with UrQMD [41, 42], which performs hadronic cascade. The
model calculations are performed assuming constant η/s = 0.12 and a temperature dependent
ζ/s(T ) [123]. This model describes well the multiplicity dependence of v2 in p–Pb collisions
and the magnitude at the highest multiplicity within the statistical uncertainties of the
model but overestimates the data for the lower multiplicity classes. As for pp collisions, the
calculations clearly miss both the observed magnitude except for Nch > 25 as well as the
trend of the multiplicity dependence. The model shows that v2 decreases with increasing
multiplicity, while the experimental result shows the opposite. For v3, the model accurately
describes the magnitudes and multiplicity dependence across the measured multiplicity ranges.
The magnitudes of v3 are slightly smaller in pp collisions than in p–Pb collisions accord-
ing to the calculations, which agrees with the data within the uncertainties. The level of
agreement between data and the IP Glasma model calculations is found to be similar to
the results reported in ref. [13].

– 15 –
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Elliptic flow in small systems: model comparisons
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Importance of quark-coalescence in small systems

❖ Low pT (pT < 3 GeV/c) 
• Mass ordering, reproduced by both models (hydro dominant)

❖ Intermediate pT (3< pT < 6 GeV/c) 
• With quark-coalescence: successfully reproduces baryon/meson grouping and splitting
• Without quark-coalescence: mass dependence, fails to reproduce grouping and splitting effects

With quark-coalescence Without quark-coalescence

Model: W. Zhao etc., PRL125 (2020), 072301
Y. Wang etc, arXiv:2401.00913
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❖ Transport model with coalescence (AMPT) predicts only mass dependence. 
• Even using same quark-coalescence code, AMPT fails to reproduce the baryon/meson grouping and splitting. 

-> System is too diluted to have a sufficient quark-coalescence. 

❖Further suggests that one needs dense partonic matter with quark-coalescence to reproduce the data.

S. Tang etc, Nucl. Sci. Tech. 35 (2024) 32
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Transport model with 
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Model: W. Zhao etc., PRL125 (2020), 072301 

Y. Wang etc, arXiv:2401.00913

S. Tang etc, Nucl. Sci. Tech. 35 (2024) 32

• With quark-coalescence in pp: successfully reproduces baryon/meson 
grouping and splitting 

• In p-Pb, transport model with coalescence predicts only mass dependence  

 → thorough investigations, including careful data and model comparisons, 
are needed to understand the underlying mechanism
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Fragmentation functions are phenomenological functions to parameterize the non-perturbative 
parton-to-hadron transition 
• Parametrized on data and assumed to be “universal” 

Phase space at the hadronization is filled with partons: 
• Single parton description may not be valid anymore 
• Partons that are “close” to each other in phase space (position and momentum) can simply 

recombine into hadrons 

Recombination vs. fragmentation: 
• Competing mechanisms 
• Recombination naturally enhances baryon/meson ratios at intermediate pT

31

Hadronization in vacuum, in medium

Hadronisation in medium
Phase space at the hadronization is filled with partons
FSingle parton description may not be valid anymore
FNo need to create qq pairs via splitting / string breaking
FPartons that are “close” to each other in phase space (position 

and momentum) can simply recombine into hadrons

8

recombining partons
pM = pq1+pq2
pB = pq1+pq2+pq3

fragmenting parton
ph = z·pq with z<1

Recombination vs. fragmentation:
FCompeting mechanisms
FRecombination naturally enhances 

baryon/meson ratios at intermediate 
pT

	Greco et al., PRL 90 (2003) 202302
	 Fries et al., PRL 90 (2003) 202303
	Hwa, Yang, PRC 67 (2003) 034902

_

Greco et al., PRL 90 (2003) 202302


Fries et al., PRL 90 (2003) 202303


Hwa, Yang, PRC 67 (2003) 034902 
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In medium
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BD

Hadronisation expected to be modified in presence of the colour-deconfined medium

(ii) Recombination/coalescence                                
‣ Partons close in phase 

space can recombine 
‣ Enhances baryon-to-meson 

ratio at intermediate pT

(i) Fragmentation Dq→h(zq, Q2) 
‣ A fraction of the parton momentum zq is taken by the hadron 
‣ Can be modified by energy loss in the QGP
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Charm baryon vs. meson production in pp

• Strong pT dependence in charm sector 

• Enhancement compared to the measurement 

in e+e- and e-p collisions 

Naive expectation:  
ratios of particle-species yields 
independent from collision system
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Figure 8. Top left: ratio between the pT-differential cross sections at midrapidity (|y| < 0.5) of
prompt Λ+

c baryons and D0 mesons in pp collisions at √
s = 5.02TeV [32, 33, 35], 7TeV [74] and

13TeV [49]. The measurement of Λ+
c /D0 ratio in pp collisions at √

s = 13TeV for pT > 1GeV/c uses
the Λ+

c -baryon cross section published in ref. [49]. Bottom left: ratio between the pT-differential
cross sections at midrapidity (|y| < 0.5) of prompt Λ+

c baryons and D0 mesons in pp collisions at√
s = 13TeV compared with the predictions from PYTHIA Monash tune [40], PYTHIA CR-BLC

Mode 0, 2 and 3 [43], SHM+RQM [44], Catania [47], QCM [48], and POWLANG [80] models in pp
collisions at √

s = 13TeV. Top right: pT-differential Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
and Ξ0

c/D0 ratio in pp collisions at √
s = 5.02TeV [51] and √

s = 13TeV [52]. The Ξ+
c /D0 ratio

in pp collisions at √
s = 13TeV for pT > 4GeV/c uses the Ξ+

c published in ref. [52]. Statistical
(systematic) uncertainties are reported as vertical bars (open boxes). The shaded boxes show the BR
uncertainty. Bottom right: pT-differential Ξ0

c/D0 and Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
compared with the predictions from the models reported above.
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How do we explain in the charm sector

• Heavy-flavour hadronization stimulated the model developments  
-  PYTHIA with Color Reconnection (CR) beyond Leading Color (LC) in pp 
-  Catania: Coalescence+Fragmentation approach applied to pp 
-  Local color recombination: POWLANG in AA and in pp 
-  Inclusion of heavy-flavour Coalescence+Fragmentation in EPOS (pp & AA)

• Different hadronization mechanisms proposed!  

• Similar to the light flavor sector?

J
H
E
P
1
2
(
2
0
2
3
)
0
8
6

0 5 10 15 20 25

)c (GeV/
T

p

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0
/D

+ c
Λ ALICE

| < 0.5y|

 = 5.02 TeVspp, 

 = 13 TeVspp, 
c > 1 GeV/

T
p

 (this paper)c < 1 GeV/
T

p

 = 7 TeVspp, 
 

0 2 4 6 8 10 12 14

)c (GeV/
T

p

0

0.1

0.2

0.3

0.4

0.5

B
a

ry
o

n
-t

o
-m

e
so

n
 r

a
tio

BR unc.
ALICE

| < 0.5y|

0/D0
cΞ

 = 5.02 TeVspp, 
 = 13 TeVspp, 

 
 
 

 = 13 TeVs, pp, 0/D+
cΞ

c > 4 GeV/
T

p

 (this paper)c < 4 GeV/
T

p3 < 

 
 

0 5 10 15 20 25

)c (GeV/
T

p

0.0

0.2

0.4

0.6

0.8

1.0

0
/D

+ c
Λ

POWLANG, HTL
POWLANG, lQCD

ALICE
| < 0.5y|PYTHIA 8.243

Monash 2013
Mode 0
Mode 2
Mode 3

SHM+RQM
Catania
QCM

 = 13 TeVspp, 
c > 1 GeV/

T
p

 (this paper)c < 1 GeV/
T

p

0 2 4 6 8 10 12 14

)c (GeV/
T

p

0

0.2

0.4

0.6

B
a

ry
o

n
-t

o
-m

e
so

n
 r

a
tio

BR unc.

