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Heavy flavours: unique probes of pQCD

• Charm and beauty quarks have large masses: mc ~ 1.3 GeV/c2, mb ~ 4.2 GeV/c2

– Produced in initial hard scatterings with large transferred momentum 𝑄!
• 𝑚!,# ≫ Λ$%& ⇒ production calculable within pQCD
• 𝜏(HF) ≲ 0.1 fm/c < 𝜏(QGPform., LHC) ≈ 0.3 fm/c (PRC 89 (2014) 034906)

• Interesting probes in different collision systems
– pp collisions: test of pQCD-based models

• Heavy quarks production
• Hadronisation
• Parton Distribution Functions (PDFs)
• Reference for heavy-ion collisions

– Heavy-ion collisions
• Heavy quarks transport
• Thermalisation
• Energy loss in the QGP 

• Colour-charge and quark-mass dependence
• Modification of hadronisation
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ALICE-HF project overview
• Focus on Run 3 data analysis
• Exclusive reconstruction of hadronic decays

– Charm-baryon production measurements in pp, pPb, and Pb–Pb collisions
• Measurement of Ξ!' baryon via hadronic decay channel in pp collisions at 13 TeV and 

13.6 TeV, Jaeyoon Cho Inha Univ.
• Measurement of multiplicity dependent Ξ!( via semileptonic decay channel in pp collisions at 

13 TeV, Jinhyun Park Pusan Nat. Univ.
– Beauty-meson production in pp collisions at 13.6 TeV

• Exclusive reconstruction of B0 mesons in the 𝐵( → 𝐷)𝜋' → 𝜋)𝐾'𝜋)𝜋'decay channel, 
Alexandre Bigot IPHC

• (Heavy-flavor) jets
– Charged-jet measurements in pp collisions at 13.6 TeV and Pb–Pb collisions at 

5.36 TeV, Joonsuk Bae SKKU, Aimeric Landou LPSC
– Jets tagged with heavy-flavor quarks in pp collisions allow us to investigate the 

evolution of quark-initiated parton showers, Vit Kucera Inha Univ
– b-tagging algorithms, Clément Lotteau IP2I, Hyungjun Lee SKKU, Changhwan Choi 

Pusan Nat. Univ.
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ALICE physics performance in Run 3
• LS2 (2019–2021) major upgrades 

of the ALICE detector
– Continuous readout (up to 500 kHz in 

pp and 50 kHz in Pb–Pb)
• Selection of interesting physics events 

using high-level offline trigger 
selections

• Larger data samples
– Improved pointing resolution at 

midrapidity by a factor of 3 (6) in the 
transverse plane (beam-line 
direction) compared to Run 2

• Careful consideration of new 
challenges introduced by 
continuous readout

• Continued progress in 
understanding new detector 
behaviour4

A Large Ion Collider Experiment
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Run-3 physics performance examples
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LS2 upgrades: improved pointing resolution and larger data samples

BiaoZhang 
biao.zhang@cern.chALICE detector for Run 3  6

New ITS : CMOS Pixel, MAPS improved 
resolution and fast readout

Upgrade TPC: Gas Electron Multiplier 
Faster and continuous readout

Time-of-flight 
detector: PID

New Fast Interaction Trigger (FIT): 
Centrality, event plane, luminosity and 
interaction time

Successful 2023 heavy-ion run collected 

1.6 nb-1, approx. 11.5 G min. bias events



Run 3 data taking
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A Large Ion Collider Experiment

Run 3 data taking
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Large heavy-ion data sample collected 

in 2023; first results shown at conferences

Recorded Pb-Pb luminosity
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Recorded p-p luminosity

Large pp samples collected (with offline trigger selections)

2024 data taking progressing very well

Recorded p–p luminosity Recorded Pb–Pb luminosity

Large pp samples collected (with offline trigger 
selections) 
2025 data taking progressing very well

Large heavy-ion data sample collected in 
2023 (1.6 nb-1, approx. 11.5 G min. bias 
events, × 30 more as compared to Run 2); 
first results shown at conferences



