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Hadronization

• Once the system reaches the crossover region with 
temperatures around the pseudo-critical temperature, 
partons constituting the QGP undergo color- 
neutralization into hadronic bound states  

➡ a process generically denoted as hadronization. 
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Hadronization

• Once the system reaches the crossover region with 
temperatures around the pseudo-critical temperature, 
partons constituting the QGP undergo color- 
neutralization into hadronic bound states  

➡ a process generically denoted as hadronization. 

Question is… how much do we understand about hadronization in heavy-ion physics?
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Suitable probes, heavy flavour hadrons

• Heavy-quark (HQ) mass is much larger than the nonperturbative QCD scale → produced mainly in 
initial hard scatterings (reasonably well described by perturbative QCD)  

• Determination of HQ fragmentation functions can be carried out at next-to-leading order in the 
production process within an HQ mass expansion using the methods of HQ effective theory (HQET) 

• However, still what we measure…  

 dynamics of heavy quarks from their creation at the onset of a heavy-ion collision through their 
evolution in the QCD medium until their detection as heavy hadrons 

• We need a comprehensive description of the initial production of the heavy quarks, their interactions 
with the QGP, hadronization, and the interactions of heavy hadrons in the hadronic phase → rather 
complex to describe using first-principles QCD!
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Heavy flavour production in medium: what we see

RAA suppression: a QCD medium effect?
!  The observed suppression can have a contribution from 

initial-state effects, not related to the hot QCD medium 
!  High parton density in high-energy nuclei leads to reduction/

saturation/shadowing of the PDFs at small x (and small Q2) 

dNPbPb
D

dpT
= PDF(x1)PDF(x2 )⊗

dσ̂ c

dpT
⊗ P(ΔE)⊗Dc→D(z)

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 
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“Vacuum” parton spectra
Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to probe

dynamics in QGP: energy loss via radiative  
(“gluon Bremsstrahlung”) and collisional processes
‣ color charge (Casimir factor) 
‣ quark mass (dead-cone effect) 
‣ path length and medium density 

constrain models with  
measurements from p-Pb collisions pp collisions
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Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization
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A	rather	long	shopping	list	

pp	collisions	
	

Constrain	models	with	
measurements	from	p-Pb	collisions	

Hadroniza9on	via	coalescence	with	
medium	quarks?	

dNAA

dpT
=  "vacuum"

parton spectra
⊗ initial-state 

effects
⊗

parton interaction
with the medium

⊗
(modified?)

hadronization
⊗

hadronic
phase

 ⊗
decay

e.g. for leptons
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Charm	and	beauty	lose	energy	
	
	
Via	radia9ve	and	collisional	processes	
	
Ø  quark	mass		(e.g.	from	dead-cone	effect)	
	

Ø  color	charge		(Casimir	factor)	

Ø  path	length	and	medium	density		
	

	
	
	

What	we	want	to	probe	

→Participation in the collective motion of the fireball 
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Heavy flavours in heavy ion collisions
Heavy flavour quarks propagate through the QGP and interact with the medium 
constituents

• Energy loss via elastic scatterings and gluon radiation

- colour charge (Casimir factor) 
- quark mass (Dead-cone effect) 
- path length 

→ Nuclear modification factor
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• Participation in the collective motion of the fireball  
- thermalization of HQ in the medium 
- coupling with the medium 
- diffusion coefficient 

→ Azimuthal anisotropy
! ALICE, arXiv:2005.11131, 

submitted to PLB
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Ellip9c	flow	(azimuthal	anisotropy)	
Study azimuthal distribution of produced particles w.r.t. the reaction plane (ΨRP) 

Initial spatial anisotropy         
         momentum anisotropy 
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In plane 

Thermaliza9on/collec9ve	mo9on		
(at	low	pT)	
	
	
Path	length	dependence	of	energy	loss	
(at	high	pT)	
	

v2>0	

vn = cos(n[ϕ −ψn ])

v2+	RAA:	complementary	informa<on	à	improve	sensi9vity	to	rela9ve	contribu9on	of		
	 	 	 	 	 	 	 	collisional	and	radia9ve	energy	losses	and	to	coalescence	

Study azimuthal distribution of produced particles 
w.r.t. the reaction plane (ΨRP) 

Charm RAA and v2 phenomenology
Heavy-quark hadronization mechanism is an important ingredient 
to the phenomenology of heavy flavour RAA and v2
Recombination with light quarks enhances RAA and v2 at 
intermediate pT
FNeeded to describe the data at low and intermediate pT
FD-meson v2 and radial flow peak in RAA

34

Independent fragmentation

In-medium hadronization

	Rapp et al., NPA 979 (2018) 21

	Van Hees et al., PRC73 (2006) 034907

Van Hees et al., PRC73 (2006) 
034907 

Rapp et al., NPA 979 (2018) 21  

“Vacuum” parton spectra

In-medium hadronization

Independent fragmentation
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Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

“Vacuum” parton spectra

• Fragmentation functions D(z) are phenomenological functions to parameterize the non-perturbative 
parton-to-hadron transition 
→ z = fraction of the parton momentum taken by the hadron h 
→ Do not specify the hadronisation mechanism 

• Parametrized on data and assumed to be “universal”  

• In A-A collisions:  
→ Energy-loss of hard-scattered partons while traversing the QGP  
→ Modified fragmentation function D(z) by ”rescaling” the variable z 

Independent fragmentation
Inclusive hadron production at large Q2:
FFactorization of PDFs, partonic cross section (pQCD), fragmentation 

function

Fragmentation functions Dq→h are phenomenological functions to 
parameterise the non-perturbative parton-to-hadron transition 
Fz = fraction of the parton momentum taken by the hadron h
FDo not specify the hadronisation mechanism

Parametrised on data and assumed to be “universal”

5
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In A-A collisions:
FEnergy-loss of hard-scattered partons while traversing the QGP
FModified fragmentation function Dq→h(z) by ”rescaling” the variable z

9 Would affect all hadron species in the same way
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Fragmentation

Independent fragmentation of partons into hadrons is the  standard way to describe hadronization 
in elementary collision systems (pp, e+e-)

2

heavy hadrons in the hadronic phase. Most of these processes
cannot be rigorously described using first-principles QCD as
they occur in the non-perturbative regime, especially at low
transverse momentum, pT . In addition, the transport calcu-
lations need to be embedded into realistic simulations of the
rapidly expanding QCD medium, the dynamics of which vary
in the different approaches.

The fair success of these models in describing HF mea-
surements, given their differing implementation of the HQ
dynamics and medium evolution, translates into significant
uncertainties regarding the scientific conclusions that can be
obtained from them. In order to gain a better understand-
ing of the relevant commonalities and differences between
these models a series of comparative studies have been per-
formed in recent years: For example, in Ref. [24] bench-
mark HQ interactions within different medium evolutions and
different hadronization schemes have been investigated, in
Ref. [10] different descriptions of the interaction of heavy
quarks with the QGP have been confronted, and in Ref. [25]
the influence of different initial-production mechanisms of
heavy quarks and expansion scenarios of the QGP have been
analyzed. These works also contain discussions of the the-
oretical approaches that are being employed in the descrip-
tion of the HQ transport through the QGP medium. Signifi-
cant commonalities were found between different approaches,
thereby improving our understanding of HQ dynamics in a
QGP medium. Initial studies of the different hadronization
models were also carried out [24]. With this article, we pro-
vide a dedicated study on the hadronization process in HF
transport models by conducting in-depth comparative studies
that have not been done before.

The paper is organized as follows. In Sec. II, we provide a
general introduction to hadronization mechanisms for heavy
quarks in relativistic heavy-ion collisions, followed by a de-
tailed description of the implementation of these hadroniza-
tion mechanisms into different dynamical models of HQ
transport in Sec. III. In Sec. IV, we define a common en-
vironment of an expanding fireball that all models for HQ
hadronization are subjected to. Section V provides the results
and discussion of systematic comparisons of these models,
facilitated by identical HQ distributions at the hadronization
hyper-surface as a common input. Conclusions are given in
Sec. VI.

II. HADRONIZATION MECHANISMS

In this section, we provide a brief overview of the
hadronization schemes that will be encountered in the model
implementations, specifically quark fragmentation typically
encoded in universal fragmentation functions in Sec. II A and
quark recombination in Sec. II B, specifically instantaneous
coalescence models (ICMs) based on phase-space Wigner
density (Sec. II B 1), and the resonance recombination model
(RRM) which is carried out in momentum space (Sec. II B 2).

