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D0 hadrons are reconstructed via

Topological and kinematic selections on decay products

Analysis steps : reconstructing the HF hadron and jet finding
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Jet reconstruction

Jet finding performed after decay daughters are 
replaced by the HF candidate  

Anti-kT jets with R=0.42  pD
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T < 36 GeV/c
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HF-jet tagging at ALICE
• Tagged by fully reconstructing the HF hadron, 

Vit Kučera, Inha University
– Reconstruction in ALICE possible via                 

hadronic decays
• Identify decay products with ALICE’ PID capabilities
• Exploit topological constraints (displaced production 

vertex)
• Select candidates and extract signal via invariant mass fit
• The HF hadron is our best proxy for the final kinematics of 

the heavy-quark in the shower
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Ø Excellent tracking and PID capabilities at ALICE allow for the 
full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks
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full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks
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Ø Excellent tracking and PID capabilities at ALICE allow for the 
full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks

Ø Full reconstruction of the D0 : Replace 4-momenta of 
daughters with that of D0
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HF-jet tagging at ALICE
• Tagged by fully reconstructing the HF hadron, 

Vit Kučera, Inha University
– Reconstruction in ALICE possible via                 

hadronic decays
• Identify decay products with ALICE’ PID capabilities
• Exploit topological constraints (displaced production 

vertex)
• Select candidates and extract signal via invariant mass fit
• The HF hadron is our best proxy for the final kinematics of 

the heavy-quark in the shower
– Jet finding performed after decay daughters are 

replaced by the HF candidate
• The kinematics of the jet provides access to the kinematics 

of the initial scattered HF quark

4

Heavy-Flavour at ALICE

Nima Zardoshti - LHC Jets & EW Bosons 30

Ø Excellent tracking and PID capabilities at ALICE allow for the 
full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks

Full Reconstruction of HF Candidates
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Ø Excellent tracking and PID capabilities at ALICE allow for the 
full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks

Ø Full reconstruction of the D0 : Replace 4-momenta of 
daughters with that of D0

Heavy Flavour Jets – D0
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Ø Excellent tracking and PID capabilities at ALICE allow for the 
full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks

Ø Full reconstruction of the D0 : Replace 4-momenta of 
daughters with that of D0

Ø Tag charm jets via the presence of a D0 candidate
Accessing the Charm Quark
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Ø Excellent tracking and PID capabilities at ALICE allow for the 
full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks

Ø Full reconstruction of the D0 : Replace 4-momenta of 
daughters with that of D0

Ø Tag charm jets via the presence of a D0 candidate

Ø Charm flavour conserved throughout fragmentation :
Ø Full reconstruction of D0 allows for tracing of charm 

quark throughout shower
Ø Access to partonic splittings of the charm quark



Charm hadron reconstruction

D0 hadrons are reconstructed via

Topological and kinematic selections on decay products

Analysis steps : reconstructing the HF hadron and jet finding

Nima Zardoshti

9

Jet reconstruction

Jet finding performed after decay daughters are 
replaced by the HF candidate  

Anti-kT jets with R=0.42  pD
0

T < 36 GeV/c
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5  pjetT < 50 GeV/c
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HF-jet tagging at ALICE
• Tagged by fully reconstructing the HF hadron, 

Vit Kučera, Inha University
– Reconstruction in ALICE possible via                 

hadronic decays
• Identify decay products with ALICE’ PID capabilities
• Exploit topological constraints (displaced production 

vertex)
• Select candidates and extract signal via invariant mass fit
• The HF hadron is our best proxy for the final kinematics of 

the heavy-quark in the shower
– Jet finding performed after decay daughters are 

replaced by the HF candidate
• The kinematics of the jet provides access to the kinematics 

of the initial scattered HF quark

• Jet–D 0 correlations with ML, IPHC Strasbourg
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Ø Excellent tracking and PID capabilities at ALICE allow for the 
full reconstruction of HF candidates