B 
0 meson reconstruction

• First observation of fully reconstructed 
open-beauty hadrons with ALICE
– Exclusive reconstruction of 𝐵! mesons in 

the 𝐵! → 𝐷"𝜋# → 𝜋"𝐾#𝜋"𝜋#decay 
channel
• 𝐵! candidates are built by combining a 𝐷" 

candidate with a displaced charged pion
• Raw signal extracted from a fit to the invariant 

mass distribution of selected candidates
• BDTs used to 

• Enhance the contribution from non-prompt 𝐷!
• Separate signal/background 𝐵" candidates

• Results presented at QM 2025
• Used as basis for future 𝐵!-tagged jet 

measurements to be investigated w/i 
the ALICE-HF project
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Fabrizio Chinu Quark Matter 2025, Frankfurt

B0 meson reconstruction

21/34

● Exclusive reconstruction of B0 mesons 
in the B0→D–𝜋+→𝜋–K+𝜋–𝜋+ decay channel

● D– candidates are built from triplets of tracks with 
the proper charge sign, selected with OTS
♢ BDT selections applied to enhance the 

contribution from non-prompt D–

● B0 candidates are built by combining a D– 
candidate with a displaced charged pion
♢ Selections applied using a BDT model trained to 

separate signal/background B0 candidates

Meson Mass (GeV/c2) c𝜏(µm) Decay BR(%)

B0 5.280 455 D–𝜋+ 0.25

D– 1.870 310 𝜋–K+𝜋– 9.38
B0

D–

𝜋+

K+𝜋–

𝜋–

PV

Fabrizio Chinu Quark Matter 2025, Frankfurt

B0 meson signal extraction

23/34

● Clear signal peak in invariant mass distribution

♢ First observation of fully reconstructed 
open-beauty hadrons with ALICE

● Raw signal extracted from a fit to the invariant 
mass distribution of selected candidates

● Important contribution from correlated 
backgrounds

♢ Partly-reconstructed B0 decays

♢ Misidentified decay products 

➭ Templates from MC simulations

~8000 B0

New!

ALICE, Preliminary Physics Summary

ALICE-PUBLIC-2025-004
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Fabrizio Chinu Quark Matter 2025, Frankfurt

B0 meson production cross section

25/34

● B0 meson production cross section measured 
down to very low pT (1 GeV/c)

➭ Crucial for pT integrated cross section 

● Extension of the kinematic region explored by 
existing measurements at midrapidity 

● Results compatible with FONLL predictions 
within uncertainties

B0/B+ ratio ~ 1

CMS, PLB 771 (2017) 435-456

New!

￼



Charm-baryon measurements
• Multiplicity dependent 
Ξ"
!,$	production in pp collisions 

at 13 TeV
– BDT algorithm to select Ξ!" 

candidates
– Results presented at SQM 2024

• First studies of charm-baryon 
reconstruction using the large 
data sample of pp collisions at 
13.6 TeV

• Used as basis for future Ξ"!,$-
tagged jet measurements to be 
investigated w/i the ALICE-HF 
project 
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Investigation of charm-quark hadronisation into 
baryons in hadronic collisions with ALICE
Award for the best experimental talk at SQM 
2024 conference, June 3–7 2024, Strasbourg
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Charged-jet in pp collisions

• First charged-jet spectrum measurement 
with Run 3 data
– Unfolding of detector effects 
– Consistent with the same measurement 

performed at 13 TeV
– Comparison to pQCD-based models
– Results presented at HP 2024

• Next Steps
– UE subtraction 
– Reducing systematics

• Van Der Meer scans will reduce the error on the 
luminosity which is currently significant

– Vary R
– Multiplicity dependence

• Study jet quenching in extremely high multiplicity 
pp events, e.g. 0.1% highest multiplicity
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Charged-jet in Pb–Pb collisions
• Measurement of the jet RAA

– Take full advantage of the large 
collected statistics to perform more 
differential measurements
• RAA as a function of jet substructure to 

explore the role of colour coherence in 
energy loss

– Results presented at HP 2024
– pp reference data collected in Nov 

2024 now being analysed

9
Background fluctuations



Heavy-flavour jet quenching

• Hint of higher RAA of 
heavy-flavour jets 
compare to inclusive 
jets
– Mass dependence of 

parton energy loss
• Casimir color factors
• Dead-cone effect
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• Introduction

b-jet tagging in pp collisions using graph neural networks
with the ALICE experiment

Quark Matter 2025
Changhwan Choi (changhwan.choi@cern.ch)

Changhwan Choi*1,  Sanghoon Lim1

for the ALICE collaboration
1 Nuclear Physics Laboratory, Department of Physics, Pusan National University

• Neural network

• Outlooks

SV method (pp, " = 5.02	TeV)

[1] [2]

primary

from bfrom c

Which flavour is the jet? Where did the tracks
come from?