A. Fragmentation

Independent fragmentation of partons into hadrons is the
standard way to describe hadronization in elementary colli-
sion systems, such as pp and e

+
e
�. It is based on the assump-

tion that the differential cross section for a hadron H with mo-
mentum PH factorizes into a hard production cross section for
a high-energy parton (i) and the fragmentation fragmentation
function, Di!H , as [26]

E
d�H

d3PH

= Ep

d�i

d3pi
⌦Di!H(z) , (1)

where Ei
d�i
d3pi

is the differential perturbative cross section for
a parton with momentum pi, and z = PH/pi is the momen-
tum fraction carried by the hadron. The symbol ⌦ denotes
a generic convolution, including the relevant fragmentation
fraction z Jacobian. The fragmentation function, Di!H , is
a non-perturbative quantity but it is considered to be universal
and usually extracted from experiments such as e

+
e
� colli-

sions. There are various choices of fragmentation functions
see, e.g., the review in Ref. [27]. The most frequently used
fragmentation function for heavy quarks is from Peterson [28]
in which the HF meson carries most of the momentum of the
heavy quark Q,

DQ!H(z) / 1

z[1� 1
z
� ✏

1�z
]2

, (2)

where ✏ = m
2
q
/m

2
Q

, the ratio of the light- and heavy-quark
mass squared, is an adjustable parameter. It is commonly fixed
by experimental data, e.g., in e

+
e
� collisions.

Equation (1) is considered to be valid if pH � ⇤QCD,
i.e., for high-pT D-mesons. Another popular choice is the
HQET-based fragmentation function. For the production of
a pseudoscalar meson, HP , or a vector meson, HV from a
heavy quark Q, the fragmentation function can be expressed
as [4, 29]

DQ!HP / rz(1� z)2

[1� (1� r)z]6

h
6� 18(1� 2r)z

+ (21� 74r + 68r2)z2

� 2(1� r)(6� 19r + 18r2)z3

+ 3(1� r)2(1� 2r + 2r2)z4
i
,

DQ!HV / rz(1� z)2

[1� (1� r)z]6

h
2� 2(3� 2r)z

+ 3(3� 2r + 4r2)z2

� 2(1� r)(4� r + 2r2)z3

+ 3(1� r)2(3� 2r + 2r2)z4
i
. (3)

Here, the adjustable parameter is r = (mH � mQ)/mH ,
which can be interpreted as the ratio of the constituent mass
of the light quark to the meson mass. r can also be fixed by
experimental data.
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ex. Peterson
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function, Di!H , as [26]

E
d�H

d3PH

= Ep

d�i

d3pi
⌦Di!H(z) , (1)

where Ei
d�i
d3pi

is the differential perturbative cross section for
a parton with momentum pi, and z = PH/pi is the momen-
tum fraction carried by the hadron. The symbol ⌦ denotes
a generic convolution, including the relevant fragmentation
fraction z Jacobian. The fragmentation function, Di!H , is
a non-perturbative quantity but it is considered to be universal
and usually extracted from experiments such as e

+
e
� colli-

sions. There are various choices of fragmentation functions
see, e.g., the review in Ref. [27]. The most frequently used
fragmentation function for heavy quarks is from Peterson [28]
in which the HF meson carries most of the momentum of the
heavy quark Q,

DQ!H(z) / 1

z[1� 1
z
� ✏

1�z
]2

, (2)

where ✏ = m
2
q
/m

2
Q

, the ratio of the light- and heavy-quark
mass squared, is an adjustable parameter. It is commonly fixed
by experimental data, e.g., in e

+
e
� collisions.

Equation (1) is considered to be valid if pH � ⇤QCD,
i.e., for high-pT D-mesons. Another popular choice is the
HQET-based fragmentation function. For the production of
a pseudoscalar meson, HP , or a vector meson, HV from a
heavy quark Q, the fragmentation function can be expressed
as [4, 29]

DQ!HP / rz(1� z)2

[1� (1� r)z]6

h
6� 18(1� 2r)z

+ (21� 74r + 68r2)z2

� 2(1� r)(6� 19r + 18r2)z3

+ 3(1� r)2(1� 2r + 2r2)z4
i
,

DQ!HV / rz(1� z)2

[1� (1� r)z]6

h
2� 2(3� 2r)z

+ 3(3� 2r + 4r2)z2

� 2(1� r)(4� r + 2r2)z3

+ 3(1� r)2(3� 2r + 2r2)z4
i
. (3)

Here, the adjustable parameter is r = (mH � mQ)/mH ,
which can be interpreted as the ratio of the constituent mass
of the light quark to the meson mass. r can also be fixed by
experimental data.

3

Finally, some groups directly use the fragmentation func-
tion provided in PYTHIA with a modified Lund string frag-
mentation function [30]. It can be expressed as

DQ!H / 1

z
1+rbm

2
Q

z
a↵

✓
1� z

z

◆a�

exp

✓
�bm

2
T

z

◆
,(4)

where r, a↵, a� , and b are free parameters, and mT =q
m

2
Q
+ p

2
T

is the transverse energy. In PYTHIA, r = 1.32,
a↵ = a� = 0.68, and b = 0.98 are the default values. This
fragmentation function depends separately on the HQ trans-
verse momentum.

B. Parton Recombination

Experimental results indicate that in the hot and dense
medium, created in relativistic heavy-ion collisions, an ad-
ditional hadronization mechanism is at work. This was mo-
tivated by the enhancement of baryon-to-meson ratios, such
as p/⇡ and ⇤/K ratio, observed in heavy-ion collisions at
both RHIC [31–33] and the LHC [34, 35], and an approxi-
mate quark number scaling of the elliptic flow [18, 36–38].
The parton recombination model was proposed and success-
fully used to describe these phenomena [39–42], primarily in
the regime of intermediate pT . 5 GeV (the high-pT region is
dominated by fragmentation). The most popular phenomeno-
logical model for the recombination process is the coalescence
model, which assumes that all quarks hadronize at an equal-
temperature hypersurface and that the coalescence probability
is given by a Wigner function [41, 43]. Given that HF ob-
servables exhibit similar features as the aforementioned light-
quark observables (e.g., the ⇤c/D

0 ratio exhibits an enhance-
ment [35] akin to the p/⇡ or ⇤/K ratio), it is natural to pre-
sume that heavy quarks also hadronize via parton recombina-
tion in the low- and intermediate-pT domains.

In the following, we briefly recollect the main features of
ICMs (Sec. II B 1) and RRM (Sec. II B 2).

1. Instantaneous Coalescence (ICM)

In the sudden coalescence models, the momentum spectrum
of the produced hadron H can be written as

dNH

d3P
= gH

Z NY

i=1

d
3
pi

(2⇡)3Ei

pi · d�iF (x1...xN ,p1...pN )

⇥ W (x1...xN ,p1...pN )�(3)
 
P�

NX

i=1

pi

!
, (5)

where gH is a degeneracy factor of color and spin; P
and pi are the momenta of HF hadron and constituents
quarks, respectively. The �-function ensures the conserva-
tion of 3-momentum, d�i is a hypersurface element, and
F (x1...xN ,p1...pN ) represents the constituent-anti-/quark
phase-space distribution functions. It amounts to a product

of single-particle distribution functions when neglecting cor-
relations between the constituents. The Wigner density of
the hadron, W (x...xN ,p1...pN ), is used as the recombina-
tion probability and can be constructed from the hadron wave
function. For the two-body case, it can be defined as

W (r,pr) =

Z
d
3ye�ipr·y (r+

y

2
) ⇤(r� y

2
) , (6)

where r and pr are the relative distance and momentum in the
center-of-mass (CM) frame of the hadron, respectively. The
wave function  can, e.g., be obtained by solving the two-
body Schrödinger equation. In practice, the Wigner density is
not used directly. Rather it is assumed that for a hadron in an
S-wave state, it can be approximated by a Gaussian Wigner
density (which can be obtained analytically when using, e.g.,
the spherical harmonic oscillator) which gives the same root-
mean-square (rms) radius as the original Wigner density,

W (r,pr) = 8 exp

✓
� r

2

�2
� p

2
r
�
2

◆
. (7)

The parameter � in the Wigner function is related to the rms
radius of the hadron, �2 = 2hr2i/3. Some authors relate the
width to the rms charge radius [44, 45] instead of mass radius
(see, e.g., in Eq. (19) below).

FIG. 1. Illustration of the relative constituent-quark coordinates for
mesons and baryons.

For baryons, the three-body problem can be reduced into
two two-body problems by separating the CM motion with
the help of Jacobian transformations, for details see Ref. [46].
There are two relative coordinates, ⇢ and � as shown in Fig. 1.
The relative wave function of the three-body system in the
ground state is assumed to be factorized as  =  (⇢) (�).
Consequently, the Wigner density can be expressed as a prod-
uct of two Gaussians,

W (⇢,�,p⇢,p�) = 82 exp

✓
� ⇢

2

�2
⇢

� p
2
⇢
�
2
⇢

◆

⇥ exp

✓
��

2

�
2
�

� p
2
�
�
2
�

◆
, (8)

where p⇢ and p� are the relative momentum corresponding to
the relative coordinates, ⇢ and �. The widths �⇢ and �� are
related to the inner radii via

�
2
⇢
=

2

3
h⇢2i,

�
2
�
=

2

3
h�2i . (9)

ex. in PYTHIA with a modified Lund string fragmentation function
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Question on the universality

Fragmentation Issues

Fragmentation Function (FF):
! provides information about the energy fraction which is transfered from quark

to a given meson (the larger mQ the harder the fragmentation function)

Questions to be answered:

! what’s the proper parametrization of non-perturbative frag. function?

