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Heavy quarks across collision systems

▶ Large masses of charm and beauty quarks : produced in hadronic collisions from hard

parton-scattering processes

▶ proton-proton collisions

– test of perturbative-QCD calculations

– insights on heavy-quark hadronisation

▶ p–Pb collisions

– test modification of parton distribution functions

in bound nucleons

▶ Pb–Pb collisions

– produced before quark-gluon plasma (QGP)

– experience the full system evolution

– sensible to parton energy loss, collective motion,

and hadronisation modifications

b-quark

B

c-quark

D
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Strange heavy-quark hadron production vs multiplicity

ALI-PUB-498577

▶ Strange hadrons over pion yield ratio larger in heavy-ion than

minimum-bias pp collisions : strangeness enhancement

– smooth increase with event multiplicity

– no clear collision-system dependence

▶ What about strange charm hadrons?

– do their production evolve with event

multiplicity?

– are they sensitive to QGP-induced

effects (e.g. strangeness enhancement,

coalescence, flow, ...)?
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EPJC 80 (2020) 693

Credits: M. Faggin

https://link.springer.com/article/10.1140/epjc/s10052-020-8125-1


A Large Ion Collider Experiment (LHC Run 2)

Inner Tracking System

Time Projection Chamber

Time-of-Flight detector

V0 detectors

Measured at midrapidity |y | < 0.5
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N.b. This talk focus mainly

on charm mesons!

For more on charm baryons:

F. Zanone, 23rd Sep 17:50

https://indico.cern.ch/event/1339555/contributions/6040976/


The ALICE experiment in LHC Run 3

▶ ALICE performed several upgrades in view of the LHC Run 3

– data acquisition in continuous readout mode : higher rates: 500 kHz in pp and 50 kHz in Pb–Pb

– updated TPC readout. New Fast Interaction Trigger and Muon Forward Tracker detectors

– upgraded ITS2 detector (finer granularity since fully pixels, first layer closer to beam pipe, lower X0)
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▶ Improved impact-parameter

resolution for charm hadrons

thanks to ITS2 detector

▶ Better separation between

primary vertex and

heavy-quark hadron decay

points
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Strange over non-strange D-meson ratio
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ALI−PUB−568840

▶ Prompt and non-prompt D+
s /(D

0 +D+) ratios in pp collisions do not depend significantly on pT
and collision energy
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JHEP 05 (2021) 220 arXiv:2402.16417

FONLL: JHEP 1210 (2012) 137 PYTHIA 8: EPJC 74 (2014) 3024

Prompt : from charm-quark hadronisation or excited charm-hadron decays. Non-prompt : from beauty-hadron decays

https://link.springer.com/article/10.1007/JHEP05(2021)220
https://arxiv.org/abs/2402.16417
https://link.springer.com/article/10.1007/JHEP10(2012)137
https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y


Charm and beauty strange-to-non-strange fragmentation fractions
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ALI−PUB−568844

▶ Charm- and beauty-quark fs/(fu+ fd) compatible between different collision systems and energies

▶ Beauty fs/(fu + fd) ≃ charm fs/(fu + fd)
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JHEP 12 (2023) 086 arXiv:2402.16417
PYTHIA 8: EPJC 74 (2014) 3024

More on beauty sector:

A. Tavira Garcia, 23rd Sep 14:40

https://link.springer.com/article/10.1007/JHEP12(2023)086
https://arxiv.org/abs/2402.16417
https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y
https://indico.cern.ch/event/1339555/contributions/6040889/


Prompt D+
s /D

+ ratio in Run 3 pp collisions
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ALI−PREL−571590

▶ First measurement of prompt D+
s /D

+ ratio in pp collisions at
√
s = 13.6 TeV

– improved measurement granularity and pT reach w.r.t. ALICE Run 2 results

▶ No significant energy and rapidity dependence observed
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New! New!



Prompt D+
s /D

+ ratio in Run 3 pp collisions

ALI-PREL-571922

▶ PYTHIA 8

– Monash : colour reconnection among multiparton

interactions only with leading-colour topology

– CR Modes : string formation beyond

leading-colour approximation, resulting in baryon

enhancement

▶ Catania and POWLANG

– hadronisation via coalescence and fragmentation

processes in a thermalised QGP-like system

▶ Catania qualitatively describes the D+
s /D

+ ratio

– PYTHIA 8 and POWLANG underestimate or

overestimate the measurement

24/09/2024 — Hard Probes F. Catalano 8

PYTHIA 8: JHEP 08 (2015) 003 Catania: PLB 821 (2021) 136622 POWLANG: arXiv:2306.02152

New!

https://link.springer.com/article/10.1007/JHEP08(2015)003
https://www.sciencedirect.com/science/article/pii/S0370269321005621
https://arxiv.org/abs/2306.02152