Ø Topological and PID selections on daughter tracks

Ø Full reconstruction of the D0 : Replace 4-momenta of 
daughters with that of D0

Ø Tag charm jets via the presence of a D0 candidate

Ø Charm flavour conserved throughout fragmentation :
Ø Full reconstruction of D0 allows for tracing of charm 

quark throughout shower
Ø Access to partonic splittings of the charm quark



b-tagging at ALICE

  

Rüdiger Haake 18Machine learning in ALICE

Jets: Heavy-flavor jet tagging

● Jets from b-/c-quarks interesting probes in heavy-ion collisions
● In-medium modification of b-jets different to udsg-jets

● Larger energy loss for gluons than quarks (color charge)
● “Dead cone effect”: For massive quarks, gluon bremsstrahlung 

suppressed at smaller angles w.r.t. parton direction

● Approach in ALICE: deep learning tagger
● Exploit that B-hadrons decay in the 

(sub-)millimeter range

→ displaced from primary vertex

→ reconstruct secondary vertices

● “Conventional” approach: Rectangular 

cuts on properties of most displaced 

vertices
● Ansatz here: Apply neural network to 

several low-level input parameters http://bartosik.pp.ua/hep_sketches/btagging
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• b -jets are tagged using algorithms that exploits the long life 
time of the b hadrons (no beauty hadron reconstruction)
– Low level taggers

• Impact parameter and secondary vertex based,                             
JHEP 01 (2022) 178, LPSC Grenoble, Hyungjun Lee, SKKU for 
LHC Run 3
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time of the b hadrons (no beauty hadron reconstruction)
– Low level taggers

• Impact parameter and secondary vertex based,                             
JHEP 01 (2022) 178, LPSC Grenoble, Hyungjun Lee, SKKU for 
LHC Run 3

Measurement of b-jets in pp and p-Pb collisions

I b-jets are tagged using
algorithms that exploits the long
life time of the b hadrons (no
beauty hadron reconstruction
was made).

I The b-jets has been measured in
pp and pPb collisions atp
sNN = 5.02 TeV.

I The results are in agreement
with the NLO pQCD calculation
from POWHEG.

I The RpPb is consistent with
unity indicating that the b-jet
production is not a↵ected by the
cold nuclear matter e↵ects
present in p-Pb collisions.

ALI-PUB-522248

ALI-PUB-522268
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b-tagging at ALICE

5

• b -jets are tagged using algorithms that exploits the long life 
time of the b hadrons (no beauty hadron reconstruction)
– Low level taggers

• Impact parameter and secondary vertex based,                             
JHEP 01 (2022) 178, LPSC Grenoble, Hyungjun Lee, SKKU for 
LHC Run 3

– High level taggers
• Applied deep-learning techniques to several low-level parameters

Machine and deep learning techniques in heavy-ion collisions with ALICE Rüdiger Haake

To measure the performance in p–Pb collisions, the Monte Carlo dataset used for the training and
evaluation of the performance was created with PYTHIA [4] and HIJING [5] at

p
sNN = 5.02 TeV.

The model was trained using 200 000 jets for each class. During the training, the performance
was evaluated on an independent validation dataset of 50 000 jets per class. The testing dataset
used for the analysis consists of roughly 2M udsg-jets, 500 000 c-jets, and 580 000 b-jets. The jets
have been reconstructed using FastJet [6] with the anti-kT algorithm [7] and resolution parameter
R = 0.4.