• Peterson: f(z) ∝ 1/[z(1 − 1
z − ε

(1−z))
2]

• Kartvelishvili: f(z) ∝ zα(1 − z)
• Lund symmetric: f(z) ∝ 1

z(1 − z)a exp(−bm2
t

z )
• Bowler: f(z) ∝ 1

z1+rbm2
t
(1 − z)a exp(−bm2

t
z )

! is fragmentation function universal?
(i.e. are FF portable from e+e− to ep and pp?)

Zuzana Rúriková Charm Fragmentation Function – June 7, 2006 3

Extracted FF for NLL+soft gluon Resummation II.

(Cacciari, Nason, Oleari)

Fit to BELLE data

! Fitted parametrization: f(x) ∝ δ(1 − x) + c
Na,b

(1 − x)axb

! ALEPH: a= 2.4±1.2, b=13.9±5.7, c=5.9±1.7

! CLEO/BELLE: a= 1.8±0.2, b=11.3±0.6, c=2.46±0.07

Fits not in agreement! Does universality of FFnp not hold?

Zuzana Rúriková Charm Fragmentation Function – June 7, 2006 7

Comparison of Experimental results I

! different observable definitions

! different center of mass energies, thus different pert. components as well

=⇒ Direct shape comparison impossible!

Zuzana Rúriková Charm Fragmentation Function – June 7, 2006 13
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Hadronization in medium

• Phase space at the hadronization is filled with partons 
→ Single parton description may not be valid anymore 
→ No need to create qq pairs via splitting / string breaking 
→ 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 

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 

Hadronization in the light and strange sector
___________________________________________________________________________________________________________

In 2002-2004 large p/p, L/K at intermediate pT :

à development of coalescence + fragm. in AA collisions 
$0 ≈ $1⨂$21⨂Φ0 [G-Ko-Levai & Fries-Muller-Nonaka-Bass PRL90(03)]

à v2 quark number scaling (~ also for f…)

à HF mb,c >>LQCD ,T : not created at hadronization

+ close to energy conservation with constituents quarks

Dong-Greco, Prog.Part.Nucl.Phys. 104(2019)

v Yields ratios ok in SHM-Heidelberg: 
p,p,K,L,…

v I0 prediction of Ko PRC(2009) of a 
very large Lc/D0 even at low pT

>> SHM[PDG] >> e+e- (~ PYTHIA)
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Hadronization in vacuum

RAA suppression: a QCD medium effect?
!  The observed suppression can have a contribution from 

initial-state effects, not related to the hot QCD medium 
!  High parton density in high-energy nuclei leads to reduction/

saturation/shadowing of the PDFs at small x (and small Q2) 

dNPbPb
D

dpT
= PDF(x1)PDF(x2 )⊗

dσ̂ c

dpT
⊗ P(ΔE)⊗Dc→D(z)

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 

GSI seminar, 27.11.13                                                 Andrea Dainese 41

“Vacuum” parton spectra

1-5 June 2020  - Hard ProbesC. Hills

Motivation
➢ Baryon-to-meson ratios in pp, p–Pb are enhanced with respect to e+e- 

collisions

4

➢ Is charm fragmentation the same for 
all collision systems?

➢ Mechanisms that better describe data:

○ Pythia8 w/Colour reconnection 

JHEP 1508 (2015) 003

○ Statistical Hadronization Model w/ 
augmented set of charm states 

Phys.Lett. B795 (2019) 117-121 e+e-

Initial-state effects hadronization

“Naive expectation: ratios of particle-species yields 
independent from collision system”  

Surprises: Λc/D0 ~0.5 not only in AA but even in pp 
→  strong enhancement wrt e+e-

pp
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RAA suppression: a QCD medium effect?
!  The observed suppression can have a contribution from 

initial-state effects, not related to the hot QCD medium 
!  High parton density in high-energy nuclei leads to reduction/

saturation/shadowing of the PDFs at small x (and small Q2) 

dNPbPb
D

dpT
= PDF(x1)PDF(x2 )⊗

dσ̂ c

dpT
⊗ P(ΔE)⊗Dc→D(z)

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 

GSI seminar, 27.11.13                                                 Andrea Dainese 41

“Vacuum” parton spectra

“Naive expectation: ratios of particle-species yields 
independent from collision system”  

Surprises: Λc/D0 ~0.5 not only in AA but even in pp 
→  strong enhancement wrt e+e-

Initial-state effects hadronization

Z. Conesa del Valle

Baryons vs. mesons in the beauty sector (pp) 

26

ALICE, PRD 108 (2023) 112003  
LHCb, PRD 100 (2019) 031102  
ALICE, PRL 128 (2022) 012001  
ALICE, EPJC 81 (2021) 256  
CDF, Phys.Rev.D77:072003,2008

• 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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p
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0.6
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 ra

tio  = 13 TeVspp, | < 0.5yALICE,  |
+/p/
0
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cRprompt 

0/D+
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)++B0/(B0

bR

PYTHIA 8 Monash
+/p/
0
S/KR

0/D+
cRprompt 

0/D+
cRnon-prompt 

)++B0/(B0
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ALIéDERé563938
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PYTHIA 8 CR-BLC Mode 2
+/p/
0
S/KR

0/D+
cRprompt 

0/D+
cRnon-prompt 

)++B0/(B0
bR

ALIéDERé563942

Baryon-to-meson cross section ratio

Λb0/B0

prompt Λc+/D0

Λb0/B0

prompt Λc+/D0

Λb0/B0

p p

Λb/B0 → Similar trend in charm and beauty sectors!

pp
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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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Charm baryon vs. meson production

Z. Conesa del Valle

Baryons vs. mesons: charm hadron results (pp)?

22

e+e- and ep collisions ~ 0.12

ALICE, pp, pPb, PRC 107 (2023) 064901 
ALICE, pp, JHEP 12 (2023) 086 
CMS, pp, PbPb, JHEP 01 (2024) 128

PYTHIA8: Skands et al., EPJC 74 (2014) 3024 
POWLANG: Beraudo et al., arXiv:2306.02152 
SHM+RQM: He et al., PLB 795 (2019) 117-121 
QCM: Song et al., EPJC 78 (2018) 344 
Catania: Scardina et al, PRC96 (2017) 044905, PLB 821 (2021) 136622

D0
c

u——

Λc+
c
u—

d

Baryon-to-meson ratio (pp)

Talk. J Cho
Talk. S. Chandra

• Observed a strong pT dependence of the baryon-to-meson 
ratios in the charm sector, similar to that observed in the light-
flavour sector. 

• Described by models considering additional mechanisms/
interactions at play in a high-density environment wrt the 
independent fragmentation picture: 

• colour reconnection beyond leading colour, 
• quark coalescence, 
• statistical  

hadronisation  
model (SHM)

p p

• Strong pT dependence in charm sector 

• Enhancement compared to the 

measurement in e+e- and e-p collisions 

• Similar to the light flavor sector?

Z. Conesa del Valle

Baryons vs. mesons: charm hadron results (pp)?

22

e+e- and ep collisions ~ 0.12

ALICE, pp, pPb, PRC 107 (2023) 064901 
ALICE, pp, JHEP 12 (2023) 086 
CMS, pp, PbPb, JHEP 01 (2024) 128

PYTHIA8: Skands et al., EPJC 74 (2014) 3024 
POWLANG: Beraudo et al., arXiv:2306.02152 
SHM+RQM: He et al., PLB 795 (2019) 117-121 
QCM: Song et al., EPJC 78 (2018) 344 
Catania: Scardina et al, PRC96 (2017) 044905, PLB 821 (2021) 136622

D0
c

u——

Λc+
c
u—

d

Baryon-to-meson ratio (pp)

Talk. J Cho
Talk. S. Chandra

• Observed a strong pT dependence of the baryon-to-meson 
ratios in the charm sector, similar to that observed in the light-
flavour sector. 

• Described by models considering additional mechanisms/
interactions at play in a high-density environment wrt the 
independent fragmentation picture: 

• colour reconnection beyond leading colour, 
• quark coalescence, 
• statistical  

hadronisation  
model (SHM)

p p
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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
pp
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Role of strangeness in heavy-quark hadronization

• 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   

• What do we learn from strange D-meson production about 

heavy-quark hadronization 

➡ evolve vs. event multiplicity? 

➡ sensitive to QGP-induced effects (e.g. strangeness 

enhancement, coalescence, E-loss, flow, ...)? 