Which tracks are originating
from the same vertex?

ATLAS GN1
 GNN b-jet tagger developed by the ATLAS collaboration.

• Dataset specification

Input features for b-jet tagging
 Information of a jet & its constituent tracks

Jet:  ,#,	&'	()*, .()*, /()*, 0()*
Tracks: ,#, ., /, charge, impact parameter, 

track reconstruction quality parameters 
(related to ITS and TPC)

A graph is composed of
nodes connected by edges.

A jet is composed of
tracks connected by vertices.

Training goals

Graph Neural Network (GNN)
 Captures significant features from the graph-shaped data
by updating node representations by aggregating NN outputs of their adjacent nodes.

b-jet tagging using GNN in ALICE
 Excellent capabilities of ALICE detector in low-,# region
+ Superior b-jet tagging performance of Graph Neural Networks (GNNs)

→ Enables measurements of low-,# b-jets in heavy-ion collisions
     which are excellent probes for studying Quark-Gluon Plasma

Monte Carlo sample
PYTHIA8 pp " = 13.6	TeV,

jet-jet events

Jet reconstruction
Charged-particle jets,

anti-,! (. = 0.4)
Jet kinematic 

selection
2"#$ < 0.5,

5 < 5!,	'(	"#$ < 200	GeV/9

Track kinematic 
selection

2 < 0.9,
0.15 < 5! < 200	GeV/9,
(+! > 0.5	GeV/4 for tagging)

Dataset size
Training 11	M	jets,

validation 2.7	M	jets
(b-jets : c-jets : light-flavour jets = 1 : 2 : 5)

• b-jet tagging performance (MC)

b-jet discriminant !!

Backpropagation
 Loss functions of aux. goals
 can also affect the training of GNNs
 & eventually improve jet-flavour tagging performance.

b-jet tagging efficiency & purity
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Jet-flavour prediction
(primary goal)

Vertex predictions
(auxiliary goal)

Track-origin predictions
(auxiliary goal)

[4]

[3]

• References
[1] J. Huang et al., arXiv:1306.0909

[2] The ATLAS Collaboration, Eur.Phys.J.C (2023) 83, 438

[3] The ATLAS Collaboration, ATL-PHYS-PUB-2022-027
[4] ALICE Collaboration, JHEP 01 (2022) 178

15 = log ,6
5&,& + 1 − 5& ,78

                 (0! = 0.018, optimized parameter) GNN shows superior b-jet tagging performance compared to
traditional b-jet tagging methods.

• Data analysis with data-driven method is ongoing.
• Unfolding, event correction, and systematic uncertainty study
     → b-jet cross section measurement in pp collisions
• Validation of the GNN b-jet tagging method with heavy-ion 

background
     → b-jet yield modification in Pb–Pb collisions

Data-driven method

Purity should be re-estimated to avoid model dependencies.
→ 96 template fitting to estimate the numbers of b-, c-, lf-jets
     among inclusive jet samples from data.

b-jet tagging efficiency

:6 = ;6
*9:/;6

b-jet tagging purity

=6 = ;6
*9:/;;<&7

*9:

= ;6:6
;6:6 +;&:& +;78:78

• b-jet cross section (MC test)

Purity/efficiency corrected detector-level spectrum comparison

;6 = ;;<&7
*9:=6/:6

Data-driven method shows consistent result with MC truth.
→ Unfolding, event correction, systematic uncertainty study
     will be the next steps.

Probability 
of being 
each flavour 
of jet

…
+"

+#

+$%

[4]

(6"#$: the number of tagged jets,
 tagging threshold set as 7% > 4)

b-jets
•  Production of b-jets are calculable using perturbative QCD (pQCD).
•  Serve as a reference for medium-induced modifications in heavy-ion collisions.
•  Sensitive to mass-related effects such as the dead-cone effect and angular ordering.
→ Provide a clean testbed for validating pQCD predictions.