2.2 Results

To evaluate the performance of the present b-tagging algorithm, the mistagging efficiencies
have been calculated. The mistagging efficiency represents the fraction of jets of a certain true type
that has been wrongly tagged as b-jets. In this context, the b-jet efficiency is the fraction of tagged
b-jets out of the true full sample. The mistagging efficiencies are compared to existing simulation
results from ALICE using a cut-based approach [8].

b-jet efficiency
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Figure 2: c- and udsg-jets (mis-)tagging efficiencies for several b-jet efficiencies for jets with 30  pT,jet <
40 GeV/c and comparison to cut-based results.
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• Flavour tagging with graph neural networks in pp collisions at 
ALICE for LHC Run 3, Changhwan Choi, Sanghoon Lim, Pusan 
National University

CNN



Beauty-jet production in pp collisions

• Identification of b -jets using 
impact-parameter distributions

• A hardening of the pT
spectrum can be observed at 
higher collision energies

6



Charm-jet production in pp collisions

• Jet resolution parameter 
dependence
– Probes the angular profile 

of the parton shower
• Agreement with pQCD 

calculations in pp 
collisions
– Calibrated baseline for 

Pb–Pb collisions

7

Jet resolution parameter (R) dependence 
probes the angular profile of the parton 
shower.

Agreement with pQCD in pp collisions
→ calibrated baseline for Pb–Pb collisions

Charm-jet production in pp collisions

3Vít Kučera — Heavy-flavour jet measurements in pp and Pb–Pb collisions by ALICE — Rencontres de Moriond 2023: QCD

arXiv:2204.10167 [nucl-ex]
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D 0 fragmentation function
• HF-tagged jets provide a handle on the 

evolution of quarks to hadrons

8

D0 fragmentation function
Hadronisation stage of charm-quark fragmentation

8

arXiv:2204.10167 [nucl-ex]

Measured in a wide phase-space region:
√s = 5.02 TeV, 13 TeV
Jet pT ∈ [5, 50] GeV/c
D0 pT ∈ [2, 36] GeV/c
R = 0.2, 0.4, 0.6

zch
|| = (phadron · pch jet)/p
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ch jet

pch jet

phadron
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jet pT

• Measured in a wide phase-space region:
– √s = 5.02 TeV, 13 TeV
– Jet p T ∈ [5, 50] GeV/c
– D 0 p T ∈ [2, 36] GeV/c
– R = 0.2, 0.4, 0.6
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• Good description by models at high jet p T and 
small R

• Hint of a softer fragmentation in data w.r.t. 
model predictions (especially NLO) for    low p T jet and larger R

• The core of the jet (R = 0.2) is dominated by 
the HF hadron, as expected from the 
suppression of small angle emissions

• At large angles (R > 0.2) the charm quark 
emissions are recovered



Modification of charm jets in Pb–Pb

9

• Ratio of normalised differential yields
of D0-tagged jets in central Pb–Pb
and pp collisions

• Hint of higher RAA of charm jets 
compare to inclusive jets
– Mass dependence of parton energy loss

• Casimir color factors
• Dead-cone effect



Ds fragmentation function

• First z ch
∥ measurement for Ds

– Exploring the effect of strangeness in 
the production of strange charm hadrons

• Hint of harder fragmentation into Ds 
than into D 0

10

First zch
|| measurement for Ds

+

Exploring the effect of strangeness in the production 
of strange charm hadrons

Ds
+ fragmentation function

Hadronisation stage of charm-quark fragmentation
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First zch
|| measurement for Ds

+

Exploring the effect of strangeness in the production 
of strange charm hadrons

Harder fragmentation into Ds
+ than into D0

Ds
+ fragmentation function

Hadronisation stage of charm-quark fragmentation
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Λc fragmentation function
• The study of charm-baryon production 

in jets can provide insights into 
hadronization mechanisms in pp 
collisions
– A more differential look at the baryon-to-

meson ratio enhancement in pp w.r.t. 
ee/ep collisions
• First z ch

∥ measurement for Λc in hadronic 
collisions

• Proof of feasibility of heavy-flavour baryon 
fragmentation measurements down to low p T

• Strong discrimination power for 
hadronisation models

11

A more differential look at the baryon–meson ratio enhancement in pp w.r.t. ee/ep collisions

First zch
|| measurement for Λc

+ in hadronic collisions

Proof of feasibility of heavy-flavour baryon fragmentation
measurements down to low pT