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

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

Λ
c

+

D
s

+

● 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!
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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
Strange charm hadrons vs. multiplicity

Phys.Lett.B 829 (2022) 137065
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c
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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
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D
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10/16
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PYTHIA 8 (J. R. Christiansen, P. Z. Skands): JHEP 08 (2015) 003
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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

Phys.Lett.B 829 (2022) 137065
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D
s
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c

0

10/16

CE-SH (] Y. Chen, M. He): Phys. Lett. B 815 (2021) 136144
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You are charm baryon!

mfaggin@cern.ch
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0/D0 ratio significantly underestimated by 
PYTHIA 8 predictions
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Charm baryon production in pp at a glance

Significantly larger fraction of charm quarks hadronising to baryons is found compared to e+e-, ep collisions.

JHEP 12 (2023) 086
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Figure 8: Top left: ratio between the pT-differential cross sections at midrapidity (|y| < 0.5) of prompt L+
c

baryons and D0 mesons in pp collisions at
p

s = 5.02 TeV [32, 33, 35], 7 TeV [74] and 13 TeV [49]. The mea-
surement of L+

c /D0 ratio in pp collisions at
p

s = 13 TeV for pT > 1 GeV/c uses the L+
c -baryon cross section

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

c baryons and D0 mesons in pp collisions at
p

s = 13 TeV 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

p
s = 13 TeV. Top right: pT-differential X+

c /D0 ratio in pp collisions
at
p

s = 13 TeV and X0
c/D0 ratio in pp collisions at

p
s = 5.02 TeV [51] and

p
s = 13 TeV [52]. The X+

c /D0 ratio
in pp collisions at

p
s = 13 TeV for pT > 4 GeV/c uses the X+

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 X0

c/D0 and X+
c /D0 ratio in pp collisions at

p
s = 13 TeV compared with the predictions from the

models reported above.

pT > 1 GeV/c was performed with the prompt L+
c -baryon cross section published in Ref. [49], which

was extended down to pT = 0 with the measurement in 0 < pT < 1 GeV/c from this paper. The ratio
was then obtained by using the prompt D0-meson cross section reported in Section 5.1 as denominator.
In the ratio, the systematic uncertainties related to the tracking efficiency, the prompt fraction correction,

20
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Charm-quark fragmentation fraction

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

Charm production and fragmentation fractions in pp at
p

s = 13 TeV ALICE Collaboration
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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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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 Λ/Ks0 ratios

K0S and Λ production ALICE Collaboration

)c (GeV/
T
p

0 2 4 6 8 10 12

S0
/K

Λ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

|<0.5y=2.76 TeV, |NNsPb-Pb at 
0-5 %
20-40 %
40-60 %
60-80 %
80-90 %

|<0.5y = 7 TeV,  |spp at 
|<0.75y = 0.9 TeV, |spp at 

systematic uncertainty

)c (GeV/
T
p

0 2 4 6 8 10 12

S0
/K

Λ, S0
/K

Λ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

|<0.5y| =0.2 TeVNNsSTAR: Au-Au at 

=2.76 TeVNNsALICE: Pb-Pb at 
 0-5%S

0/KΛ

 60-80%S
0/KΛ

systematic uncertainty

 0-5%S
0/KΛ  0-5%S

0/KΛ
 60-80%S

0/KΛ  60-80%S
0/KΛ

Theory 0-5%
Hydro VISH2+1
Recombination
EPOS

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

6
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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

√
s = 13 TeV ALICE Collaboration
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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

11

Phys. Rev. D 108, 112003 (2023)

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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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)


is higher than the one of promptly produced hadrons. The
experimental data are also compared to the predictions
obtained with the TAMU model combined with PYTHIA8 to
describe the hb → hc þ X decay kinematics, in the case of
nonprompt production. The prediction for prompt charm
hadrons has an error band representing the uncertainty on
the BR of excited charm baryons decaying into Λþ
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not included in the one for nonprompt hadrons. The
measured nonprompt Λþ

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 mea-
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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 Bþ mesons, i.e., the total yield of nonstrange B
mesons is used, while the nonprompt D0, used in this ratio,
accounts for about 70% of the nonstrange D mesons. Also
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as well as the Λ0
b and B0

s hadrons decaying to D0 mesons
influence the ratio. In addition, in the nonprompt Λþ
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ratio, the hb → hc þ 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=πþ 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 PYTHIA8 sim-
ulations, using different tunes and the same rapidity ranges
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OK, how do we explain? HF baryon enhancement impact…

• 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?
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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√
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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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In Catania, coalescence + fragmentation in pp

16

Coalescence in pp? 
________________________________________________________________________________________________________________

R. D. Weller, P. Romatschke,PLB 774 (2017) 351-356

Daring to assume a small fireball according
viscous hydro applied to pp as in AA, but
size,time, flow given by hydro for pp

+ fc(p) from FONNL distribution

+ same Wigner function widths sr,i
of hadrons in AA
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  Vincenzo Greco’s expression in his SQM talk!
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Coalescence in pp vs pT in Catania
V. Minissale, S. Plumari and V. Greco Physics Letters B 821 (2021) 136622

Table 2
Ground states of charmed mesons and baryons as well as their first excited states 
including their decay modes with their corresponding branching ratios as given in 
Particle Data Group [34,54].

Meson Mass(MeV) I (J) Decay modes B.R.

D+ = d̄c 1869 1
2 (0)

D0 = ūc 1865 1
2 (0)

D+
s = s̄c 2011 0 (0)

Resonances

D∗+ 2010 1
2 (1) D0π+; D+ X 68%,32%

D∗0 2007 1
2 (1) D0π0; D0γ 62%,38%

D∗+
s 2112 0 (1) D+

s X 100%

Baryon

#+
c = udc 2286 0 ( 1

2 )

$+
c = usc 2467 1

2 ( 1
2 )

$0
c = dsc 2470 1

2 ( 1
2 )

%0
c = ssc 2695 0 ( 1

2 )

Resonances

#+
c 2595 0 ( 1

2 ) #+
c π+π− 100%

#+
c 2625 0 ( 3

2 ) #+
c π+π− 100%

&+
c 2455 1 ( 1

2 ) #+
c π 100%

&+
c 2520 1 ( 3

2 ) #+
c π 100%

$′+,0
c 2578 1

2 ( 1
2 ) $+,0

c γ 100%
$+

c 2645 1
2 ( 3

2 ) $+
c π− , 100%

$+
c 2790 1

2 ( 1
2 ) $′

cπ , 100%
$+

c 2815 1
2 ( 3

2 ) $′
cπ , 100%

%0
c 2770 0 ( 3

2 ) %0
c γ , 100%

Fig. 1. The charm quark coalescence probability as a function of the charm quark 
pT for pp collisions at LHC. The different lines are the coalescence probabilities 
to produce the different hadron species. Black solid line is the total coalescence 
probability.

same approach already used in [13]. Recent experimental analy-
sis techniques have unveiled information about the &c spectra and 
their contribution to the total #c yield, which offer a unique pos-
sibility to test the hadronization models in detail [7].

Fig. 1 shows the coalescence probabilities Pcoal for charm
quarks to hadronize via coalescence into a specific hadron, as a 
function of the charm transverse momentum. As shown Pcoal is 
a decreasing function of pT which means that, at low momen-
tum, charm quarks are more probable to hadronize via coalescence 
with light partons from the thermalized medium, in particular in 
our model at pT ≈ 0 a charm quark can hadronize only by coales-
cence. In our modelization a charm quark that cannot hadronize 
by coalescence hadronizes by fragmentation with a fragmentation 
probability given by P f ragm = 1 − Pcoal . Therefore at high pT the 
fragmentation becomes to be the dominant charm hadronization 
mechanism and a charm will hadronize according to the different 
fragmentation fraction into specific final charmed hadron channels, 
as in Ref. [5]. By comparing the different coalescence probabilities 
in Fig. 1 we notice that, at low momenta, the coalescence probabil-

Fig. 2. Transverse momentum spectra for D0, Ds mesons and #c baryon at mid-
rapidity for pp collisions at √s = 5 TeV. Black dot-dashed and red dashed lines refer 
to the spectra from only coalescence and only fragmentation respectively, the green 
solid line is the sum of fragmentation and coalescence. Experimental data from [55,
25,26].

ity for #c and $c are similar than the one for D0 which is a quite 
peculiar feature of the coalescence mechanism. We expect that this 
particular characteristic leads to an enhancement of the #c/D0

and $c/D0 ratios. In Fig. 2 we show the pT spectra of D0 (left 
panel), Ds (mid panel) and #c (right panel) at mid-rapidity from 
pp collisions, The total charm cross sections used in this work are
dσcc̄/dy = 1.0 mb. The black dot-dashed line and the red dashed 
line refer to the hadron spectra obtained by the contribution from 
pure coalescence and pure fragmentation respectively. We observe 
that the contribution of fragmentation is the dominant mecha-
nism for the production of D0 in all the pT range explored and 
coalescence gives only a few percent of contribution to the total 
spectrum, while in A A the contribution is significantly larger and 
comparable to the fragmentation one [13]. For the D+

s spectrum 
the contribution of both mechanism becomes similar due to the 
fact that the fragmentation fraction for D+

s is quite small, about 
8% of the total heavy hadrons produced, according to Ref. [5]. The 
inclusion of both hadronization mechanisms provides a quite good 
comparison with the experimental data and the coalescence leads 
to an enhancement of the D+

s production.
As shown in the last panel on the right of Fig. 2 the coales-
cence mechanism is the dominant mechanism for the #+

c produc-
tion for pT ! 5 GeV. This result emerges from the combination of 
two conditions: i) the expected fragmentation fraction into #+

c is 
about 12% of the total produced heavy hadrons [5], ii) the coa-
lescence contribution in the baryon case is dominant with respect 
to the mesons case (see [10,13]) because the coalescence mecha-
nism takes quarks that are already present abundantly in the dense 
medium created at very high energy even in pp collisions.