ALICE
| < 0.5y|

0/D0
cΞ

 = 13 TeVspp, 
 

 

 = 13 TeVs, pp, 0/D+
cΞ

c > 4 GeV/
T

p

 (this paper)c < 4 GeV/
T

p3 < 

 
 

Mode 0
Mode 2
Mode 3

PYTHIA 8.243
Monash 2013

SHM+RQM
Catania
QCM

POWLANG, HTL
POWLANG, lQCD

Figure 8. Top left: ratio between the pT-differential cross sections at midrapidity (|y| < 0.5) of
prompt Λ+

c baryons and D0 mesons in pp collisions at √
s = 5.02TeV [32, 33, 35], 7TeV [74] and

13TeV [49]. The measurement of Λ+
c /D0 ratio in pp collisions at √

s = 13TeV for pT > 1GeV/c uses
the Λ+

c -baryon cross section published in ref. [49]. Bottom left: ratio between the pT-differential
cross sections at midrapidity (|y| < 0.5) of prompt Λ+

c baryons and D0 mesons in pp collisions at√
s = 13TeV compared with the predictions from PYTHIA Monash tune [40], PYTHIA CR-BLC

Mode 0, 2 and 3 [43], SHM+RQM [44], Catania [47], QCM [48], and POWLANG [80] models in pp
collisions at √

s = 13TeV. Top right: pT-differential Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
and Ξ0

c/D0 ratio in pp collisions at √
s = 5.02TeV [51] and √

s = 13TeV [52]. The Ξ+
c /D0 ratio

in pp collisions at √
s = 13TeV for pT > 4GeV/c uses the Ξ+

c published in ref. [52]. Statistical
(systematic) uncertainties are reported as vertical bars (open boxes). The shaded boxes show the BR
uncertainty. Bottom right: pT-differential Ξ0

c/D0 and Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
compared with the predictions from the models reported above.
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Figure 8. Top left: ratio between the pT-differential cross sections at midrapidity (|y| < 0.5) of
prompt Λ+

c baryons and D0 mesons in pp collisions at √
s = 5.02TeV [32, 33, 35], 7TeV [74] and

13TeV [49]. The measurement of Λ+
c /D0 ratio in pp collisions at √

s = 13TeV for pT > 1GeV/c uses
the Λ+

c -baryon cross section published in ref. [49]. Bottom left: ratio between the pT-differential
cross sections at midrapidity (|y| < 0.5) of prompt Λ+

c baryons and D0 mesons in pp collisions at√
s = 13TeV compared with the predictions from PYTHIA Monash tune [40], PYTHIA CR-BLC

Mode 0, 2 and 3 [43], SHM+RQM [44], Catania [47], QCM [48], and POWLANG [80] models in pp
collisions at √

s = 13TeV. Top right: pT-differential Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
and Ξ0

c/D0 ratio in pp collisions at √
s = 5.02TeV [51] and √

s = 13TeV [52]. The Ξ+
c /D0 ratio

in pp collisions at √
s = 13TeV for pT > 4GeV/c uses the Ξ+

c published in ref. [52]. Statistical
(systematic) uncertainties are reported as vertical bars (open boxes). The shaded boxes show the BR
uncertainty. Bottom right: pT-differential Ξ0

c/D0 and Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
compared with the predictions from the models reported above.
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Figure 8. Top left: ratio between the pT-differential cross sections at midrapidity (|y| < 0.5) of
prompt Λ+

c baryons and D0 mesons in pp collisions at √
s = 5.02TeV [32, 33, 35], 7TeV [74] and

13TeV [49]. The measurement of Λ+
c /D0 ratio in pp collisions at √

s = 13TeV for pT > 1GeV/c uses
the Λ+

c -baryon cross section published in ref. [49]. Bottom left: ratio between the pT-differential
cross sections at midrapidity (|y| < 0.5) of prompt Λ+

c baryons and D0 mesons in pp collisions at√
s = 13TeV compared with the predictions from PYTHIA Monash tune [40], PYTHIA CR-BLC

Mode 0, 2 and 3 [43], SHM+RQM [44], Catania [47], QCM [48], and POWLANG [80] models in pp
collisions at √

s = 13TeV. Top right: pT-differential Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
and Ξ0

c/D0 ratio in pp collisions at √
s = 5.02TeV [51] and √

s = 13TeV [52]. The Ξ+
c /D0 ratio

in pp collisions at √
s = 13TeV for pT > 4GeV/c uses the Ξ+

c published in ref. [52]. Statistical
(systematic) uncertainties are reported as vertical bars (open boxes). The shaded boxes show the BR
uncertainty. Bottom right: pT-differential Ξ0

c/D0 and Ξ+
c /D0 ratio in pp collisions at √

s = 13TeV
compared with the predictions from the models reported above.
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Charm vs. light baryon-to-meson ratio
ALICE, Phys. Lett. B 829 (2022) 137065

10

Baryon-to-meson ratio: radial flow?

• Charm baryons/meson like for strangeness 

• Experimentally important to check the effect of different multiplicity estimators

• in ee these ratios are flat in pT, in pp at low pT 
peak of the ratio —> quark coalescence 

• peak pushed to higher momenta at high mult. 
{

• Charm baryons/meson like for strangeness! 

• Hint at a common mechanism for light- and charm-baryon formation 

in hadronic collisions at LHC energies. 

High mult.

Low mult.

Charm, 

Strangeness

Gluon fragmentation…

Charm quark fragmentation…

Similar shift

PLB 829 (2022) 137065
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Baryon-to-meson ratios of different flavors 
Flavor dependence of the baryon-to-meson ratio in pp at

√
s = 13 TeV ALICE Collaboration
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Figure 6: Non-prompt Λ+
c /D0, prompt Λ+

c /D0 [27], Λ/K0
S [67], and p/π+ [67] ratios measured in pp collisions

at
√

s = 13 TeV at midrapidity (|y| < 0.5) compared with the Λ0
b/(B

0 + B+) ratio measured by the LHCb
Collaboration at forward rapidity (2.5< y< 4) [39] and with predictions obtained with the PYTHIA 8 MC generator
with the Monash 2013 tune [50, 58] and the CLR-BLC modes 0, 2, and 3 [37] in the corresponding rapidity range
with respect to data.

and hadronization, taking also into account time-dilation effects caused by relative boosts. The Mode 0
and 2 settings, reported in the top-right and bottom-left panels of Fig. 6 respectively, predict a similar
baryon-to-meson ratio for the strange, charm, and beauty flavors for pT > 2 GeV/c and a significantly
higher ratio for heavy-flavor hadrons than strange hadrons for lower pT (e.g., a factor three is predicted
at pT ≈ 400 MeV/c). Despite the agreement with the data is significantly improved compared to the
Monash tune, the measurements of beauty hadrons are overestimated for pT ! 10 GeV/c. Instead, the
Mode 3 (bottom-right panel of Fig. 6) underestimates the ratio for charm hadrons for pT ! 12 GeV/c and
overestimates that of beauty hadrons in the same pT interval, quantitatively more than the other two CLR-
BLC modes. The features, observed in all comparisons with PYTHIA 8 tunes, indicate that more precise
measurements of the baryon-to-meson ratios, especially those including beauty-hadron measurements at
very low pT (pT < 2 GeV/c) are crucial for tuning the model parameters involving the reconnection of
quarks via junction topologies and to possibly validate this as the mechanism responsible of the baryon

12

Note: for LHCb, different normalization & should consider decay 
kinematics (for the other case)  
* These three tunes are characterized by different constraints on 
the time dilation and causality 

• All the measurements for beauty, charm, and strange 
hadrons show a similar trend as a function of pT and 
are compatible within the uncertainties  

→ Similar baryon-formation mechanism among light, 
strange, charm and beauty hadrons?

Phys. Rev. D 108, 112003 (2023)
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within the uncertainties. The p=πþ production ratio also
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absolute terms. The experimental values are compared with
the corresponding predictions obtained with PYTHIA8 sim-
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Y–N or Y–Y bound state. Although numerous theoretical predictions 
exist13,26–30, so far no clear evidence for any such bound states has been 
found, despite many experimental searches31–35.

Additionally, a precise knowledge of the Y–N and Y–Y interactions 
has important consequences for the physics of neutron stars. Indeed, 
the structure of the innermost core of neutron stars is still completely 
unknown and hyperons could appear in such environments depending 
on the Y–N and Y–Y interactions36. Real progress in this area calls for 
new experimental methods.

Studies of the Y–N interaction via correlations have been pioneered 
by the HADES collaboration37. Recently, the ALICE Collaboration has 
demonstrated that p–p and p–Pb collisions at the LHC are best suited 
to study the N–N and several Y–N, Y–Y interactions precisely8–12. Indeed, 
the collision energy and rate available at the LHC opens the phase 
space for an abundant production of any strange hadron38, and the 
capabilities of the ALICE detector for particle identification and the 
momentum resolution—with values below 1% for transverse momentum  
pT < 1 GeV/c—facilitate the investigation of correlations in momen-
tum space. These correlations reflect the properties of the interaction 
and hence can be used to test theoretical predictions by solving the 
Schrödinger equation for proton–hyperon collisions39. A fundamen-
tal advantage of p–p and p–Pb collisions at LHC energies is the fact 
that all hadrons originate from very small space-time volumes, with 
typical inter-hadron distances of about 1 fm. These small distances 
are linked through the uncertainty principle to a large range of the 
relative momentum (up to 200 MeV/c) for the baryon pair and enable 
us to test short-range interactions. Additionally, detailed modelling 
of a common source for all produced baryons15 allow us to determine 
accurately the source parameters.

Similar studies were carried out in ultrarelativistic Au–Au colli-
sions at a centre-of-mass energy of 200 GeV per nucleon pair by the 
STAR collaboration for Λ–Λ40,41 and p–Ω−42 interactions. This collision 
system leads to comparatively large particle emitting sources of 
3–5 fm. The resulting relative momentum range is below 40 MeV/c, 
implying reduced sensitivity to interactions at distances shorter 
than 1 fm.