Classical b-jet tagging methods
 b-jets feature unique secondary vertex structures, due to long lifetime of B-hadrons.

IP method

Impact parameter
(or jet probability)

SV method

Decay length of
secondary vertex

primary	vertex

secondary	vertex

ALI-PERF-602393

ALI-PERF-602403

ALI-PERF-602408 ALI-PERF-602413

ALI-PERF-602423

ALI-PERF-602438

→ b-jet candidates selection with !! > threshold

Plan

Biao Zhang 
biao.zhang@cern.ch  10-jet  (Run 2)D0 RAA

Gain further direct access to the initial parton kinematics through D0-mesons tagged jets 
➡ (D0-jet) > (Inclusive jet)? Comparison is sensitive to Casimir colour factor and dead-cone effect
•Confirmed by the new preliminary result of inclusive jet based on the mixed-event approach (more precise and
lower ) 

RAA RAA

pT

arXiv:2409.11939

Biao Zhang 
biao.zhang@cern.ch  9-jet  (Run 2)D0 RAA

Gain further direct access to the initial parton kinematics through D0-mesons tagged jets 
➡ (D0-jet) > (Inclusive jet)? Comparison is sensitive to Casimir colour factor and dead-cone effect

• Described by heavy quark transport model (LIDO) including collisions and radiation processes as well as the dead-
cone effect

➡ Mass-hierarchy energy loss is more relevant at lower pT (pT < 50 GeV/c) compared to high pT
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LIDO: Phys. Rev. C 100, 064911, Phys. Rev. C 98, 064901



𝚲𝒄-tagged jets

• Measurement of the Λ'( FF in 
pp collisions at 13.6 TeV
– Hint of softer fragmentation for 
Λ"$ w.r.t. 𝐷!

– Results presented at QM 2025
– Prospects

• pT,jet dependence                          
⇒ partonic scale of non-universality 

• In-jet multiplicity dependence         
⇒ local color density
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Fraction z∥ of jet momentum
carried by the Λ+

c baryon

Fragmentation function of Λ+
cEnergy–energy correlator (EEC)

Energy-weighted angular correlation of jet constituent pairs

- Lower amplitude for HF jets w.r.t. inclusive jets (dead cone).
- Similar peak positions for HF and inclusive jets.
   ⇒ Interplay with hadronisation effects?
- PYTHIA 8 [1] describes measured results.
- Tension with NLO pQCD calculations [2] in peak position.

Prospects
- Beauty-tagged jets ⇒ mass dependence
- Higher pT, jet ⇒ energy dependence
- Λ+

c-tagged jets ⇒ baryon vs meson hadronisation

- Probes the fragmentation functions of the charm quark.
- Tests the universality of fragmentation.
- Improves sensitivity to hadronisation mechanisms.

Unveiling the scale of the emergence of
non-universal behaviour in the fragmentation

into heavy-flavour hadrons with ALICE

Recent measurements of baryon-to-meson yield ratios in hadronic collisions revealed non-universal behaviour of parton fragmentation. 
Heavy quarks (charm and beauty) provide the most controlled environment due to the flavour correspondence between the scattered 
quark and the resulting hadron. Microscopic details of the fragmentation non-universality can be investigated via well defined 
measurements of heavy-flavour (HF) jet fragmentation.

- Probes jet evolution while separating scales:
  - large RL ⇒ perturbative (early) splittings
  - small RL ⇒ non-perturbative (late) splittings
- Sensitive to mass effects. ⇒ HF jets

- Tension with the Colour Reconnection Mode 2 [3]?
  - Less pronounced in the Λ+

c/D0 ratio.
- Hint of softer fragmentation for Λ+

c w.r.t. D0.