In Fig. 3 we show the results for the #+
c /D0 and D+

s /D0 ratio 
in comparison with the LHC experimental data for pp collisions 
at 

√
s = 5.02 TeV. The dashed lines show the ratios that comes 

only from fragmentation. We have also included the LHCb data 
for the #+

c /D0 at high rapidity, 2 < y < 4.5, The description of 
these data would need an extension of our code at high rapidity 
along with a simulation of viscous hydrodynamics in the rapid-
ity range 2 − 4.5, which is not available. However, in this rapidity 
region, apart from a decrease in the parton dN/dy, the quark dis-
tributions should be quite out-of-equilibrium, and we expect that 
non-equilibrium effects decrease the coalescence probability, and a 
further decrease of this probability can come from the shrinking 
of the fireball volume at forward rapidity that in pp is not very 
much larger than the size of the hadrons already at midrapidity. 
This can suggest qualitatively that in this region the fragmenta-

4
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• All the coalescence does not affect 
significantly D0, but is dominant for 
baryons Λc and Ξc 
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Catania baryon to meson ratio
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“Fragmentation” Fractions in pp Catania Coalescence 
________________________________________________________________________________________________________________

CATANIA coal.+fragm. 5 TeV

Ø Catania Coal+Fragm. very close to pp FF

Ø SHM+RQM baryon resonances would have a 
similar agreement (T~160-170 MeV)…
except for Xc

Ø Evidence of different “Fragmentation” Fractions 
in pp at LHC wrt e+e-(e-p) collisions.

• Catania Coal+Fragm. very close to pp FF 
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PYTHIA Color Reconnection

25

PYTHIA Color Reconnection 
__________________________________________________________________________________________________________________

q When string color reconnection is switched-on in pp
according to SU(3) counting:
àVery large baryon Lc, Sc enhancement

à not that relevant for D, ~ coalescence+fragmentation

ü Not indipendent strings - Local reconnection à string 
energy minimizationà smaller invariant mass and 
breaking of long y correlation

ü Not so different qualitatevely wrt Coalescence and 
POWLANG Local color recombination

q In LC HF baryon only by [di-quark+HF] with HF as 
string end point [c from string exp(−π m2

c/k) ≲ 10−11]

Altmann et al., arXiv 2405.19137 Leading Color (Ncà∞): Prob. of Local Color neutralizationà0

• When string color reconnection is switched-on in pp: 

→ Very large baryon Λc enhancement 

→ not that relevant for D 

Not so different qualitatively wrt Coalescence and 
POWLANG Local color recombination 

naive 1/N2
C suppression. This model represents a significant step in the right direction of

probing for the first time the e↵ects of sub-leading colour on hadronization in a systematic

way.
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FIG. 4: A sketch of a junction system after fragmentation, with the junction baryon

consisting of quarks q3q5q9.

To understand baryons produced via diquark-antidiquark pair creation, it is important

to look at how diquarks are treated in PYTHIA. Using standard string fragmentation, these

diquarks are given a constituent mass and treated on equal footing as quark-antiquark

string breaks. However there is an alternative approach, called the popcorn mechanism [42,

43], which models diquark creation as a stepwise process using virtual qq̄ fluctuations of

colour charges on the string. For example, given a qq̄ string with colours red and antired,

then two virtual fluctuations with colours green-antigreen and blue-antiblue can potentially

combine to form a real red-antired diquark-antidiquark pair. Furthermore, again using the

colour structure of the virtual fluctuations, mesons can therefore be created between such

diquark-antidiquark pairs. Thus unlike the standard string fragmentation mechanism where

a diquark-antidiquark pair must be created next to one another, the popcorn mechanism

allows for the decorrelation of the baryons produced.

These virtual fluctuations can also in principle colour reconnect with a diquark endpoint,
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Many models in market enhancing baryon production

• Coalescence [+Fragmentations] model: 

→ Catania, Coal-TAMU(KO), Ko-Cao, CCNU-Duke, [QCM], PHSD, RRM-TAMU, Nantes-EPOS4HQ,... 

34

Many colescence models? Many & different? 
__________________________________________________________________________________________________________________

Coal-Catania, Ko-TAMU, Ko-Cao-LBT à good Lc/D0 with PDG states 

TAMU-SHM/RR (pp&AA) needs to add baryon states according to RQM,  who is right? 

Not orthoghonal approaches: one can include additional baryon states in Coal.à
this modifies the coeff. enforcing Pcoal(pTà0)=1 in Catania or Ko-Cao-LBT
The two should tend to compensate… but to be done! 

Implicitely done now with EPOS4HQ!
To describe HF spectra & ratios needs Coalescence
in phase space ~Catania 

Only difference wrt Catania:
- Assume RQM states like in SHM

* II only difference: mq=0.1 GeV à longer pT tail
[mq~0.3 GeV in Catania, Cao-Ko, Duke, PHSD]

No coal.

coal.+frag. ~Catania

J.Zhao et al., PRD109 (2024)

Gossiaux, 4 Tue [9:30]

 Ex) EPOS4HQ  

 → To describe HF spectra & ratios needs 
Coalescence in phase space ~Catania  

Only difference wrt Catania: 
- Assume RQM states like in SHM 

•
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What is obvious?, what is vague, what is unknown, …

• Coalescence → a common framework for heavy-flavor hadronization from pp to AA? 

• Other approaches such as PYTHIA-CR, POWLANG-LCN, … point also to 

- In medium local recombination  

-Large evolution from e+e- to pp while reshuffling in pT from pp to AA 

• Many open issues  

-Rapidity evolution 

-Extend to bottom 

-Effect on the other observables (ex. v2) 

-  …. 
Jinjoo Seo - 2022 HIM02 JUL 2022 26

Multi-charm baryons

“Pure”  
coalescence  

particles

• Multi-charm baryons 
• Multi-charm baryons are produced via purely coalescence process.
• Multi-charm baryons are expected to show a large enhancement in AA collisions.

• Investigate microscopic thermalisation in the QCD medium.
➡ALICE 3 can give access to the multi-charm baryons thanks to unique pointing resolution and large acceptance

→ Very large enhancement predicted by 
Statistical hadronization model in Pb-Pb

Goethe-University Frankfurt                                                                                                       Raphaelle Bailhache

Hadron formation

13

Multi-charm baryons: unique probe of hadron formation


• Require production of multiple charm quarks

• Contribution from single parton scattering very small


Very large enhancement predicted by Statistical hadronisation model 
in Pb—Pb collisions  Test degree of thermalisation
→

1x charm
2x charm
3x charm

Run 5 & 6

Run 3 & 4

cd

ct

Λc

Ωc J/ψ
Ξcc

Ωccc

Hadron yields in statistical hadronisation model 

c

c

c
c

c ̅

c

c ̅

c ̅

c ̅

Ωccc ALICE 2(.1): 

(Anti-)hypernuclei up to A = 4

Single-charm states (c = 1)


ALICE 3:

(Hyper-)nuclei with A > 4

Multi-charm states (c > 1)

Scaling with  for -charm statesgn
c n

A. Andronic, P. Braun-Munzinger, M. K. Koehler, A. Mazeliauskas,
K. Redlich, J. Stachel, V. Vislavicius, JHEP 07 (2021) 035

With ALICE 3 measure additional states to test physical picture 
Large  acceptance  Probe charm density dependence η →

⇨ Require new detector 
ALICE 3!
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Charm-quark fragmentation-fraction ratio

Charm production and fragmentation fractions in pp at
p

s = 13 TeV ALICE Collaboration
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Figure 12: Charm-quark fragmentation-fraction ratio fs/( fu + fd) (red) compared with previous measurements
performed by the ALICE [21, 23], H1 [85], ZEUS [86], and ATLAS [24] Collaborations, and to the average
of LEP measurements [75]. The total experimental uncertainties (bars) and the theoretical uncertainties (shaded
boxes) are shown.

were propagated as for the measurement for pT > 0. The result shown in Eq. 3 agrees with the D+
s /(D0+

D+) ratio reported in Table 5, and it does not depend on the extrapolation down to pT = 0 of the prompt
D+

s mesons.