Strange charm hadrons vs multiplicity

▶ D+
s /D

0 ratio in pp at midrapidity not

dependent on event multiplicity

– agreement with PYTHIA 8 predictions

– described by canonical-ensemble

statistical hadronization model

(CE-SH) at low multiplicity

▶ Hint of pT dependence for Ξ0
c/D

0 ratio

– no multiplicity dependence observed

given current uncertainties

– significantly underestimated by

PYTHIA 8 calculations
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PLB 829 (2022) 137065PYTHIA 8: JHEP 08 (2015) 003 CE-SH: PLB 815 (2021) 136144

More on charm baryons: F. Zanone, 23rd Sep 17:50

https://www.sciencedirect.com/science/article/pii/S037026932200199X
https://link.springer.com/article/10.1007/JHEP08(2015)003
https://www.sciencedirect.com/science/article/pii/S0370269321000848
https://indico.cern.ch/event/1339555/contributions/6040976/


Strange D-meson resonances production

ALI-PUB-579884 ALI-PUB-579889

▶ First measurement of prompt D+
s -resonance production in pp collisions

– D+
s1/D

+
s and D∗+

s2 /D
+
s ratios flat vs. charged-particle multiplicity, as ground-state D-meson ratios

– multiplicity trend described by SHM, SHMc, EPOS4HQ models and by PYTHIA 8 calculations
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arXiv:2409.11938
SHM: PLB 795 (2019) 117-121 SHMc: JHEP 07 (2021) 035 PYTHIA 8: EPJC 74 (2014) 3024 EPOS4HQ: PRD 109 (2024) 054011

New! New!

https://arxiv.org/abs/2409.11938
https://www.sciencedirect.com/science/article/pii/S037026931930382X?via
https://link.springer.com/article/10.1007/JHEP07(2021)035
https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.054011


Strange D-meson resonances production

ALI-PUB-579894

▶ D+
s1/D

+
s and D∗+

s2 /D+
s ratios in pp

collisions in agreement with those

measured in e+e− and e−p collisions

within 2.1σ

▶ Production ratios fairly described by

statistical hadronisation models SHM

and SHMc

24/09/2024 — Hard Probes F. Catalano 11

arXiv:2409.11938

SHM: PLB 795 (2019) 117-121 SHMc: JHEP 07 (2021) 035

ZEUS: EPJC 60 (2009) 25-45

OPAL: ZPC 76 (1997) 425-440

ALEPH: PLB 526 (2002) 34-49

New!

https://arxiv.org/abs/2409.11938
https://www.sciencedirect.com/science/article/pii/S037026931930382X
https://link.springer.com/article/10.1007/JHEP07(2021)035
https://link.springer.com/article/10.1140/epjc/s10052-009-0881-x
https://link.springer.com/article/10.1007/s002880050566
https://www.sciencedirect.com/science/article/pii/S0370269301014654


Strange and non-strange D-meson RAA

Nuclear modification factor

RAA(pT) =
1

⟨TAA⟩
dNAA/dpT
dσpp/dpT

Semicentral

30-50%

Central

0-10%
1−10×4 1 2 3 4 5 6 10 20 30

)c (GeV/
T

p

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6A
A

R | < 0.5y|

-extrap. reference
T

popen markers: 

Species uncorr. sys. unc.

Species corr. sys. unc.

50%−Centrality 30
+

s
Prompt D

+
, D*

+
, D

0
Prompt average D

50%−Centrality 30
+

s
Prompt D

+
, D*

+
, D

0
Prompt average D

1−10×4 1 2 3 4 5 6 10 20 30
)c (GeV/

T
p

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6A
A

R ALICE  = 5.02 TeV
NN

sPb, −Pb

-extrap. reference
T

popen markers: 

10%−Centrality 0
+

s
Prompt D

+
, D*

+
, D

0
Prompt average D

10%−Centrality 0
+

s
Prompt D

+
, D*

+
, D

0
Prompt average D

ALI−PUB−522146

▶ Hint of reduced suppression (∼ 1σ) for D+
s w.r.t. non-strange D mesons for pT < 8 GeV/c

– expected for hadronisation via coalescence + strangeness enhancement in the QGP
I. Kuznetsova et al. EPJC 51 (2007) 113
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PLB 827 (2022) 136986

More on heavy flavours in Pb–Pb:

B. Zhang, 23rd Sep 16:50

https://link.springer.com/article/10.1140/epjc/s10052-007-0268-9
https://doi.org/10.1016/j.physletb.2022.136986
https://indico.cern.ch/event/1339555/contributions/6040889/


Strange and non-strange D-meson RAA

Nuclear modification factor

RAA(pT) =
1

⟨TAA⟩
dNAA/dpT
dσpp/dpT

Semicentral

30-50%

Central

0-10%
1−10×4 1 2 3 4 5 6 10 20 30

)c (GeV/
T

p

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8A
A

R  average
+

, D*
+

, D
0

Prompt D | < 0.5y|

LGR TAMU

PHSD Catania

-extrap. reference
T

popen markers: 