In this work, we present a precision study of the most exotic among 
the proton–hyperon interactions, obtained via the p–Ω− correlation 
function in p–p collisions at a centre-of-mass energy s = 13 TeV at the 
LHC. The comparison of the measured correlation function with 
first-principle calculations13 and with a new precision measurement 
of the p–Ξ− correlation in the same collision system provides the first 
observation of the effect of the strong interaction for the p–Ω− pair. 
The implications of the measured correlations for a possible p–Ω− 
bound state are also discussed. These experimental results challenge 
the interpretation of the data in terms of lattice QCD as the precision 
of the data improves.

Our measurement opens a new chapter for experimental methods 
in hadron physics with the potential to pin down the strong interaction 
for all known proton–hyperon pairs.

Analysis of the correlation function
Figure 1 shows a schematic representation of the correlation method 
used in this analysis. The correlation function can be expressed theo-
retically43,44 as C(k*) = ∫d3r*S(r*) × |ψ(k*, r*)|2, where k* and r* are the 
relative momentum and relative distance of the pair of interest. S(r*) 
is the distribution of the distance r* = |r*| at which particles are emitted 
(defining the source size), ψ(k*, r*) represents the wavefunction of the 
relative motion for the pair of interest and k* = |k*| is the reduced rela-
tive momentum of the pair ( p pk = | − |/2% % %

2 1 ). Given an interaction poten-
tial between two hadrons as a function of their relative distance, a 
non-relativistic Schrödinger equation can be used39 to obtain the  
corresponding wavefunction and hence also predict the expected 
correlation function. The choice of a non-relativistic Schrödinger  
equation is motivated by the fact that the typical relative momenta 
relevant for the strong final-state interaction have a maximal value of 
200 MeV/c. Experimentally, this correlation function is computed as 
C(k*) = ξ(k*)[Nsame(k*)/Nmixed(k*)], where ξ(k*) denotes the corrections 
for experimental effects, Nsame(k*) is the number of pairs with a given 
k* obtained by combining particles produced in the same collision 
(event), which constitute a sample of correlated pairs, and Nmixed(k*) is 
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Fig. 1 | Schematic representation of the correlation method. a, A collision of 
two protons generates a particle source S(r*) from which a hadron–hadron pair 
with momenta p1 and p2 emerges at a relative distance r* and can undergo a 
final-state interaction before being detected. Consequently, the relative 
momentum k* is either reduced or increased via an attractive or a repulsive 
interaction, respectively. b, Example of attractive (green) and repulsive 
(dotted red) interaction potentials, V(r*), between two hadrons, as a function 
of their relative distance. Given a certain potential, a non-relativistic 
Schrödinger equation is used to obtain the corresponding two-particle 

wavefunction, ψ(k*, r*). c, The equation of the calculated (second term) and 
measured (third term) correlation function C(k*), where Nsame(k*) and Nmixed(k*) 
represent the k* distributions of hadron–hadron pairs produced in the same 
and in different collisions, respectively, and ξ(k*) denotes the corrections for 
experimental effects. d, Sketch of the resulting shape of C(k*). The value of the 
correlation function is proportional to the interaction strength. It is above 
unity for an attractive (green) potential, and between zero and unity for a 
repulsive (dotted red) potential.
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Y–N or Y–Y bound state. Although numerous theoretical predictions 
exist13,26–30, so far no clear evidence for any such bound states has been 
found, despite many experimental searches31–35.

Additionally, a precise knowledge of the Y–N and Y–Y interactions 
has important consequences for the physics of neutron stars. Indeed, 
the structure of the innermost core of neutron stars is still completely 
unknown and hyperons could appear in such environments depending 
on the Y–N and Y–Y interactions36. Real progress in this area calls for 
new experimental methods.

Studies of the Y–N interaction via correlations have been pioneered 
by the HADES collaboration37. Recently, the ALICE Collaboration has 
demonstrated that p–p and p–Pb collisions at the LHC are best suited 
to study the N–N and several Y–N, Y–Y interactions precisely8–12. Indeed, 
the collision energy and rate available at the LHC opens the phase 
space for an abundant production of any strange hadron38, and the 
capabilities of the ALICE detector for particle identification and the 
momentum resolution—with values below 1% for transverse momentum  
pT < 1 GeV/c—facilitate the investigation of correlations in momen-
tum space. These correlations reflect the properties of the interaction 
and hence can be used to test theoretical predictions by solving the 
Schrödinger equation for proton–hyperon collisions39. A fundamen-
tal advantage of p–p and p–Pb collisions at LHC energies is the fact 
that all hadrons originate from very small space-time volumes, with 
typical inter-hadron distances of about 1 fm. These small distances 
are linked through the uncertainty principle to a large range of the 
relative momentum (up to 200 MeV/c) for the baryon pair and enable 
us to test short-range interactions. Additionally, detailed modelling 
of a common source for all produced baryons15 allow us to determine 
accurately the source parameters.

Similar studies were carried out in ultrarelativistic Au–Au colli-
sions at a centre-of-mass energy of 200 GeV per nucleon pair by the 
STAR collaboration for Λ–Λ40,41 and p–Ω−42 interactions. This collision 
system leads to comparatively large particle emitting sources of 
3–5 fm. The resulting relative momentum range is below 40 MeV/c, 
implying reduced sensitivity to interactions at distances shorter 
than 1 fm.

In this work, we present a precision study of the most exotic among 
the proton–hyperon interactions, obtained via the p–Ω− correlation 
function in p–p collisions at a centre-of-mass energy s = 13 TeV at the 
LHC. The comparison of the measured correlation function with 
first-principle calculations13 and with a new precision measurement 
of the p–Ξ− correlation in the same collision system provides the first 
observation of the effect of the strong interaction for the p–Ω− pair. 
The implications of the measured correlations for a possible p–Ω− 
bound state are also discussed. These experimental results challenge 
the interpretation of the data in terms of lattice QCD as the precision 
of the data improves.

Our measurement opens a new chapter for experimental methods 
in hadron physics with the potential to pin down the strong interaction 
for all known proton–hyperon pairs.

Analysis of the correlation function
Figure 1 shows a schematic representation of the correlation method 
used in this analysis. The correlation function can be expressed theo-
retically43,44 as C(k*) = ∫d3r*S(r*) × |ψ(k*, r*)|2, where k* and r* are the 
relative momentum and relative distance of the pair of interest. S(r*) 
is the distribution of the distance r* = |r*| at which particles are emitted 
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equation is motivated by the fact that the typical relative momenta 
relevant for the strong final-state interaction have a maximal value of 
200 MeV/c. Experimentally, this correlation function is computed as 
C(k*) = ξ(k*)[Nsame(k*)/Nmixed(k*)], where ξ(k*) denotes the corrections 
for experimental effects, Nsame(k*) is the number of pairs with a given 
k* obtained by combining particles produced in the same collision 
(event), which constitute a sample of correlated pairs, and Nmixed(k*) is 
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with momenta p1 and p2 emerges at a relative distance r* and can undergo a 
final-state interaction before being detected. Consequently, the relative 
momentum k* is either reduced or increased via an attractive or a repulsive 
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(dotted red) interaction potentials, V(r*), between two hadrons, as a function 
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wavefunction, ψ(k*, r*). c, The equation of the calculated (second term) and 
measured (third term) correlation function C(k*), where Nsame(k*) and Nmixed(k*) 
represent the k* distributions of hadron–hadron pairs produced in the same 
and in different collisions, respectively, and ξ(k*) denotes the corrections for 
experimental effects. d, Sketch of the resulting shape of C(k*). The value of the 
correlation function is proportional to the interaction strength. It is above 
unity for an attractive (green) potential, and between zero and unity for a 
repulsive (dotted red) potential.
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Y–N or Y–Y bound state. Although numerous theoretical predictions 
exist13,26–30, so far no clear evidence for any such bound states has been 
found, despite many experimental searches31–35.

Additionally, a precise knowledge of the Y–N and Y–Y interactions 
has important consequences for the physics of neutron stars. Indeed, 
the structure of the innermost core of neutron stars is still completely 
unknown and hyperons could appear in such environments depending 
on the Y–N and Y–Y interactions36. Real progress in this area calls for 
new experimental methods.

Studies of the Y–N interaction via correlations have been pioneered 
by the HADES collaboration37. Recently, the ALICE Collaboration has 
demonstrated that p–p and p–Pb collisions at the LHC are best suited 
to study the N–N and several Y–N, Y–Y interactions precisely8–12. Indeed, 
the collision energy and rate available at the LHC opens the phase 
space for an abundant production of any strange hadron38, and the 
capabilities of the ALICE detector for particle identification and the 
momentum resolution—with values below 1% for transverse momentum  
pT < 1 GeV/c—facilitate the investigation of correlations in momen-
tum space. These correlations reflect the properties of the interaction 
and hence can be used to test theoretical predictions by solving the 
Schrödinger equation for proton–hyperon collisions39. A fundamen-
tal advantage of p–p and p–Pb collisions at LHC energies is the fact 
that all hadrons originate from very small space-time volumes, with 
typical inter-hadron distances of about 1 fm. These small distances 
are linked through the uncertainty principle to a large range of the 
relative momentum (up to 200 MeV/c) for the baryon pair and enable 
us to test short-range interactions. Additionally, detailed modelling 
of a common source for all produced baryons15 allow us to determine 
accurately the source parameters.