In Fig. 12, the ratio fs/( fu + fd) (red) is compared with previous measurements of strangeness suppres-
sion factor gs or fs/( fu + fd) from the ALICE [21, 23], H1 [85], ZEUS [86], and ATLAS [24] Collab-
orations. In the cases where gs was used, the measurements were scaled by a factor of 0.5, accounting
for the different normalisation between the two observables, as shown in Eq. 3. The total experimental
uncertainties are reported as bars, and the theoretical ones as shaded boxes. The theoretical uncertain-
ties in the H1 measurement denote the branching ratio uncertainty and the model dependencies of the
acceptance determination. In the case of the ATLAS measurement, they correspond to the extrapolation
uncertainties to the full phase space. The values are compatible within uncertainties, and they are in
agreement with the average of measurements at LEP [75]. This indicates that the production of prompt
strange D mesons relative to that of prompt non-strange D mesons ( fs/( fu + fd)) in e+e�, ep and pp
collisions does not show any significant dependence on the collision system and energy.

5.4.3 Charm-quark fragmentation fractions in pp collisions

The charm-quark fragmentation fractions f (c ! hc) at midrapidity in pp collisions at
p

s = 13 TeV are
shown in the left panel of Fig. 13. For each hadron species, the production cross section was normalised
by the sum of the pT-integrated production cross sections of the measured production cross sections of
D0, D+, D+

s , J/y , L+
c , X0

c, and X+
c . The dashed vertical line separates the fragmentation fractions of the

D⇤+ mesons and the S0,+,++
c baryons from those of the other charm-hadron species. These two hadrons

were not considered in the denominator because they strongly decay into D0 and D+ mesons and to L+
c

28

Strange to non-strange charm-meson production ratio

fx: probability for a charm quark to hadronize with 
another quark of flavour x 
⇨ Ds+/D0+D+

Charm production and fragmentation fractions in pp at
p

s = 13 TeV ALICE Collaboration

Table 4: ds/dy||y|<0.5 of all measured charm-hadron species in pp collisions at
p

s = 13 TeV. These results are
obtained by integrating the measured pT-differential cross section at midrapidity and extrapolating down to pT = 0
if necessary.

ds/dy||y|<0.5 (µb), pT > 0

D0 749 ± 27 (stat.) +48
�50 (syst.) ± 12 (lumi.) ± 6 (BR)

D+ 375 ± 32 (stat.) +35
�35 (syst.) ± 6 (lumi.) ± 6 (BR)

D+
s 120 ± 11 (stat.) +12

�13 (syst.) +25
�10 (extrap.) ± 2 (lumi.) ± 3 (BR)

L+
c 329 ± 15 (stat.) +28

�29 (syst.) ±5 (lumi.) ±15 (BR)

X0
c [52] 194 ± 27 (stat.) +46

�46 (syst.) +18
�12 (extrap.) ± 3 (lumi.)

X+
c 187 ± 25 (stat.) +19

�19 (syst.) +13
�59 (extrap.) ± 3 (lumi.) ± 82 (BR)

J/y [84] 7.29 ± 0.27 (stat.) +0.52
�0.52 (syst.) +0.04

�0.01 (extrap.)

D⇤+ 306 ± 26 (stat.) +33
�34 (syst.) +48

�17 (extrap.) ± 5 (lumi.) ± 3 (BR)

S0,+,++
c 142 ± 22 (stat.) +24

�24 (syst.) +24
�32 (extrap.) ± 2 (lumi.) ± 6 (BR)

on the prediction from PYTHIA CR-BLC Mode 0, which among the CR-BLC modes was observed to
better describe both the magnitude and the pT dependence of the measured cross section. The other
modes were used to estimate the extrapolation systematic uncertainty, together with the SHM-RQM,
QCM, and the Catania models, which provided predictions only for the S0,+,++

c /D0 ratio. In this case,
the model predictions were used to fit the measured ratio from Ref. [49], leaving only the normalisation
as a free parameter. The fit function was scaled by the measured D0-meson cross section in the range
0 < pT < 2 GeV/c, where no S0,+,++

c measurement is currently available. The extrapolation systematic
uncertainty was calculated as the envelope of the values of the pT-integrated cross sections obtained with
all the considered variations. To a minimum and maximum S0,+,++

c -baryon cross section extrapolated
from these ratios, the measured D0-meson cross section in 0 < pT < 2 GeV/c was shifted up and down
by one standard deviation, defined by the quadrature sum of the statistical and systematic uncertainties.

The extrapolation of the X+
c -baryon cross section was performed following the same strategy as for

the S0,+,++
c baryon. The Catania model was used as the central value prediction as it was observed

to best describe the pT-dependence and magnitude of the measured cross section. A Tsallis fit to the
measurement and predictions from the PYTHIA CR-BLC Modes 0, 2 and 3, the SHM+RQM model, and
the QCM model were used for the estimation of the systematic uncertainty.

The pT-integrated cross sections of all the charm hadrons at midrapidity (|y| < 0.5) in pp collisions atp
s = 13 TeV are listed in Table 4.

5.4.2 Strange to-non strange charm-meson production ratio fs/( fu + fd)

The relative production of strange to non-strange D-meson production can be studied using the ratio of
fragmentation fractions fs/( fu + fd), where fx represents the probability for a charm quark to hadronise
with another quark of flavour x. In the charm-meson sector, this ratio corresponds experimentally to
the prompt cross-section ratio D+

s /(D0 +D+), as all D⇤+ and D⇤0 mesons decay to D0 and D+ mesons,
and all D⇤+

s mesons decay to D+
s mesons. The contribution of the decays of excited states that change

the strange/non-strange D-meson content (e.g. D+
s1 ! D⇤+K0

S or D⇤+
s2 ! D+K0

S) was neglected in the
computation of the ratio fs/( fu + fd).

The pT-integrated cross sections reported in Table 4 were used to compute the ratios of production
yields among the different D-meson species in pp collisions at

p
s = 13 TeV. The ratios of prompt D

mesons D+/D0, D+
s /D0, D+

s /D+, and D+
s /(D0+D+) for pT > 0 are reported in Table 5. The systematic

26

Production of prompt strange D mesons / prompt non-strange D mesons in e+e-, ep and pp collisions 
doesn’t show any significant dependence of the collision system & energy!

arXiv:2308.04877
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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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Fig. 2. Nuclear modification factor RAA of prompt !+
c baryons in central (0–10%; left) and mid-central (30–50%; right) Pb–Pb collisions at √sNN = 5.02 TeV, compared with 

the RAA of prompt D+
s [60] and the average of prompt non-strange D mesons [56]. The normalization uncertainties are shown as boxes around unity.

Fig. 3. The !+
c /D0 yield ratio as a function of pT in 0–10% (left) and 30–50% (middle) Pb–Pb and pp (right) collisions at √sNN = 5.02 TeV compared with predictions of 

different theoretical calculations [7,8,10,30,31,64].

Fig. 3 compares the pT-differential !+
c /D0 ratios with differ-

ent theoretical predictions: Catania [7], TAMU [8], and the GSI–
Heidelberg statistical hadronization model (SHMc) [10]. The pre-
dictions of Catania and TAMU for pp collisions [30,31] are also 
compared with the existing measurement in pp collisions [11]. 
The Catania model [7,30] assumes that a QGP is formed in both 
pp and Pb–Pb collisions. In Pb–Pb collisions heavy-quark trans-
port is implemented via the Boltzmann equation, and in both 
pp and Pb–Pb collisions hadronization occurs either via coales-
cence, implemented through the Wigner formalism, or via frag-
mentation in case the quarks do not undergo coalescence. The 
TAMU model [8] describes charm-quark transport in an expanding 
medium with the Langevin equation and hadronization proceeds 
primarily via coalescence, implemented with a Resonance Recom-
bination Model (RRM) [62]. Left-over charm quarks not undergoing 
coalescence are hadronized via fragmentation. In pp collisions, the 
charm-hadron abundances are instead determined with a statis-
tical hadronization approach [31]. In both collision systems the 
underlying charm-baryon spectrum includes unobserved excited 
states [28] predicted by the Relativistic Quark Model (RQM) [63]
and lattice QCD [31]. Finally, for the SHMc predictions [10], which 
include only charm mesons and baryons established experimen-
tally, the charm-hadron pT spectra are modeled within a core-
corona approach. The core contribution represents the central re-
gion of the colliding nuclei where charm quarks achieve local 
thermal equilibrium in a hydrodynamically expanding QGP. The 
charm-hadron spectra in the corona contribution are, instead, pa-
rameterized from measurements in pp collisions. The pT-spectra 
modification due to resonance decays is computed using the Fas-
tReso package [64]. The theoretical uncertainty bands shown in 

Fig. 3 derive from: an assumed range of branching ratios (50–100%) 
for the decays of the RQM-augmented excited states into !+

c for 
the TAMU model; the variation of about 10% of the Wigner func-
tion widths in the Catania calculations; and mainly the uncer-
tainties on the pp spectra fits in the SHMc predictions at high 
pT.