1−10×4 1 2 3 4 5 6 10 20 30
)c (GeV/

T
p

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8A
A

R ALICE  = 5.02 TeV
NN

sPb, −10% Pb−0
+

s
Prompt D

-extrap. reference
T

popen markers: 

ALI−PUB−522150

▶ Hint of reduced suppression (∼ 1σ) for D+
s w.r.t. non-strange D mesons for pT < 8 GeV/c

– expected for hadronisation via coalescence + strangeness enhancement in the QGP
I. Kuznetsova et al. EPJC 51 (2007) 113

▶ Charm-quark transport models including coalescence catch the hierarchy RAA(D
+
s ) > RAA(D)
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LGR: EPJC 80 (2020) 671 PHSD: PRC 92 (2015) 014910

TAMU: PRL 124 (2020) 042301 Catania: PRC 96 (2017) 044905PLB 827 (2022) 136986

https://link.springer.com/article/10.1140/epjc/s10052-007-0268-9
https://doi.org/10.1140/epjc/s10052-020-8243-9
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.014910
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.044905
https://doi.org/10.1016/j.physletb.2022.136986


Strange D-meson elliptic flow in Run 3

Elliptic flow

v2 = ⟨cos[2(φ−Ψ2)]⟩

ALI-PREL-581264

▶ Prompt D+
s -meson v2 measured for semicentral collisions using Run 3 Pb–Pb data sample

– current (partial) sample about 4x larger than Run 2 one

– measurement precision significantly improved w.r.t. Run 2 results
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New!



Strange D-meson elliptic flow in Run 3

ALI-PREL-581279 ALI-PREL-581250

▶ Prompt D+
s -meson v2 measured for semicentral collisions using Run 3 Pb–Pb data sample

▶ No significant difference between strange and non-strange D mesons

– strange D-meson elliptic flow reproduced by TAMU and PHSD models

24/09/2024 — Hard Probes F. Catalano 15

TAMU: PRL 124 (2020) 042301 PHSD: PRC 92 (2015) 014910

New! New!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.014910


Summary and outlook

▶ Prompt and non-prompt strange charm-hadron production measurements

– probe the charm- and beauty-quark fragmentation in pp collisions

– in Pb–Pb, support heavy-quark hadronisation via coalescence and charm thermalisation in the QGP

▶ Measurement precision

significantly improves in Run 3

– larger data samples. In pp

collisions also thanks to

software triggers

– better detector performance

Stay tuned for further upcoming

ALICE Run 3 measurements!
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Prompt and non-prompt D+
s mesons

▶ D+
s mesons

– Prompt, from charm-quark hadronisation or excited charm-hadron decays

– Non-prompt, from beauty-hadron decays

PV

SV

Prompt D
Decay Length

PV

SV

Non-prompt D

Hb

Decay Length

▶ Non-prompt D+
s mesons : B0

s -meson production

– ∼ 50% from B0
s decays and ∼ 50% from non-strange B

▶ Possible to disentangle prompt and non-prompt D+
s

– beauty hadrons have cτ ≃ 500 µm

– non-prompt D+
s on average more displaced from the

interaction vertex

– different topology and kinematic features

▶ ML to separate prompt D+
s mesons, non-prompt D+

s

mesons and combinatorial background
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Raw yields of strange D-meson resonances in Run 2
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Charm-quark fragmentation fractions
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▶ Charm-quark fragmentation fractions obtained

from measurements of charm-hadron

production cross sections

▶ Results in pp and p–Pb collisions are in good

agreement

▶ Significant modifications w.r.t. e+e− and e±p

collisions : enhanced baryon production

– Λ+
c baryon higher by factor ∼ 3.3

– non-strange D mesons lower by factor ∼ 1.5
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Non-prompt D+
s -meson RAA

▶ Hint of enhancement of non-prompt RAA(D
+
s )/RAA(D

0) ratio for 4 < pT < 12 GeV/c in

central collisions

– hadronisation via coalescence + strangeness enhancement in the QGP
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▶ Hint of non-prompt

RAA(D
+
s ) > prompt

RAA(D
+
s ) in central

collisions

– mass-dependent

parton energy loss

▶ Results qualitatively

described by TAMU

24/09/2024 — Hard Probes F. Catalano

PLB 846 (2023) 137561

TAMU: PLB 735 (2014) 445-450, PRL 124 (2020) 042301

https://www.sciencedirect.com/science/article/pii/S0370269322006955
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Non-prompt D+
s -meson RAA
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Strange and non-strange D-meson elliptic flow
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▶ Positive v2 of prompt D mesons : charm quarks participate in the QGP collective motion

– no significant difference between strange and non-strange D mesons

▶ Strange D-meson elliptic flow reproduced by TAMU and PHSD models
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