Similar studies were carried out in ultrarelativistic Au–Au colli-
sions at a centre-of-mass energy of 200 GeV per nucleon pair by the 
STAR collaboration for Λ–Λ40,41 and p–Ω−42 interactions. This collision 
system leads to comparatively large particle emitting sources of 
3–5 fm. The resulting relative momentum range is below 40 MeV/c, 
implying reduced sensitivity to interactions at distances shorter 
than 1 fm.

In this work, we present a precision study of the most exotic among 
the proton–hyperon interactions, obtained via the p–Ω− correlation 
function in p–p collisions at a centre-of-mass energy s = 13 TeV at the 
LHC. The comparison of the measured correlation function with 
first-principle calculations13 and with a new precision measurement 
of the p–Ξ− correlation in the same collision system provides the first 
observation of the effect of the strong interaction for the p–Ω− pair. 
The implications of the measured correlations for a possible p–Ω− 
bound state are also discussed. These experimental results challenge 
the interpretation of the data in terms of lattice QCD as the precision 
of the data improves.

Our measurement opens a new chapter for experimental methods 
in hadron physics with the potential to pin down the strong interaction 
for all known proton–hyperon pairs.

Analysis of the correlation function
Figure 1 shows a schematic representation of the correlation method 
used in this analysis. The correlation function can be expressed theo-
retically43,44 as C(k*) = ∫d3r*S(r*) × |ψ(k*, r*)|2, where k* and r* are the 
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is the distribution of the distance r* = |r*| at which particles are emitted 
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Emission source S(r*)

Interaction

(k*, r*)

(k*, r*) 2

Schrödinger equation

Two-particle wavefunction

V(
r*

) (
M

eV
)

k* (MeV/c)

r* (fm)

C
(k

*)

r*
p2

p1

C(k*) = ∫ d3r* = [(k*)
Nsame(k*)

Nmixed(k*)
S(r*)

Attractive
Repulsive 

Attractive
Repulsive 0

10

50 100 150 200

0.5 1.0 1.5 2.0

b

c

da

Correlation function

\

\

Fig. 1 | Schematic representation of the correlation method. a, A collision of 
two protons generates a particle source S(r*) from which a hadron–hadron pair 
with momenta p1 and p2 emerges at a relative distance r* and can undergo a 
final-state interaction before being detected. Consequently, the relative 
momentum k* is either reduced or increased via an attractive or a repulsive 
interaction, respectively. b, Example of attractive (green) and repulsive 
(dotted red) interaction potentials, V(r*), between two hadrons, as a function 
of their relative distance. Given a certain potential, a non-relativistic 
Schrödinger equation is used to obtain the corresponding two-particle 

wavefunction, ψ(k*, r*). c, The equation of the calculated (second term) and 
measured (third term) correlation function C(k*), where Nsame(k*) and Nmixed(k*) 
represent the k* distributions of hadron–hadron pairs produced in the same 
and in different collisions, respectively, and ξ(k*) denotes the corrections for 
experimental effects. d, Sketch of the resulting shape of C(k*). The value of the 
correlation function is proportional to the interaction strength. It is above 
unity for an attractive (green) potential, and between zero and unity for a 
repulsive (dotted red) potential.

What we want to know: The interaction 
between hadrons at the 1 fm scale.

Generally, through the scattering 
of two particles...
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Measuring hadron interaction potentials via correlations

A Large Ion Collider Experiment

Measuring hadron interaction potentials via femtoscopic correlations
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Momentum correlations of low-k pairs
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Known from Bose-Einstein correlations of identical bosons

Hanbury-Brown Twiss interferometry

Correlation function depends on source distribution

 and interaction potential:

With known source distribution (e.g. from pion or proton pairs)

determine interaction potential

Gives access hadron interaction potentials of unstable hadrons

⇒ Connections to hadron and nuclear physics

Momentum correlations 
of low-k pairs 

Gives access hadron-interaction potentials of unstable hadrons  
 → Connections to hadron and nuclear physics
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p* : p in the pair rest frame

Studying the interaction between charm and light-flavor mesons ALICE Collaboration

respectively [66]. Since the strong final-state interaction (FSI) is only accessible via the study of the
primary particles, the D+ mesons that result from the decay of charm resonances represent a source
of background. Unlike the contribution of D+ mesons from beauty-hadron decays, it is not possible
to experimentally separate it with the procedure described above, due to the short lifetime of the D⇤+

resonances (ct ⇡ 2400 fm) [66]. The fraction of D+ mesons originating from D⇤+ decays is estimated
in Ref. [52], employing the production cross sections of D+ and D⇤+ mesons in pp collisions at

p
s =

5.02 TeV [69, 70] and a simulation with PYTHIA 8.2 for the description of the D⇤± ! D±+X decay
kinematics. It is estimated to be (27.6±1.3 (stat.)±2.4 (syst.))%.

To obtain a high-purity sample of D(⇤)+-meson candidates, the following procedure is used. The dis-
tribution of the invariant mass of the D+-meson candidates and invariant-mass difference of the D⇤+-
meson candidates is fitted in several pT intervals, from 1 to 10 GeV/c. The sample of D(⇤)+ mesons
used for the analysis is obtained by applying a selection to the invariant mass of the candidates, which
is defined by a 2s window around the nominal mass, MD± = 1869.66 ± 0.05 MeV/c

2 and MD⇤± =
2010.26±0.05 MeV/c

2 [66], where s is the width of the fitted Gaussian. This selection range is repre-
sented by the vertical dashed lines in Fig. 1. The purity is computed as the ratio of the signal candidates
over the total number of candidates in this invariant-mass range, where the number of signal candidates
is extracted with a fit to the invariant-mass distribution. This results in a pT-integrated purity of around
71% for D+ mesons and 67% for D⇤+ mesons.

3 The correlation function

In this analysis, the interaction between the charm mesons D(⇤) and the light-flavor mesons ⇡ and K is
investigated employing the correlation function [71], defined as

C(k⇤) = N ⇥ Nsame(k⇤)

Nmixed(k⇤)
, (2)

where k
⇤ = 1

2 ⇥ |p⇤
1 �p⇤

2| is the relative momentum of two particles with momentum ppp1 and ppp2 in the
pair rest frame, denoted by the asterisk, N is a normalization constant, and Nsame (mixed)(k⇤) is the k

⇤

distribution of the pairs measured in the same (mixed) events. The mixed-event distribution, which does
not contain any effect of the strong FSI, reflects the phase space of the underlying event. Therefore, it
serves as a reference to which the same-event distribution can be compared in order to extract information
on the strong FSI of a specific system. To ensure a good quality of the reference sample, Nmixed, the
mixing is performed only between events with similar multiplicity and primary-vertex position [42, 44,
47]. As the same (mixed) event distributions of the pairs are found to be compatible with the ones of
the respective charge conjugates, they are combined in order to enhance the statistical precision. In the
following, same-charge D(⇤)X refers to D(⇤)+X+�D(⇤)�X� pairs, while opposite-charge D(⇤)X refers to
D(⇤)+X��D(⇤)�X+ pairs, where X is either K or ⇡. The normalization constant N is chosen such that
the mean value of the correlation function equals unity in a given range at large k

⇤, where the particles
are not close enough in momentum space to experience FSI. The number of pairs and the normalization
range for the different channels are reported in Table 1. The latter are chosen according to the shape of
the same (mixed) event distributions, which decreases and flattens out at different k

⇤ regions depending
on the involved light-flavor meson. The experimental correlation functions are computed in k

⇤ intervals
of 50 MeV/c and the horizontal position of each data point is the average of the k

⇤ distribution of the
mixed event in the corresponding k

⇤ interval.