The SHMc describes the !+
c /D0 ratio in mid-central collisions, 

but underpredicts the ratio in 4 < pT < 8 GeV/c in central colli-
sions by about 2.5σ of the combined statistical, systematic, and 
theoretical uncertainties. The prediction of the Catania model in 
central collisions underestimates the !+

c /D0 ratio at intermediate 
pT, although the deviation is at maximum 2.5σ . The TAMU pre-
dictions reproduce the magnitude and shape of the !+

c /D0 ratios. 
While both these fragmentation plus coalescence model calcula-
tions are able to describe the !+

c /D0 ratio in Au–Au collisions 
at √

sNN = 200 GeV in the 10–80% centrality interval [34], the 
TAMU model better reproduces the data in central Pb–Pb colli-
sions. A pure coalescence scenario from an older version of the 
Catania model was reproducing better the previous ALICE mea-
surement in 0–80% Pb–Pb collisions [33]. The Catania and TAMU 
predictions also describe both the magnitude and pT shape of the 
measured !+

c /D0 ratio in pp collisions. Instead, at forward rapidity, 
the TAMU model predicts a systematically higher !+

c /D0 ratio than 
measured by LHCb in 65–90% Pb–Pb collisions at √sNN = 5.02 TeV 
[39].

The !+
c production yield for pT > 0 was estimated by sum-

ming up the measured pT-differential yields and the extrapo-
lated !+

c yield for pT < 1 GeV/c. The !+
c yield in 0 < pT <

1 GeV/c was obtained as the product of the !+
c /D0 ratio value 

estimated by interpolating the ratio in the measured pT interval 

5
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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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Appendix A. Raw-yield extraction

Examples of the invariant mass distributions from which the 
!+

c raw yields are extracted are reported in Fig. A.1. The spec-
tra together with the result of the fits in 1 < pT < 2 GeV/c and 
4 < pT < 6 GeV/c for central (0–10%) and 2 < pT < 4 GeV/c and 
8 < pT < 12 GeV/c for mid-central (30–50%) Pb–Pb collisions are 
shown.
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Fig. 2. Nuclear modification factor RAA of prompt !+
c baryons in central (0–10%; left) and mid-central (30–50%; right) Pb–Pb collisions at √sNN = 5.02 TeV, compared with 

the RAA of prompt D+
s [60] and the average of prompt non-strange D mesons [56]. The normalization uncertainties are shown as boxes around unity.

Fig. 3. The !+
c /D0 yield ratio as a function of pT in 0–10% (left) and 30–50% (middle) Pb–Pb and pp (right) collisions at √sNN = 5.02 TeV compared with predictions of 

different theoretical calculations [7,8,10,30,31,64].

Fig. 3 compares the pT-differential !+
c /D0 ratios with differ-

ent theoretical predictions: Catania [7], TAMU [8], and the GSI–
Heidelberg statistical hadronization model (SHMc) [10]. The pre-
dictions of Catania and TAMU for pp collisions [30,31] are also 
compared with the existing measurement in pp collisions [11]. 
The Catania model [7,30] assumes that a QGP is formed in both 
pp and Pb–Pb collisions. In Pb–Pb collisions heavy-quark trans-
port is implemented via the Boltzmann equation, and in both 
pp and Pb–Pb collisions hadronization occurs either via coales-
cence, implemented through the Wigner formalism, or via frag-
mentation in case the quarks do not undergo coalescence. The 
TAMU model [8] describes charm-quark transport in an expanding 
medium with the Langevin equation and hadronization proceeds 
primarily via coalescence, implemented with a Resonance Recom-
bination Model (RRM) [62]. Left-over charm quarks not undergoing 
coalescence are hadronized via fragmentation. In pp collisions, the 
charm-hadron abundances are instead determined with a statis-
tical hadronization approach [31]. In both collision systems the 
underlying charm-baryon spectrum includes unobserved excited 
states [28] predicted by the Relativistic Quark Model (RQM) [63]
and lattice QCD [31]. Finally, for the SHMc predictions [10], which 
include only charm mesons and baryons established experimen-
tally, the charm-hadron pT spectra are modeled within a core-
corona approach. The core contribution represents the central re-
gion of the colliding nuclei where charm quarks achieve local 
thermal equilibrium in a hydrodynamically expanding QGP. The 
charm-hadron spectra in the corona contribution are, instead, pa-
rameterized from measurements in pp collisions. The pT-spectra 
modification due to resonance decays is computed using the Fas-
tReso package [64]. The theoretical uncertainty bands shown in 

Fig. 3 derive from: an assumed range of branching ratios (50–100%) 
for the decays of the RQM-augmented excited states into !+

c for 
the TAMU model; the variation of about 10% of the Wigner func-
tion widths in the Catania calculations; and mainly the uncer-
tainties on the pp spectra fits in the SHMc predictions at high 
pT.

The SHMc describes the !+
c /D0 ratio in mid-central collisions, 

but underpredicts the ratio in 4 < pT < 8 GeV/c in central colli-
sions by about 2.5σ of the combined statistical, systematic, and 
theoretical uncertainties. The prediction of the Catania model in 
central collisions underestimates the !+

c /D0 ratio at intermediate 
pT, although the deviation is at maximum 2.5σ . The TAMU pre-
dictions reproduce the magnitude and shape of the !+

c /D0 ratios. 
While both these fragmentation plus coalescence model calcula-
tions are able to describe the !+

c /D0 ratio in Au–Au collisions 
at √

sNN = 200 GeV in the 10–80% centrality interval [34], the 
TAMU model better reproduces the data in central Pb–Pb colli-
sions. A pure coalescence scenario from an older version of the 
Catania model was reproducing better the previous ALICE mea-
surement in 0–80% Pb–Pb collisions [33]. The Catania and TAMU 
predictions also describe both the magnitude and pT shape of the 
measured !+

c /D0 ratio in pp collisions. Instead, at forward rapidity, 
the TAMU model predicts a systematically higher !+

c /D0 ratio than 
measured by LHCb in 65–90% Pb–Pb collisions at √sNN = 5.02 TeV 
[39].

The !+
c production yield for pT > 0 was estimated by sum-

ming up the measured pT-differential yields and the extrapo-
lated !+

c yield for pT < 1 GeV/c. The !+
c yield in 0 < pT <

1 GeV/c was obtained as the product of the !+
c /D0 ratio value 

estimated by interpolating the ratio in the measured pT interval 
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Hadronization in vacuum
RAA suppression: a QCD medium effect?

!  The observed suppression can have a contribution from 
initial-state effects, not related to the hot QCD medium 

!  High parton density in high-energy nuclei leads to reduction/
saturation/shadowing of the PDFs at small x (and small Q2) 

dNPbPb
D

dpT
= PDF(x1)PDF(x2 )⊗

dσ̂ c

dpT
⊗ P(ΔE)⊗Dc→D(z)

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 
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➢ Is charm fragmentation the same for 
all collision systems?

➢ Mechanisms that better describe data:

○ Pythia8 w/Colour reconnection 
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Ds+ meson vs. Λc+ baryon production
ALICE Collaboration Physics Letters B 829 (2022) 137065

Fig. 2. The D+
s /D0 (top) and !+

c /D0 (bottom) ratios measured in pp collisions at
√

s = 13 TeV for different multiplicity classes at mid- (left) and forward (right) rapidity.

The measured pT-differential yields increase from the lowest to 
the highest multiplicity class for the three hadron species. Their 
ratios to INEL > 0 increase (decrease) with increasing pT for the 
highest (lowest) multiplicity class, suggesting a plateau towards 
pT > 10 GeV/c, as recently observed for the light-flavour hadrons 
in Refs. [41,55,56], where it was explained as a hardening of the 
measured pT spectra with increasing 〈dNch/dη〉. Different MPI 
models were able to describe such effects [57], and it was shown 
to be more pronounced for protons than for kaons and pions, while 
similar for strange baryons and mesons.

In order to investigate potential differences in the 〈dNch/dη〉
dependence of the D0-meson production with respect to the D+

s
meson and !+

c baryon, the D+
s /D0 and !+

c /D0 yield ratios are 
compared in different multiplicity event classes in Fig. 2, consid-
ering both forward and midrapidity multiplicity estimators. The 
sources of uncertainty assumed to be uncorrelated between dif-
ferent charm-hadron species included the raw-yield extraction, the 
selection efficiency, the shape of the MC pT spectra, the zvtx dis-
tribution, and the branching ratio. The systematic uncertainty de-
riving from the variation of the multiplicity-interval limits was 
propagated as partially correlated, while the other systematic un-
certainties were assumed to be fully correlated.