Prospects
- Event multiplicity dependence ⇒ particle multiplicity
- In-jet multiplicity dependence ⇒ local colour density
- pT, jet dependence ⇒ partonic scale of non-universality
- More precise D0 results ⇒ hadronisation mechanism resolution

References: [1] Eur. Phys. J. C 74 (2014) 3024 | [2] arXiv:2210.09311 [hep-ph] | [3] JHEP 08 (2015) 003
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Flavour tagging
• Designed to reconstruct the 

characteristic features of b-jets 
exploiting the large impact 
parameters of the tracks originating 
from the b-hadron decays
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• Dataset specification
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traditional b-jet tagging methods.

• Data analysis with data-driven method is ongoing.
• Unfolding, event correction, and systematic uncertainty study
     → b-jet cross section measurement in pp collisions
• Validation of the GNN b-jet tagging method with heavy-ion 

background
     → b-jet yield modification in Pb–Pb collisions

Data-driven method

Purity should be re-estimated to avoid model dependencies.
→ 96 template fitting to estimate the numbers of b-, c-, lf-jets
     among inclusive jet samples from data.
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     will be the next steps.
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 tagging threshold set as 7% > 4)

b-jets
•  Production of b-jets are calculable using perturbative QCD (pQCD).
•  Serve as a reference for medium-induced modifications in heavy-ion collisions.
•  Sensitive to mass-related effects such as the dead-cone effect and angular ordering.
→ Provide a clean testbed for validating pQCD predictions.

Classical b-jet tagging methods
 b-jets feature unique secondary vertex structures, due to long lifetime of B-hadrons.
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1 Introduction

Flavour tagging, the identification of jets originating from 1- and 2-quarks, is a critical component of the
physics programme of the ATLAS experiment [1] at the Large Hadron Collider (LHC) [2]. It is of particular
importance for the study of the Standard Model (SM) Higgs boson and the top quark, which preferentially
decay to 1-quarks [3, 4], and additionally for several Beyond Standard Model (BSM) resonances that readily
decay to heavy flavour quarks [5]. The significant lifetime of 1-hadrons, approximately 1.5 ps [6], provides
the unique signature of a secondary decay vertex which has a high mass and is significantly displaced
from the primary vertex. Additional signatures of 1-hadrons are the tertiary decay vertex, resulting from
1 ! 2 decay chains, and the reconstructed trajectories of charged particles (henceforth simply referred
to as tracks) with large impact parameters1 (IPs). These signatures are primarily identified using tracks
associated to jets. As such, efficient and accurate track reconstruction is essential for high performance
flavour tagging.

This note introduces a novel algorithm, GN1, which uses Graph Neural Networks (GNNs) [7] with auxiliary
training objectives, to aid the primary goal of classifying whether jets originate from 1- or 2-quarks
(referred to as a flavour tagger). The concept is illustrated in Fig. 1. The use of GNNs offers a natural way
to classify jets with variable numbers of unordered associated tracks, while allowing for the inclusion of
auxiliary training objectives [8, 9].
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algorithms
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High level 
algorithm (DL1r)
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tracks
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Figure 1: Comparison of the existing flavour tagging scheme (left) and GN1 (right). The existing approach utilises
low-level algorithms (shown in blue), the outputs of which are fed into a high-level algorithm (DL1r). Instead of
being used to guide the design of the manually optimised algorithms, additional truth information from the simulation
is now being used as auxiliary training targets for GN1. The solid lines represent reconstructed information, whereas
the dashed lines represent truth information.

The current ATLAS flavour tagger, DL1r [10], is a deep neural network which takes the outputs of a number
of independently optimised “low-level” algorithms [11] as inputs. Each of these low-level algorithms

1 The distance of closest approach from a track to the primary vertex.
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IP-based b-tagging
• IP and its significance SIP are signed w.r.t jet direction

– Count tracks with: ∣SIP∣ > cut
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• Heavy quarks are produced in the early stages of the collisions, 
before the formation of the quark-gluon plasma (QGP) 

• Heavy-flavor jets serve as excellent probes for studying QGP, as 
they interact with the medium after the collision. 

• The cross section of heavy-flavor jets can be calculated using 
perturbative QCD (pQCD). 

• Heavy-flavor jets can study mass and flavor dependent in-
medium parton energy loss mechanisms.

Jet classification

b-jet candidate selection

Track counting method

b-jet tagging efficiency

Conclusion

• Impact parameter :  
- Distance of closest approach of jet constituents to 

primary vertex. 

