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Today, focus on the topic related to the heavy-flavour hadronization based on three most recent preprints
Charm production and fragmentation fractions in pp at √s = 13 TeV [arXiv:2308.04877] 
Study of flavor dependence of the baryon-to-meson ratio in pp at √s = 13 TeV [arXiv:2308.04873]  
Non-prompt Ds-meson Elliptic Flow in Pb–Pb Collisions at √sNN = 5.02 TeV [arXiv:2307.14084]
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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

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
 

30 

A	rather	long	shopping	list	

pp	collisions	
	

Constrain	models	with	
measurements	from	p-Pb	collisions	

Hadroniza9on	via	coalescence	with	
medium	quarks?	
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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		
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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 
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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

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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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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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
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Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to probe
“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

)Q(zDQxPDFQxPDF hqqqabbahxpp
222 ,),(),( ooo �� VV

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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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

_

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

and momentum) can simply recombine into hadrons

8

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

fragmenting parton
ph = z·pq with z<1

Recombination vs. fragmentation:
FCompeting mechanisms
FRecombination naturally enhances 

baryon/meson ratios at intermediate 
pT

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

_

Greco et al., PRL 90 (2003) 202302


Fries et al., PRL 90 (2003) 202303


Hwa, Yang, PRC 67 (2003) 034902 
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Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to probe
“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-

Not only in A-A, but also in pp? 

Unexpected findings in pp… 
already since 2018… 

    ratio in pp collisions vs. models (1)

4

e+e-, ep

Data far from pQCD-based calculations based on factorisation 
approach, which works well for mesons (plethora of results at 
RHIC, Fermilab, LHC,...)

Hadronisation → Fragmentation functions (Dc->D) 
often assumed “universal”: once constrained to e+e- and ep data 
they are used in different collision systems and energies.

Naïve expectation: ratios of particle-species yields  
independent from collision system 

→ Universality of fragmentation function does 
not hold already in pp collisions

fragmentation function



MinJung Kweon, Inha University, Heavy Ion Meeting 10

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

Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to probe
“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-
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3

PRD100 (2019) no.3, 031102

HFLAV, EPJC 77 (2017) 895

Bs /(B
0+B+) as at LEP
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ALICE,PRC 104 054905 (2021)
ALICE, PRL 127 202301 (2021)
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PRD 77  072003 (2008)

_

𝚲b
0/(B0+B+) 

LEP 𝚲b
0/(B0+B+) 

Y. Zhang, Tuesday
A. S. Kalteyer, Tuesday

Not only in A-A, but also in pp? 

Unexpected findings in pp… 
already since 2018… 

    ratio in pp collisions vs. models (1)

4

e+e-, ep

Data far from pQCD-based calculations based on factorisation 
approach, which works well for mesons (plethora of results at 
RHIC, Fermilab, LHC,...)

Hadronisation → Fragmentation functions (Dc->D) 
often assumed “universal”: once constrained to e+e- and ep data 
they are used in different collision systems and energies.

Naïve expectation: ratios of particle-species yields  
independent from collision system 

→ Universality of fragmentation function does 
not hold already in pp collisions

fragmentation function



MinJung Kweon, Inha University, Heavy Ion Meeting 11

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

Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to probe
“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-

    ratio in pp collisions vs. models (2)

5

Default PYTHIA8 (Monash, EPJC 74 (2014) 3024 ), standard Lund string 
fragmentation

 HERWIG7 (EPJC 58 (2008) 639-707), 
 cluster hadronisation

    Undershoot data by a factor of 
  about 5 and do not catch pT shape

e+e-, ep

Courtesy of C. Bierlich 

c

c

● Light quark/diquark pairs popping out from 
QCD color-confinement potential (← strings)

○ Diquarks ↔ baryons 

● Hadronisation of different MPI products 
largely independent

● Reproduces e+e- data ~ fragmentation 
functions used in pQCD-based calculations

Belle, PRD 97, 072005 (2018)

ALICE,PRC 104 054905 (2021)
ALICE, PRL 127 202301 (2021)
ALICE, arxiv 2211.14032 
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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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ALICE will show…

Measuring all the way down to pT, …., 
differentiating,  

flavour dependences, 
other characteristics to understand the behavior…   

Charm production and fragmentation fractions in pp at √s = 13 TeV [arXiv:2308.04877] 
Study of flavor dependence of the baryon-to-meson ratio in pp at sqrt(s) = 13 TeV [arXiv:2308.04873]  
Non-prompt Ds-meson Elliptic Flow in Pb–Pb Collisions at √sNN = 5.02 TeV [arXiv:2307.14084]
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Charm production in pp arXiv:2308.04877 
Charm production and fragmentation fractions in pp at √s = 13 TeV

Cross sections measurement of prompt D0, D+, D*+, Ds+, Λc+, and Ξc+ charm in pp at √s = 13 TeV

No significant dependence on the pT  
→common fragmentation functions of charm quarks to mesons at different LHC energies 
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Figure 7: Ratios of production cross sections as a function of pT of prompt D+/D0, D⇤+/D0, D+
s /D0, D+

s /D+,
and D+

s /(D0 +D+) mesons in pp collisions at
p

s = 5.02 TeV [19, 23],
p

s = 7 TeV [22], and
p

s = 13 TeV.
Vertical bars (boxes) report the statistical (systematic) uncertainties.