The experimental correlation functions involving D+ and light-flavor mesons, obtained from Eq. 2 are
shown in the left panels of Figs. 2 and 3. They are raw quantities, which can be decomposed as

Craw(k
⇤) =Cfemto(k

⇤)⇥Cnon-femto(k
⇤), (3)
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Femtoscopy: 3-body interactions

● Proton-deuteron femtoscopy: system modeled as a 3-body system
● Search for genuine 3-body interactions using 3-proton femtoscopy

Bhawani Singh
Wednesday 08:30 (461)

Viviani et al., arXiv:2306.02478v1
Del Grande et al., EPJC82 (2022) 244

ALICE, arXiv:2308.16120 ALICE, EPJA 59 (2023) 145

• Only a full three-body calculation that accounts for the 
internal structure of the deuteron can explain the data

Femtoscopy: two, three-body interactionsA Large Ion Collider Experiment

D-light hadron interactions

26ALICE Highlights | LHCP 2024 | M van Leeuwen
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D Mihaylov, Fri 14:18

3-body interaction

2-body interaction

Unlike sign: attractive Like sign: repulsive
• Coulomb interaction dominates: limited contribution from strong interactions  
• Lattice-based theory calculations predict stronger interactions

arXiv:2308.16120

Viviani et al., 

arXiv:2306.02478v1

arXiv:2401.13541

Wioleta Rzesa,  
Monday 14:30
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ALICE in Run 3 (ongoing)

• Major upgrades installed in 
2019- 2021  

• In production since 2022  
• 50x increase in readout rate  
• 3 to 6x improvement in 
pointing resolution  

• Secondary vertexing for 
forward muons

ALICE upgrades: arXiv:2302.01238 

ITS: NIM 1032(2022)166632 

TPC: JINST 16 P03022 (2021) 

MFT: CDS link 
FIT: NIM 1039 (2022) 167021 


I.Arsene | Quark Matter '23
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ALICE data taking in Run 3
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Run 3 results in pp and Pb-Pb collisions, more to come

39

A Large Ion Collider Experiment
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Charm baryon resonance production: Σ0,++
c

8ALICE Highlights | LHCP 2024 | M van Leeuwen

New run 3 result

Σ0,++
c → Λc π  yield ratio vs pTΣ0,++

c

Similar yield of both resonances

Not described by Pythia hadronisation


in line with statistical model expectation

ALI-PREL-574270
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Summary

• Through a wide range of collision systems and energies, ALICE provides crucial insights into the behavior 

of QGP, particle-production mechanisms, and the strong interaction at unprecedented energy scales.  

• Key results from Run 1, Run 2 highlight the experiment's contributions to understanding the early 

universe and the fundamental forces governing hadronic matter  

• With the ongoing Run 3, we anticipate acquiring even more detailed information, further enhancing our 

understanding of the early universe and the fundamental forces that govern hadronic matter. 

    ⇨ Stay tuned!
Future for Heavy Ions & ALICE 3 
Dieter Roehrich, Tursday 14:30

Thank you for your attention!
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Way of heavy-flavour hadronization, also in small systems?
• Fragmentation 
→ production from hard-scattering processes (PDF+pQCD) 
→ fragmentation functions: data parametrization, assumed universal 

Parton shower: String fragmentation (Lund model - PYTHIA) + color reconnection (interaction from different scattering), 
Cluster decay (HERWIG) 

•Coalescence:   
→ recombination of partons in QGP close in phase space 

Have described first AA observations in light sector for the enhanced baryon/meson ratio and elliptic flow splitting 

• Statistical hadronization 
→ equilibrium + hadron-resonance gas + freeze-out temperature 
→ production depends on hadron masses and degeneracy, and on system properties 
Require total charm cross section

    ratio in pp collisions vs. models (3)

6

Data described by:

PYTHIA8 with String Formation beyond Leading Colour 
approximation (JHEP 1508 (2015) 003). 
More complete and realistic (=closer to QCD) colour-reconnection 
(CR) scheme 
- “...between which partons do confining potentials arise?”

Junction reconnection topologies → enhance baryons.

Support need of abandoning independent 
hadronisation of different MPI

A hadronic environment matters

ALICE,PRC 104 054905 (2021)
ALICE, PRL 127 202301 (2021)
ALICE, arxiv 2211.14032 
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Ds+: strange charm meson
mfaggin@cern.ch

Strange charm hadrons vs. multiplicity
Phys.Lett.B 829 (2022) 137065

pp collisions

● D
s
+/D0 ratio in pp collisions at midrapidity does 

not show any significant dependence vs. p
T
 and 

event multiplicity

charm
strange

up

● D
s
+/D0 ratio described by PYTHIA 8 predictions at 

both low and high multiplicity

● D
s
+/D0 ratio not described by canonical-ensemble 

statistical hadronization model (CE-SH) at high 
event multiplicity

● Ξ
c

0/D0 ratio significantly underestimated by 
PYTHIA 8 predictions

down

D
s

+ Ξ
c

0

10/16

CE-SH (] Y. Chen, M. He): Phys. Lett. B 815 (2021) 136144

PYTHIA 8 (J. R. Christiansen, P. Z. Skands): JHEP 08 (2015) 003

• Ds+/D0 ratio are independent of pT 

• No strong multiplicity dependency 

• Comparable with measurement at e+e- and e-p collisions

mfaggin@cern.ch
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What about strangeness charm baryon?

• Strong pT dependence 

• Enhancement compared to the measurement in e+e- and e-p collisions

mfaggin@cern.ch
Strange charm hadrons vs. multiplicity
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How about in Pb-Pb?
ALICE Collaboration Physics Letters B 839 (2023) 137796

Fig. 1. Left: pT-differential production yields of prompt !+
c in central (0–10%) and mid-central (30–50%) Pb–Pb collisions at √sNN = 5.02 TeV compared to the pp refer-

ence [11] scaled by the 〈TAA〉 of the corresponding centrality interval [45]. Right: !+
c /D0 ratio in central and mid-central Pb–Pb collisions at √sNN = 5.02 TeV compared with 

the results obtained from pp collisions [11].

pT spectra of !+
c generated in the simulation, which was esti-

mated by using the !+
c /D0 predictions of the Catania model [7]

and the SHMc [10] instead of the TAMU prediction [8] in the pT-
shape reweighting procedure, as well as by an iterative method 
using a parametrization of the measured pT-differential production 
yields. Finally, the systematic uncertainty of the feed-down sub-
traction was estimated by varying the FONLL parameters as pre-
scribed in [55] and the function describing the !0

b fragmentation 
fraction within the quoted experimental uncertainty as reported 
in [11], as well as by varying the hypothesis on Rnon-prompt

AA . For the 
latter, an interval 1/3 < Rnon-prompt

AA /Rprompt
AA < 3 was considered, 

wider with respect to that used for non-strange D mesons [56]
to cover possible yet unmeasured differences between the modifi-
cation of charm- and beauty-baryon production in Pb–Pb collisions 
with respect to the one in pp collisions.

The sources of systematic uncertainty considered in this anal-
ysis are assumed to be uncorrelated among each other and the 
total systematic uncertainty in each pT and centrality interval is 
calculated as the quadratic sum of the individual uncertainties. For 
the !+

c /D0 ratio, the !+
c and D0 uncertainties were considered as 

uncorrelated except for the tracking efficiency and the feed-down 
contribution, which are assumed correlated and thus partially can-
cel in the ratio, and the systematic uncertainty of the centrality 
interval definition, which fully cancels. For the RAA, the pp and 
Pb–Pb uncertainties were considered as uncorrelated except for 
the branching ratio uncertainty and the feed-down contribution, 
which both partially cancel out (the former because the pp mea-
surement considers additional decay modes). Finally, in case of 
the pT-integrated !+

c /D0 ratio, there is a correlation between the 
extrapolation uncertainty of the !+

c baryon and the measured un-
certainties of the !+

c and D0 hadrons. To treat this correlation, 
the extrapolation uncertainty is divided into a correlated part (es-
timated as the extrapolation uncertainty when considering only 
the shape predicted by TAMU) and an uncorrelated part (the to-
tal extrapolation uncertainty subtracting the correlated part) with 
respect to the measured uncertainties. The uncorrelated part is 
summed in quadrature with the measured uncertainties, while the 
correlated part is added linearly.

4. Results

The pT-differential production yields of prompt !+
c baryons are 

shown in Fig. 1 (left panel). The statistical and total systematic 
uncertainties are shown as uncertainty bars and boxes, respec-
tively, for all figures. The results are compared with the pp refer-
ence cross section [11] multiplied by the corresponding 〈TAA〉 [45], 
i.e. the denominator of the RAA observable that is discussed later. 

In the right panel of Fig. 1, the ratio of the production yields of 
!+

c baryons to that of D0 mesons, measured in the same central-
ity intervals [56], are presented together with the pp measurement 
at the same collision energy [11]. The ratios increase from pp to 
mid-central and central Pb–Pb collisions for 4 < pT < 8 GeV/c with 
a significance of 2.0 and 3.7 standard deviations, respectively. This 
trend is qualitatively similar to what is observed for the p/π [58]
and !/K0

S [59] ratios, which both show a distinct peak at interme-
diate pT that increases in magnitude (by about a factor 2 for mid-
central and a factor 3 for central Pb–Pb collisions with respect to 
minimum-bias pp collisions) and shifts to higher pT values (from 
about 2 GeV/c in pp to 4 GeV/c in central Pb–Pb collisions) with 
increasing multiplicity. The central and mid-central !+

c /D0 ratios 
in 12 < pT < 24 GeV/c are compatible with the measurement by 
CMS in 0–100% Pb–Pb collisions in pT > 10 GeV/c region [15]. The 
central !+

c /D0 ratio in 6 < pT < 8 GeV/c is in agreement with 
the previous measurement of ALICE in the 0–80% centrality inter-
val [33]. For pT > 4 GeV/c, the ratio measured in central collisions 
resembles in magnitude and pT trend the one reported by STAR in 
2.5 < pT < 8 GeV/c in 10–80% Au–Au collisions at √sNN = 200 GeV 
[34]. Note that the large centrality classes of the previous measure-
ments are dominated by the production in the most central events 
(given the scaling of the !+

c yields with Ncoll × RAA), hence they 
are compared to the measurement in 0–10%.