Strong discrimination power for hadronisation models

Λc
+ fragmentation function

12Vít Kučera — Heavy-flavour jet measurements in pp and Pb–Pb collisions by ALICE — Rencontres de Moriond 2023: QCD

arXiv:2301.13798 [nucl-ex]
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A more differential look at the baryon–meson ratio enhancement in pp w.r.t. ee/ep collisions

First zch
|| measurement for Λc

+ in hadronic collisions

Proof of feasibility of heavy-flavour baryon fragmentation
measurements down to low pT

Strong discrimination power for hadronisation models

Hint of softer fragmentation into Λc
+ than into D0

New way of constraining hadronisation mechanisms
(e.g. local parton density dependence of fragmentation)

Λc
+ fragmentation function
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– Hint of softer fragmentation into Λc than 
into D  

0

• New way of constraining hadronisation 
mechanisms (e.g. local parton density 
dependence of fragmentation)



Dead-cone effect
• Ratio of emission angle distributions for charm quarks and inclusive partons 

reveals the dead-cone effect
– First direct observation in QCD

12

Ratio of distributions of splitting angles θ for heavy-flavour jets and inclusive jets

Dead-cone effect

5

Significant suppression of 
small-θ emissions at low energy

Dead cone closing with 
increasing ERadiator

First direct observation in QCD

Nature 605 (2022) 440–446

kTθ

Vít Kučera — Heavy-flavour jet measurements in pp and Pb–Pb collisions by ALICE — Rencontres de Moriond 2023: QCD
Nature 605 (2022) 440–446

• Significant suppression of 
small-θ emissions at low 
energy

• Dead cone narrows with 
increasing E Radiator
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Summary
• Heavy-flavour jets are excellent probes for perturbative and non-

perturbative QCD processes
– More data and better tracking resolution in Run 3 → better accuracy
– Address the beauty sector (fully reconstructed b -hadrons in jets)

• Better characterisation of hadronisation mechanisms from 
fragmentation functions of Λc  and D 0, 𝜩c under study at Inha Univ.
– Local parton multiplicity effects

• Substructure of charm and beauty jets
– Low p T: dead-cone effect for charm vs beauty
– High p T: Casimir colour factors for quarks vs gluons

• Pb–Pb collisions: probe to study QGP
– Modification of heavy-quark fragmentation
– Mass dependence of parton energy loss

• ALICE’ upgrade program beyond LHC Run 3, Inha Univ., PNU, SKKU, 
IPHC, LPSC, IP2I
– LS3 (2026–2028): new upgrades for LHC Run 4

• ITS3: truly cylindrical silicon layers made of ultra-thin wafer-size MAPS 
• Improve heavy flavour particle performance

– Beyond Run 4: continue the heavy-ion programme during the HL-LHC era
• Proposal of a new experiment ALICE 3 with “nearly-massless” tracker installed 

during LS4
• Multi-charm and beauty particles13

A Large Ion Collider Experiment

2022 pp processing plans and timeline 

13Luciano Musa (CERN) | CERN RRB | 26 October 2022

● Expected integrated luminosity @ 650 kHz inelastic interaction rate (~14/pb ~1.1e12 collisions)

● Calibrations needed for full event reconstruction (pass 1) expected in December 

● During YETS most of EPNs available for reconstruction
○ pass 1 reconstruction on EPN farm (CPU + GPU) takes ~3 months (Jan-Mar)
○ 2 months to tune and validate selections on pass 1 AO2Ds (Feb-Mar) 
○ Skim CTFs with total ~10-3 rejection factor before the end of EYETS (April)

● 2022 pp data will be removed once skimmed with event selections

● In addition, plan to keep ~10% of the same as MB (~1/pb)

Summary

ALICE 3 opens new era of discovery potential and 
precision in QCD 

Designed by heavy-ion physicists for heavy-ion physics 

✓Extremely versatile setup allows for very broad 
physics program within and beyond QCD 

Continues hugely successful endeavor of pushing the 
world’s most powerful microscopes to new limits 
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