Within the current experimental uncertainties, the D+
s /D0 ra-

tios are independent of pT in the measured pT range. They 
are compatible with measurements performed in pp collisions at √

s = 5.02 and 7 TeV [11], and also with the average of the pT-
integrated results from experiments at e+e− and e−p colliders, 
0.17 ± 0.03 [17,58]. A dependence of these ratios with multiplic-
ity, as seen for the ratio of (multi-)strange hadrons to π± [41,59], 
is not observed within the uncertainties.

The pT-differential !+
c /D0 ratios show an evident dependence 

on multiplicity, and a hierarchy is observed going from the lowest 
to the highest multiplicity intervals, for both the Ntrkl and pV0M
estimators, for all but the first pT bin. The increasing trend with 
〈dNch/dη〉 for the !+

c /D0 ratio is consistent among the measure-
ments done with the two multiplicity estimators, indicating that 
the enhancement between low and high multiplicity intervals is 
not a consequence of a possible bias arising from the coincid-
ing rapidity regions between the multiplicity estimator and the 

measurement of interest at midrapidity. It is worth noticing that 
the measured !+

c /D0 ratio in the lowest multiplicity class is still 
higher, in the measured pT range, than the average of correspond-
ing ratios measured in e+e− collisions at LEP, which was found to 
be 0.113 ± 0.013(stat) ± 0.006(syst) [13,17].

In order to estimate a significance level for the difference ob-
served in the two extreme multiplicity classes at midrapidity, the 
highest multiplicity (HM) over the lowest multiplicity (LM) !+

c /D0

ratio was computed. The probability of the measured double-ratio 
DR = (!+

c /D0)HM/(!+
c /D0)LM > 1, corresponds to a significance of 

5.3σ in the 1 < pT < 12 GeV/c interval, considering as null hy-
pothesis DR = 1. This estimate was performed taking into account 
statistical and systematic uncertainties, for which the raw-yield ex-
traction, the selection efficiency, the shape of the MC pT spectra, 
and the zvtx distribution sources were considered as uncorrelated, 
the multiplicity-interval limits as partially correlated, while the 
other sources cancelled out in the double ratio. With the aim of 
investigating the least favourable case, the measured values in all 
pT intervals were shifted down by one standard deviation, by con-
sidering the sources of systematic uncertainties correlated with pT
that do not cancel out in the double ratio, i.e. those arising from 
the selection efficiency and the generated pT spectra.

The measured charm-hadron ratios for the lowest and highest 
multiplicity class for the Ntrkl multiplicity estimator are compared 
to model predictions from MC generators and a statistical hadro-
nisation model in Fig. 3. The simulations with the PYTHIA event 
generator were performed with the Monash and the CR-BLC tunes. 
For the latter, three modes are suggested by the authors, applying 
different constraints on the allowed reconnections among colour 
sources, in particular concerning the causality connection among 
strings involved in a reconnection, and time dilation caused by 
relative boosts of the strings [24]. The simulations are shown in 
intervals of primary particle multiplicities selected at midrapidity, 
evaluated by studying the correlation between Ntrkl intervals and 
Nch values. The estimated intervals are 1 ≤ Nch ≤ 12 and Nch > 75
for the lowest and highest multiplicity event classes, respectively. 
The measured D+

s /D0 ratios at low and high multiplicity are com-
patible with PYTHIA with Monash and CR-BLC tunes. The Monash 
tune, however, does not reproduce the !+

c /D0 ratio, and further-
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c /D0 ratio in the lowest multiplicity class is still 
higher, in the measured pT range, than the average of correspond-
ing ratios measured in e+e− collisions at LEP, which was found to 
be 0.113 ± 0.013(stat) ± 0.006(syst) [13,17].

In order to estimate a significance level for the difference ob-
served in the two extreme multiplicity classes at midrapidity, the 
highest multiplicity (HM) over the lowest multiplicity (LM) !+

c /D0

ratio was computed. The probability of the measured double-ratio 
DR = (!+

c /D0)HM/(!+
c /D0)LM > 1, corresponds to a significance of 

5.3σ in the 1 < pT < 12 GeV/c interval, considering as null hy-
pothesis DR = 1. This estimate was performed taking into account 
statistical and systematic uncertainties, for which the raw-yield ex-
traction, the selection efficiency, the shape of the MC pT spectra, 
and the zvtx distribution sources were considered as uncorrelated, 
the multiplicity-interval limits as partially correlated, while the 
other sources cancelled out in the double ratio. With the aim of 
investigating the least favourable case, the measured values in all 
pT intervals were shifted down by one standard deviation, by con-
sidering the sources of systematic uncertainties correlated with pT
that do not cancel out in the double ratio, i.e. those arising from 
the selection efficiency and the generated pT spectra.

The measured charm-hadron ratios for the lowest and highest 
multiplicity class for the Ntrkl multiplicity estimator are compared 
to model predictions from MC generators and a statistical hadro-
nisation model in Fig. 3. The simulations with the PYTHIA event 
generator were performed with the Monash and the CR-BLC tunes. 
For the latter, three modes are suggested by the authors, applying 
different constraints on the allowed reconnections among colour 
sources, in particular concerning the causality connection among 
strings involved in a reconnection, and time dilation caused by 
relative boosts of the strings [24]. The simulations are shown in 
intervals of primary particle multiplicities selected at midrapidity, 
evaluated by studying the correlation between Ntrkl intervals and 
Nch values. The estimated intervals are 1 ≤ Nch ≤ 12 and Nch > 75
for the lowest and highest multiplicity event classes, respectively. 
The measured D+

s /D0 ratios at low and high multiplicity are com-
patible with PYTHIA with Monash and CR-BLC tunes. The Monash 
tune, however, does not reproduce the !+

c /D0 ratio, and further-

6
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With 2 strangeness

JaeYoon CHO | jaeyoon.cho@cern.ch ! SQM2024 | 2024.06.04 !29
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c /D0

⭐ No measurement of 

•  from theory calculations

⭐ Catania (+resonance states) is closer to data

⭐ BR measurement is needed!

BR(Ω0
c → Ω−π+)

BR(Ω0
c → Ω−π+) = (0.51+2.19

−0.31) %

p p TeV
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Many models in market enhancing baryon production

• EPOS4HQ  

 → To describe HF spectra & ratios needs 
Coalescence in phase space ~Catania  

Only difference wrt Catania: 
- Assume RQM states like in SHM 

•

41

Early results and predictions for Bottom in pp 
__________________________________________________________________________________________________________________

- Again Need  CR in PYTHIAà seems too strong at forward (no rapidity dependence)

- EPOS4HQ+coal close to data (rapidity dependence?). At  y=0 Catania results

- SHM +RQM about close, less the pT shape (Frag.-Function)

- Coal./Fragm. ratio in pp larger for B than D 

pp, M = 5 OPQ , |y|<1

V. Minissale et al., 2405.19244 [hep-ph]

Plumari, Tue 4-[9:10]

Altmann et al., 2405.19137 [hep-ph]

PYTH
IA-CR

PYTHIA

EPOS4HQ-Coal.
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Heavy flavour production in medium: hadronization

RAA suppression: a QCD medium effect?
!  The observed suppression can have a contribution from 

initial-state effects, not related to the hot QCD medium 
!  High parton density in high-energy nuclei leads to reduction/

saturation/shadowing of the PDFs at small x (and small Q2) 

dNPbPb
D

dpT
= PDF(x1)PDF(x2 )⊗

dσ̂ c

dpT
⊗ P(ΔE)⊗Dc→D(z)

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 

GSI seminar, 27.11.13                                                 Andrea Dainese 41

Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

“Vacuum” parton spectra

• Fragmentation functions D(z) are phenomenological functions to parameterize the non-perturbative 
parton-to-hadron transition 
→ z = fraction of the parton momentum taken by the hadron h 
→ Do not specify the hadronisation mechanism 

• Parametrized on data and assumed to be “universal”  

• In A-A collisions:  
→ Energy-loss of hard-scattered partons while traversing the QGP  
→ Modified fragmentation function D(z) by ”rescaling” the variable z 

Independent fragmentation
Inclusive hadron production at large Q2:
FFactorization of PDFs, partonic cross section (pQCD), fragmentation 

function

Fragmentation functions Dq→h are phenomenological functions to 
parameterise the non-perturbative parton-to-hadron transition 
Fz = fraction of the parton momentum taken by the hadron h
FDo not specify the hadronisation mechanism

Parametrised on data and assumed to be “universal”

5
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In A-A collisions:
FEnergy-loss of hard-scattered partons while traversing the QGP
FModified fragmentation function Dq→h(z) by ”rescaling” the variable z

9 Would affect all hadron species in the same way