The nuclear modification factor RAA of prompt !+
c is compared 

with the RAA of prompt D+
s mesons [60] and the average RAA

of prompt D0, D+ , and D∗+ mesons [56] in Fig. 2 for the 0–10% 
and 30–50% centrality intervals. The pT-differential !+

c cross sec-
tion in pp collisions at 

√
s = 5.02 TeV in the 1 < pT < 12 GeV/c

interval from [11] was used as the pp reference. In the interval 
12 < pT < 24 GeV/c, the !+

c and D0 measurements at 
√

s = 5.02
and 13 TeV [14,61] were exploited, assuming no 

√
s dependence 

for the !+
c /D0 ratio as observed within uncertainties in 1 < pT <

12 GeV/c [14]. The total uncertainty of the pp reference in the 
12 < pT < 24 GeV/c interval is 23%, combining in quadrature the 
measured statistical and systematic uncertainties on the !+

c /D0

ratio at 
√

s = 13 TeV and D0 cross section at 
√

s = 5.02 TeV.
The suppression of all charm-meson (baryon) species from pT !

3 (6) GeV/c is understood as being primarily due to the interac-
tion of charm quarks with the quark–gluon plasma, which modifies 
their momentum spectra, as discussed extensively for the non-
strange D mesons in [56]. In central collisions in the region 4 <
pT < 8 GeV/c, there is a hint of a hierarchy RAA(D) < RAA(D+

s) <
RAA(!+

c ). In mid-central collisions, this hierarchy is less pro-
nounced. In the pT ! 10 GeV/c region, where the hadronization is 
expected to occur mainly via fragmentation, the RAA of the various 
charm-hadron species are compatible within uncertainties.
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• Ratio increases from pp to mid-central and central Pb-Pb at intermediate pT  

• Trend qualitatively similar to what is observed for d Λ/Ks0 ratios
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Fig. 3: Left: Λ/K0S ratios as a function of pT for different event centrality intervals in Pb–Pb collisions at
√sNN =

2.76 TeV and pp collisions at
√
s = 0.9 [12] and 7 TeV [20]. Right: Selected Λ/K0S ratios as a function of pT

compared with Λ/K0S and Λ̄/K0S ratios measured in Au–Au collisions at
√sNN = 200 GeV [21]. The solid, dashed

and dot-dashed lines show the corresponding ratios from a hydrodynamical model [22, 23, 24], a recombination
model [25] and the EPOS model [26], respectively.

considered, this systematic uncertainty was determined to be 4–6% for both K0S and Λ.

The systematic uncertainty introduced because of possible imperfection in the description of detector
material in the simulations was estimated in [12] and amounted to 1.1–1.5% for K0S and 1.6–3.4% for Λ.

Since the systematic uncertainties related to the efficiency correction are correlated for theΛ and K0S spec-
tra, they partially cancel in the Λ/K0S ratios. These uncertainties were evaluated by dividing Λ and
K0S spectra obtained with the same cut variations and found to be half the size of those that would be
obtained if the uncertainties of the Λ and K0S spectra were assumed to be uncorrelated. Altogether, over
the considered momentum range, the maximal systematic uncertainty for the measured Λ/K0S ratios was
found to be about 10%.

The transverse-momentum spectra of K0S obtained in different centrality intervals were compared with
the spectra of charged kaons also measured by ALICE [27]. The two sets of spectra agree within the
systematic uncertainties.

The corrected pT spectra are shown in logarithmic scale in Fig. 2 (left). The spectra were fitted using the
blast-wave parameterization described in [19]. The resulting curves are superimposed in Fig. 2 (right),
with a linear scale and for a restricted momentum range, to emphasize the low-pT region. The fit range
in pT was from the lowest measured point up to 2.5 GeV/c (1.6 GeV/c) for Λ (K0S). The fitting functions
were used to extrapolate the spectra to zero pT to extract integrated particle yields dN/dy. The results are
given in Table 1. The systematic uncertainties of the integrated yields were determined by shifting the
data points of the spectra simultaneously within their individual systematic uncertainties and reapplying
the fitting and integration procedure. In addition, an extrapolation uncertainty was estimated, by using
alternative (polynomial, exponential and Lévy-Tsallis [28, 29]) functions fitted to the low-momentum
part of the spectrum, and the corresponding difference in obtained values was added in quadrature.

The pT dependence of the Λ/K0S ratios, formed for each centrality interval by a division of the respective
measured pT spectra, is presented in Fig. 3 (left panel). For comparison, the same ratios measured in
minimum bias pp collisions at

√
s= 0.9 [12] and 7 TeV [20] are plotted as well.

The Λ/K0S ratios observed in pp events at
√
s = 0.9 and 7 TeV agree within uncertainties over the pre-

sented pT range, and they bound in energy the Pb–Pb results reported here. The ratio measured in the
most peripheral Pb–Pb collisions is compatible with the pp measurement, where there is a maximum of
about 0.55 at pT ∼ 2 GeV/c. As the centrality of the Pb–Pb collisions increases, the maximum value
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Charm-quark fragmentation fraction
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Figure 13: Left: charm-quark fragmentation fractions at midrapidity (|y|< 0.5) in pp collisions at
p

s = 5.02 TeV
and

p
s = 13 TeV compared with results in e+e� and ep collisions [55]. The fragmentation fractions f (c ! hc) of

J/y mesons are multiplied by a factor 20 for better visibility. Right: cc production cross section per unit of rapidity
at midrapidity (|y| < 0.5) in pp collisions as a function of

p
s. The measurements are compared with predictions

from FONLL [13, 14] and NNLO [88–90] calculations. The statistical and systematic uncertainties are reported as
vertical bars and boxes, respectively.

baryons, respectively, which are already included in the sum.

In this measurement, the systematic uncertainties related to the tracking efficiency and the prompt frac-
tion correction were assumed to be fully correlated among all the particle species, while the uncertainties
of the signal extraction and the statistical uncertainty were treated as fully uncorrelated. The extrapo-
lation uncertainty was propagated as partially correlated depending on the adopted techniques for each
species. In addition, the possible contribution from W0

c-baryon production at midrapidity in pp collisions
at

p
s = 13 TeV was taken into account in the systematic uncertainties. According to Ref. [53], the

s(W0
c)⇥ BR(W0

c ! W�⇡+)/s(X0
c) ratio is around 0.005 in the interval 2 < pT < 12 GeV/c. Scaling

the ratio by the theoretical value of the branching ratio BR(W0
c ! W�⇡+) = 0.51%+2.19%

�0.31% would im-
ply that the W0

c baryons are produced as abundantly as the X0
c baryon in this pT range. However, the

branching ratio BR(W0
c ! W�⇡+) has never been experimentally measured and the one quoted above

corresponds to the envelope (uncertainties included) of the values calculated in Refs. [91–95]. Given
the large uncertainty of the branching ratio, the W0

c-baryon measurement was used only to define an
asymmetric systematic uncertainty for the sum of the charm-hadron cross sections used to normalise the
fragmentation fraction, which accounts for s(W0

c) = s(X0
c).

The results in pp collisions at
p

s = 13 TeV are compared in the left panel of Fig. 13 and in Table 7
with those in pp collisions at

p
s = 5.02 TeV. The previous measured values published in Ref. [54] were

updated for this paper considering more recent cross section measurements of prompt L+
c baryon down

to pT = 0 [35] and of prompt J/y mesons [84]. As reported in Ref. [35], the pT-integrated L+
c -baryon

cross section in |y|< 0.5 decreases by about 10% compared to the previously published results [32, 33],
where the measurement did not extend down to pT = 0 GeV/c and instead relied on an extrapolation.
This reduction of the L+

c production cross section leads to a reduction of the f (c ! L+
c ) by about 7%.