5.3.2 Baryon-to-meson ratios

The ratio of the pT-differential cross sections of the prompt L+
c baryons to D0 mesons at midrapidity

(|y| < 0.5) in pp collisions at
p

s = 13 TeV is shown in the left panel of Fig. 8. The measurement at
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Figure 7: Ratios of production cross sections as a function of pT of prompt D+/D0, D⇤+/D0, D+
s /D0, D+

s /D+,
and D+

s /(D0 +D+) mesons in pp collisions at
p

s = 5.02 TeV [19, 23],
p

s = 7 TeV [22], and
p

s = 13 TeV.
Vertical bars (boxes) report the statistical (systematic) uncertainties.

5.3.2 Baryon-to-meson ratios

The ratio of the pT-differential cross sections of the prompt L+
c baryons to D0 mesons at midrapidity

(|y| < 0.5) in pp collisions at
p

s = 13 TeV is shown in the left panel of Fig. 8. The measurement at
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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 hadronise 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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Charm production in pp

Charm production and fragmentation fractions in pp at
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Figure 8: 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 [73] and 13 TeV [49]. The measurement 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].

The predictions from PYTHIA Monash tune [40], PYTHIA CR-BLC Mode 0, 2 and 3 [43], SHM+RQM [44],
Catania [47], and QCM [48] models in pp collisions at

p
s = 13 TeV are also reported. 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. The predictions from the models reported above are shown also in this panel.

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,
and the luminosity were propagated as correlated, while those from other sources were treated as fully
uncorrelated.

The results were compared with several model calculations, namely different tunes of PYTHIA 8, the
Catania and QCM models implementing quark recombination, and the SHM+RQM model based on
statistical hadronisation with additional excited charm-baryon states. The uncertainty band assigned to
the predictions from Catania model is related to the variations on the width of the Wigner function used to
calculate the probability of baryon formation. The uncertainty band assigned to the predictions from the
SHM+RQM model accounts for the uncertainty on the branching ratios of resonance decays to ground-
state charm hadrons. As discussed in Ref. [49], the measured baryon-to-meson ratio is underestimated
in the interval pT < 5 GeV/c by a factor 4�5 by the prediction from PYTHIA 8 with the Monash
tune, which is not able to describe the pT dependence of the measurement. On the other hand, the
predictions from the PYTHIA 8 CR-BLC Mode 0, 2, 3, SHM+RQM, and Catania models describe the
measurement within uncertainties in the full range (pT > 0), but the current precision and granularity of
the measurement does not allow one model to be favoured over the others. The prediction from the QCM
model is compatible with the measured L+

c /D0 ratio within 2s , tending to overestimate it in the interval
3 < pT < 8 GeV/c.

The L+
c /D0 ratio in pp collisions at

p
s = 13 TeV is also compared to the same results obtained in pp

collisions at
p

s = 5.02 TeV [32, 33, 35] and
p

s = 7 TeV [73]. Within the current uncertainties, no

20

Down to pT ~ 0

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

arXiv:2308.04877

Cross sections measurement of prompt D0, D+, D*+, Ds+, Λc+, and Ξc+ charm in pp at √s = 13 TeV
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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.

4

ALICE Collaboration Physics Letters B 839 (2023) 137796

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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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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Charm-quark fragmentation fraction arXiv:2308.04877
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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
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Moving to B 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

arXiv:2308.04873 
Study of flavor dependence of the baryon-to-meson ratio in pp at √s = 13 TeV

Similar trend to the prompt charm measurement!
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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
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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?

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  
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Beauty-quark fragmentation fraction arXiv:2308.04873

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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Beauty flow Non-prompt D0-meson Elliptic Flow in Pb–Pb Collisions at
p
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Figure 4: Elliptic flow v2 of non-prompt D0 mesons (blue points) and electrons from beauty-hadron decays [71]
(red points) as a function of pT in 30–50% Pb–Pb collisions at

p
sNN = 5.02 TeV, compared with the LIDO model

predictions [101, 107].
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Figure 3: Left panel: Elliptic flow v2 of non-prompt D0 mesons (blue points) and average of prompt non-
strange D mesons [52] (red points) as a function of pT in 30–50% Pb–Pb collisions at

p
sNN = 5.02 TeV. The

symbols are positioned at the average pT of the reconstructed D0 mesons. Statistical uncertainties are shown as
vertical lines and systematic uncertainties as boxes. Right panel: non-prompt D0-meson v2 compared with model
calculations [62, 101–107].

for all models in addition to the fragmentation mechanism. Although the models are implemented with
different assumptions on the interactions in the QGP and hadronic phases, and on the medium expansion,
all of them provide a reasonable description of the measurement within uncertainties. More precise
measurements will further constrain model parameters, especially on the spatial diffusion coefficient of
beauty quarks, which are implemented differently in the various models.