To compute the X0,+
c fragmentation fractions in pp collisions at

p
s = 5.02 TeV, the X0

c-baryon cross
section was considered twice, as done in Ref. [54]. This was due to the lack of X+

c -baryon measure-
ments at this collision energy. The X+

c -baryon fragmentation fraction at midrapidity (|y| < 0.5) in pp
collisions at

p
s = 13 TeV is compatible with the X0

c-baryon fragmentation fractions in pp collisions atp
s = 5.02 TeV and

p
s = 13 TeV within uncertainties. The uncertainties are dominated by the ⇠ 44%

29

 x 3 larger

10% of total charm cross section (considered negligible in e+e-)
x 7 larger: ~1% in e+e-)

Σc0: Larger feed-down to Λc+ (40%, 17% in e+e-)

Used the sum of the 
pT-integrated cross 
sections of D0, D+, 
Ds+, J/ψ, Λc+ , Ξc0, Ξc+

Conclusion: baryon enhancement at the LHC with respect to e+e- collisions is caused by different 
hadronisation mechanisms at play in the parton-rich environment produced in pp collisions

JHEP 12 (2023) 086
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Where does the pT differential enhancement come from?
ALICE Collaboration Physics Letters B 839 (2023) 137796

Fig. 4. The pT-integrated and to pT > 0 extrapolated !+
c /D0 ratios in central and 

mid-central Pb–Pb collisions at √sNN = 5.02 TeV compared to the same ratio at pp 
and p–Pb [11,32] and Au–Au [34] multiplicities. Predictions from theoretical calcu-
lations are shown as well [7,8,10,23,30,31].

with model expectations and the measured D0 yield [56]. The in-
terpolation procedure was performed using the shape predicted 
by TAMU [8], Catania [7] (not available for 30–50%), SHMc [10], 
and blast-wave [65] calculations, leaving the normalization as a 
free parameter. The shape from TAMU was chosen as the central 
value based on the χ2/ndf values, while the difference between 
the obtained yields was considered in the systematic uncertainty 
due to the extrapolation. The results for the prompt !+

c produc-
tion yields per unit of rapidity in |y| < 0.5 are dN/dy = 3.27 ±
0.42 (stat) ± 0.45 (syst) ± 0.16 (BR) +0.46

−0.29 (extr) for central collisions 
and dN/dy = 0.70 ± 0.09 (stat) ± 0.09 (syst) ± 0.04 (BR) +0.07

−0.05 (extr)
for mid-central collisions, where the visible yield is about 81% of 
the total for both centrality classes. The SHMc [10] predicts lower 
values, dN/dy = 1.55 ± 0.23 and dN/dy = 0.316 ± 0.036, respec-
tively.

The measured !+
c /D0 ratios, obtained dividing the pT-integrated 

!+
c and D0 yields [56], are presented in Fig. 4, taking into account 

the correlation between the measured and extrapolated uncertain-
ties. Similarly to what is observed for the !/K0

S ratio [59,66], 
the !+

c /D0 ratios in Pb–Pb collisions are compatible with the 
pT-integrated !+

c /D0 ratios at pp and p–Pb multiplicities [11,32]
within one standard deviation of the combined uncertainties. This 
observation, together with the significant enhancement of the 
!+

c /D0 ratio at intermediate pT with increasing multiplicity, seen 
here and in pp collisions [32], suggests a modified (and perhaps 
similar) mechanism of hadronization in all hadronic collision sys-
tems with respect to charm fragmentation tuned on e+e− and e−p
measurements (PYTHIA 8 point in Fig. 4). The coalescence mod-
els of [4,5,9], in which the !+

c /D0 ratio depends on the balance of 
quark and diquark densities at hadronization time, expect a depen-
dence of the pT-integrated !+

c /D0 ratio on multiplicity (leading to 
an increase by about a factor 3–10 in nuclear collisions compared 
with their pp baseline), which is not observed. The measured pT-
differential enhancement may, instead, predominantly be caused 
by altered production ratios for baryons and mesons following 
from the phase-space distribution of the quarks. This can arise 
from the collective radial expansion of the system, for which, in 
the coalescence picture (Catania and TAMU Pb–Pb points in Fig. 4), 
the accounting of space–momentum correlations in the procedure 
have been observed to be fundamental in [8,9]. Interactions in the 
hadronic phase are, on the contrary, expected to have a small effect 
on the !+

c /D0 ratio [6,67]. The statistical hadronization approach 
(SHMc and TAMU pp points in Fig. 4), can also describe both the 
pT-differential and pT-integrated observations with the, currently 

debated, caveat that for the proper normalization yet unobserved 
charm-baryon states need to be assumed [10,31]. Note that the au-
thors of the TAMU model include these additional states already 
in their predictions, while for the SHMc model it is not the base-
line. The uncertainty of the pT-integrated yield in Pb–Pb collisions 
is still relatively large, and more precise measurements at low pT
will help to further discriminate between charm-baryon formation 
scenarios.

Finally, Fig. 5 shows the RAA of prompt !+
c baryons compared 

with the previously introduced theoretical models [7,8,10]. The 
Catania RAA predictions are from an earlier version of the model 
than the !+

c /D0 predictions and they do not have an uncertainty 
band. The TAMU model provides a good description of the RAA, 
over the whole pT range, in both central and mid-central colli-
sions. The Catania model describes the data in both central and 
mid-central collisions for pT > 2 GeV/c, however for pT < 2 GeV/c
the model predicts a RAA higher than unity which is disfavored by 
data. Both these models do not include charm-quark interactions 
with medium constituents via radiative processes, hence are not 
expected to describe the RAA for pT > 8 GeV/c. The SHMc model 
instead significantly underestimates the !+

c RAA over the whole 
pT range.

5. Conclusions

In summary, the measurements of the production yield of 
prompt !+

c baryons in central (0–10%) and mid-central (30–50%) 
Pb–Pb collisions at a center-of-mass energy per nucleon pair √

sNN = 5.02 TeV were presented. The yield could be extrapolated 
to pT = 0 in the two centrality classes with significantly smaller 
uncertainties than the previous measurement by STAR in 10–80% 
Au–Au collisions at √

sNN = 200 GeV, exploring not only a new 
energy regime but also higher multiplicities. The pT-differential 
!+

c /D0 ratios increase from pp to central Pb–Pb collisions for 
4 < pT < 8 GeV/c with a significance of 3.7 standard deviations, 
while the pT-integrated ratios are compatible within one standard 
deviation. Both observations are in qualitative agreement with the 
baryon-to-meson ratio for strange hadrons. The measurements are 
described by theoretical calculations that include both coalescence 
and fragmentation processes when describing the hadronization of 
heavy flavors in the QGP. The upgraded ALICE detector for the LHC 
Runs 3 and 4 will increase its acquisition rate by up to a factor of 
about 50 in Pb–Pb collisions and the tracking precision by a fac-
tor 3–6, meaning future measurements of !+

c -baryon production 
will allow for stronger constraints on the heavy-quark hadroniza-
tion mechanisms in heavy-ion collisions [68].
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• Modified mechanism of hadronization in all hadronic 
collision systems with respect to charm fragmentation 
tuned on e+e- and e-p measurements?  

• Due to different pT redistribution for baryons and 
mesons rather than multiplicity dependence in 
hadronization process itself? 

pT-integrated and to pT > 0 extrapolated 
Λc+/D0 ratios

Physics Letters B 839 (2023) 137796
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Moving to beauty sector
Flavor dependence of the baryon-to-meson ratio in pp at
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s = 13 TeV ALICE Collaboration

1−10×5 1 2 3 4 5 6 10 20 30
)c (GeV/

T
p

0.2

0.4

0.6

0.8

1.0

1.2

1.40
 / 

no
n-

pr
om

pt
 D

+ c
Λ

No
n-

pr
om

pt
 

FONLL + PYTHIA8 Decayer

PYTHIA 8
+X)+

cΛ→
b

, BR(H
LHCb
)0

bΛ→(bf
0
bΛ+0

s+B++B0 B← +cΛ
0
s+B++B0 B← +cΛ

0
bΛ ← +cΛ

Data

ALICE  = 13 TeVspp, | < 0.5y|

1−10×5 1 2 3 4 5 6 10 20 30
)c (GeV/

T
p

0.2

0.4

0.6

0.8

1.0

1.2

1.40
/D+ c

Λ

ALICE  = 13 TeVspp, | < 0.5y|
Data
non-prompt
prompt
TAMU + PYTHIA 8 decayer
non-prompt
prompt

Figure 5: Left: pT-differential ratios of non-prompt Λ+
c - and D0-hadron cross sections compared with predictions

obtained with FONLL calculations [13–15] and PYTHIA 8 [50, 58] for the hb → hc +X decay kinematics. The
contributions from beauty mesons and from the Λ0

b baryon are depicted separately. Right: pT-differential ratios
of prompt [27] and non-prompt Λ+

c - and D0-hadron cross sections compared with predictions obtained with the
TAMU model [36, 49] and PYTHIA 8 for the hb→ hc +X decay kinematics.

prompt hadrons. The measured non-prompt Λ+
c /D0 ratio is rather well described for pT > 4 GeV/c

given the current uncertainties, while it is underestimated for 2 < pT < 4 GeV/c. The prompt charm and
beauty ratios are described by the TAMU calculations within the uncertainties for the whole measured pT

interval.