Figure 4 shows the comparison between the v2 of electrons from beauty-hadron decays (b(! c)! e) [71]
and the non-prompt D0-meson v2 measurements. They are compatible in the common pT interval
within uncertainties. The LIDO model provides reasonable descriptions for these measurements and
is consistent with the pT shape in the data. Note that, the pT of beauty-decay hadrons is not the same pT
of B mesons due to the decay kinematics. The good agreement between the predictions for B-meson and
non-prompt D0-meson v2 from LIDO indicates that the decay kinematics do not play a significant role in
the beauty-hadron v2 measurements.

5 Conclusions

The measurement of the non-prompt D0-meson v2 in midcentral Pb–Pb collisions (30–50% centrality
class) at

p
sNN = 5.02 TeV is presented in the transverse momentum interval 2 < pT <12 GeV/c. The

non-prompt D0-meson v2 is found to be positive with a significance of 2.7s and it is lower by 3.2s than
the prompt non-strange D-meson v2 (average of D0, D+, and D⇤+) in the range 2 < pT < 8 GeV/c. The
measurement is important for the understanding of the degree of thermalisation of beauty quarks in the
QGP. Future data samples to be collected with the upgraded ALICE detector in Run 3 will allow for
higher-precision measurements of the non-prompt D0-meson v2 and RAA [108]. These measurements
will provide important constraints to model predictions, and allow for accurate extraction of the spatial
diffusion coefficient of beauty quarks.
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Charm production and fragmentation fractions in pp at sqrt(s) = 13 TeV

Charm production and fragmentation fractions in pp at
p

s = 13 TeV ALICE Collaboration
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Figure 9: Left: ratios between prompt D0, D+, D⇤+, and D+
s mesons production cross sections in pp collisions

at
p

s = 13 TeV and those in pp collisions at
p

s = 5.02 TeV [19, 23] as a function of pT. Right: ratios between
the prompt L+

c -, X0
c-, and X+

c -baryon production cross sections in pp collisions at
p

s = 13 TeV and those in
pp collisions at

p
s = 5.02 TeV [32, 33, 35, 51] as a function of pT. Vertical bars (boxes) report the statistical

(systematic) uncertainties.

vals at forward rapidity (top-left: 2 < y < 2.5, top-right: 3 < y < 3.5, bottom-left: 4 < y < 4.5) in pp
collisions at

p
s = 13 TeV. The uncertainties of the measurement involved in the ratios were propagated

as fully uncorrelated. Within current uncertainties, a common trend and magnitude are observed among
the different D-meson species in all three rapidity intervals. The significant increase at high pT of such
ratios when going to more forward regions suggests softer pT-spectra at forward rapidity. Such behaviour
is reproduced by FONLL calculations, as discussed in Refs. [19, 22].

As discussed in Ref. [30], the uncertainty on the PDFs in FONLL calculation can be severely constrained
at small values of Bjorken-x (10�4 �10�5) [30] by performing precise measurements of ratios at differ-
ent centre-of-mass energies of D-meson production cross sections in different rapidity intervals. The
computation of such ratios between measurements at different energies and rapidity intervals was per-
formed considering the pT-differential cross section of the prompt D0 mesons measured at midrapidity
(|y| < 0.5) and those measured at forward rapidity by the LHCb Collaboration [27, 28]. The choice of
using the prompt D0 mesons for this study is motivated by the observation that the pT dependence of
the cross sections of the different D-meson species are compatible among each other (as can be seen in
Fig. 10) and that the measurements of prompt D0 mesons are the most precise down to pT = 0. The ratios
are shown in Fig. 11 and compared with FONLL predictions. In the top row, the pT-differential ratios
between the prompt D0-meson production cross section at midrapidity and that at forward rapidity (left:
2 < y < 2.5, middle: 3 < y < 3.5, right: 4 < y < 4.5) measured by the LHCb Collaboration are shown in
pp collisions at

p
s = 5.02 TeV and 13 TeV. The results at the two energies are fully compatible within

uncertainties when the forward rapidity interval 2 < y < 2.5 is considered. However, when moving to
more forward rapidities the ratio in pp collisions at

p
s = 5.02 TeV gets systematically higher than the

one at
p

s = 13 TeV, with a hint of a harder pT shape for the ratio at lower energy. This behaviour reflects
the different Bjorken-x values, which depend on

p
s for the same hadron rapidity and pT, that are probed

by measuring a charm hadron in several rapidity intervals at different centre-of-mass energies. Such
values at low pT go from x ⇠ 10�4 at midrapidity to x ⇠ 10�6 at y = 4.5.

The results obtained at
p

s = 13 TeV can be further divided by those at
p

s = 5.02 TeV for each rapidity
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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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