Figure 6 shows the pT-differential non-prompt Λ+
c /D0 yield ratio at midrapidity (|y| < 0.5) in pp

collisions at
√

s = 13 TeV compared with the measurements of prompt Λ+
c /D0 [27], Λ/K0

S [67], and
p/π+ [67] ratios at the same energy and rapidity interval, and with the Λ0

b/(B
0+B+) yield ratio measured

by LHCb at forward rapidity (2.5 < y < 4). The Λ0
b/(B

0 +B+) ratio is a bit lower than the one between
non-prompt Λ+

c and D0 mesons, however it has to be considered that the normalization is slightly
different. In the LHCb result the production cross sections of B0 and B+ mesons, i.e. the total yield
of non-strange B mesons is used, while the non-prompt D0, used in this ratio, accounts for about 70% of
the non-strange D mesons. Also the fraction of B0 and B+ mesons decaying to Λ+

c and D+
s , as well as

the Λ0
b and B0

s hadrons decaying to D0 mesons influence the ratio. In addition, in the non-prompt Λ+
c /D0

ratio, the hb→ hc +X decay kinematics is expected to slightly modify the pT dependence compared to
the one of the ratio between beauty hadrons. Interestingly, all the measurements for beauty, charm, and
strange hadrons show a similar trend as a function of pT and are compatible within the uncertainties. The
p/π+ production ratio also features a similar pT dependence, however it is lower in absolute terms.
The experimental values are compared with the corresponding predictions obtained with PYTHIA 8
simulations, using different tunes and the same rapidity ranges of the experimental results. In the top-left
panel, the results obtained with the Monash 2013 tune [58], which implements a fragmentation process
tuned to reproduce the measurements in e+e− collisions, is reported. Here, all the baryon-to-meson ratios
are underestimated by PYTHIA 8 except for the p/π+ ratio for which the model prediction is rather good
at low pT. A better agreement is instead obtained with the CLR-BLC tunes (i.e. Mode 0, 2, and 3), shown
in the other three panels of Fig. 6. These three tunes are characterized by different constraints on the time
dilation and causality, as defined in Ref. [37]. The time parameters are relevant in this model, because
two strings can reconnect if they are able to resolve each other during the time between their formation
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Similar trend to the charm measurement!

FONNL calculations based on using fragmentation fraction from e+e- and f(b→Λb0)/f(b→B) LHCb measurement 
Non-prompt Λc+ largely from the beauty baryons: good to investigate beauty baryon hadronization via non-prompt Λc+

Note: should consider different decay kinematics 
→ slightly modify pT dependence

Z. Conesa del Valle

Baryons vs. mesons in the beauty sector (pp) 
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• Similar findings observed in the beauty sector  
(Λb0/B0 and non-prompt Λc0/D0) 

• Strong pT dependence of the beauty baryon-to-meson ratios 
• Results described by  

models considering  
additional effects to the 
independent fragmentation  
picture, e.g. coalescence or 
colour-reconnection 
mechanisms
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Beauty-quark fragmentation fraction 
Flavor dependence of the baryon-to-meson ratio in pp at

√
s = 13 TeV ALICE Collaboration

Table 2: pT-integrated Λ+
c /D0 production ratio measured at midrapidity (|y|< 0.5) in pp collisions at

√
s = 13 TeV

and in e+e− collisions at LEP [68] for prompt and non-prompt production.

ALICE LEP average [68]

prompt Λ+
c /D0 0.49±0.02(stat)+0.05

−0.04(syst)+0.01
−0.03(syst) [60] 0.105±0.013

non-prompt Λ+
c /D0 0.47±0.06(stat)±0.04(syst)+0.03

−0.04(extrap) 0.124±0.016

enhancement observed in hadron collisions compared to e+e− collisions. It is worth pointing out that
other theoretical models are proposed to describe the enhancement, based on different hadronization
mechanisms (e.g. recombination).

The pT-integrated non-prompt Λ+
c /D0 ratio was computed by dividing the pT-integrated cross sections

reported in Table 1. All the systematic uncertainties, except for those related to the tracking efficiency,
were propagated as uncorrelated in the ratio. The resulting value is compatible with the one measured for
promptly produced particles and significantly higher than that measured in e+e− collisions at LEP [68].
All the values are reported in Table 2.

6 Conclusions

In summary, the pT-differential and pT-integrated production cross sections of non-prompt Λ+
c and D0

hadrons were measured for the first time at midrapidity in pp collisions at
√

s = 13 TeV. The results are
compatible with the theoretical models based on FONLL calculations with the f (b→ Λ0

b) and f (b→ B)
fragmentation fractions measured by LHCb and at e+e−, respectively, suggesting a similar beauty-baryon
enhancement at forward and midrapidity in pp collisions. Furthermore, the results are in agreement with
the TAMU statistical hadronization model for the relative abundances of different beauty hadron species.
The extrapolated bb production cross section at midrapidity per unit of rapidity is found to be compatible
with pQCD calculations with FONLL and NNLO accuracy. The measured baryon-to-meson ratios of light
flavour, strange, charm, and beauty hadrons show a similar pT trend. In addition, all ratios, except the
p/π+, are significantly higher than the values measured in e+e− collisions. The pT-differential baryon-
to-meson ratios have been compared to predictions of the TAMU statistical hadronization model and to
the PYTHIA 8 simulations, that include the color-reconnection mechanism in the string fragmentation
and indicate that all the flavors have to be considered simultaneously in order to obtain the best tuning
of the model parameters involving the reconnection of quarks via junction topologies. This feature asks
for more precise results, including a direct measurement of beauty hadrons especially in the same pT and
rapidity range and the pT < 4 GeV/c region, which can be reached with the data collected in the LHC
Run 3 data taking period.
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hypothesis, as detailed in Ref. [45]. For the pp reference,
uncertainties were obtained by combining the correspond-
ing values from the narrower pT intervals reported in
Ref. [43]. A further uncertainty related to the evaluation
of the pp luminosity is also considered in the RAA
evaluation [43]. All the uncertainties discussed in this
paragraph are added in quadrature to obtain the total
systematic uncertainty.
When the ψð2SÞ to J=ψ cross section ratios are com-

puted, all uncertainties cancel out except the one related to
the signal extraction which is dominated by the former
resonance. For the double ratios, the uncertainties on the
pp cross section ratio between ψð2SÞ and J=ψ were also
obtained starting from Ref. [43]. All the results shown in
this Letter and the corresponding model calculations refer
to inclusive quarkonium production, which includes non-
prompt quarkonia, originating from the decay of b hadrons.
In Fig. 1, the ratio of ψð2SÞ and J=ψ cross sections (not

corrected for the branching ratios of the dimuon decay) is
shown as a function of centrality, expressed as the average
number of participant nucleons hNparti. In the lower panel,
the values of the double ratio can be read, showing a ψð2SÞ
suppression, with respect to J=ψ , by a factor of about 2
from pp to Pb-Pb. No significant centrality dependence of

the results is seen, within the uncertainties. Comparison
with calculations of a transport approach (TAMU) [15] and
of the SHMc model [18,47] are also shown. The TAMU
model reproduces the cross section ratios over centrality,
while the SHMc model tends to underestimate the data
in central Pb-Pb collisions. The ALICE results are also
compared with the corresponding inclusive (double) ratios
obtained by NA50 in 0 < y < 1 [27], which reach smaller
values for central events.
In Fig. 2, the nuclear modification factors for ψð2SÞ

(this analysis) and J=ψ (from Ref. [45]) are compared,
as a function of hNparti. With the limited number of
centrality intervals that could be defined, the RAA values
for the ψð2SÞ do not show a clear trend and are generally
consistent with an RAA value of about 0.4. In Fig. 2,
calculations with the TAMU model are also shown,
indicating a good agreement with the measured RAA for
both J=ψ and ψð2SÞ. The SHMc model reproduces, within
uncertainties, the J=ψRAA centrality dependence, while it
underestimates the ψð2SÞ production in central and semi-
central collisions.
Figure 3 shows the ψð2SÞRAA, compared with the

corresponding result for the J=ψ [46], as a function of
pT . The corresponding CMS measurements [48] in the
region jyj < 1.6 and 6.5 < pT < 30 GeV=c are also
reported. The main feature is an increase of the nuclear
modification factor at low pT, similar to what was observed
for the J=ψ and understood as a direct consequence of the
recombination process of charm and anticharm quarks.
The strong suppression of the ψð2SÞ (RAA ∼ 0.15 at
pT ¼ 10 GeV=c) persists up to pT ¼ 30 GeV=c as shown
by the CMS data, that agree within uncertainties with those
of ALICE in the common pT range, in spite of the different
rapidity coverage. A comparison with predictions from the
TAMU model [15] is shown, indicating that also the pT
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FIG. 1. Ratio of the ψð2SÞ and J=ψ inclusive cross sections, not
corrected for the corresponding branching ratios (BR) of the
dimuon decay, as a function of hNparti. The vertical error bars and
the filled boxes represent statistical and systematic uncertainties,
respectively. Data are compared to predictions of the TAMU [15]
and SHMc [18,47] models, the corresponding lines showing
their uncertainty band, and to results of the SPS NA50 experi-
ment [27]. In the lower panel, the ratios are normalized to the
corresponding pp value (double ratio). The filled boxes around
the line at unity indicate the global systematic uncertainties.
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At T >> 0, high density of colour charge in the medium induces Debye screening  
• at T > TD, melting of quarkonia 
• also regenerated…

• Compared with the NA60 results 
→ regeneration effect?
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Hot QCD medium, temperature

Mixture over the evolution…
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