• b-jet candidate selection with IP method : 
- Signed impact parameter significance 

( ) 

-  : The sign of the impact parameter is determined 
by the dot product of the jet and IP vector. 

-  : 2D impact parameter on transverse plane 

-  : uncertainty of 

Sdxy = δ ⋅ dxy /σxy

δ

dxy

σxy dxy

•  of the tracks inside the jet are sorted in descending order. 

• Each flavor can be effectively distinguished in the positive region. 

• b-jets are tagged by the  largest  greater than a threshold parameter (tagger working point).

Sdxy

2nd Sdxy

• Tagging efficiency is defined as  

• The tagger working point is set to 2.5, consistent with the setting 
used in the Run 2 analysis[1]. 

• Smaller ratio of mistagging to tagging efficiency indicates the 
stronger separation power of the tagger.

ϵflavor =
NTagged

flavor
NTotal

flavor

Track probability 

•  ,  is a resolution function from negative side of  distribution.Ptrack(x) =
∫ |x|

−∞ R(s)ds

∫ 0
−∞ R(s)ds

R(s) Sdxy

Jet Probability 
• ,  

• The probability that the constituents of a jet originate from a secondary vertex.

JP = ∏ ×
Ntrk−1

∑
k=0

(−log∏ )k

k! ∏ =
Ntrk

∏
k=1

Ptrack

Beauty
Charm

Light

bc
l

• Monte Carlo simulations are performed using PYTHIA 8 with 
Geant4. 

• The anti-  algorithm is used to reconstruct jets with 
. 

• Heavy-flavor jets are classified by identifying the originating 
parton for each jet.

kT
R = 0.4

Discriminator for b-jet tagging
• The impact parameter distribution is used as an input for the jet probability algorithm, 

which will be employed to calculate the efficiency and purity of b-jet tagging. 

• Jet probability serves as a discriminator to distinguish the flavor of jets.

• Performance evaluation of heavy-flavor jets in Run 3 using Monte Carlo simulations. 

• The  distribution shows clear flavor separation following the application of the track 
counting method. 

• Examined the efficiency and jet probability.

Sdxy

Outlook
• Optimize the tagger working point to improve flavor identification while 

maintaining high b-jet purity.  

• Based on the extensive Run 3 data, detailed studies on heavy-flavor jets, 
including fragmentation functions and correlations, are now possible 
advancing beyond the limitations of Run 1 and Run 2. 

• Future plans include applying heavy-flavor tagging in heavy-ion collisions.

[1] ALICE Collaboration, “Measurement of inclusive charged-particle b-jet production in pp and p-Pb collisions 
at ”, Journal of High Energy Physics, vol. 2024, article no. 41, 2024.sNN = 5.02 TeV

• The -ln(JP) distribution on tagged jets enables clear separation between flavors.

ALI-PERF-581516

ALI-SIMUL-581512

ALI-PERF-581520

https://indico.cern.ch/event/687697/contributions/2825792/attachments/1579225/2494980/bjet_tagging_via_trackIP.pdf
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• Neural network

• Outlooks

SV method (pp, " = 5.02	TeV)

[1] [2]

primary

from bfrom c

Which flavour is the jet? Where did the tracks
come from?

Which tracks are originating
from the same vertex?

ATLAS GN1
 GNN b-jet tagger developed by the ATLAS collaboration.

• Dataset specification

Input features for b-jet tagging
 Information of a jet & its constituent tracks

Jet:  ,#,	&'	()*, .()*, /()*, 0()*
Tracks: ,#, ., /, charge, impact parameter, 

track reconstruction quality parameters 
(related to ITS and TPC)

A graph is composed of
nodes connected by edges.

A jet is composed of
tracks connected by vertices.

Training goals

Graph Neural Network (GNN)
 Captures significant features from the graph-shaped data
by updating node representations by aggregating NN outputs of their adjacent nodes.

b-jet tagging using GNN in ALICE
 Excellent capabilities of ALICE detector in low-,# region
+ Superior b-jet tagging performance of Graph Neural Networks (GNNs)

→ Enables measurements of low-,# b-jets in heavy-ion collisions
     which are excellent probes for studying Quark-Gluon Plasma

Monte Carlo sample
PYTHIA8 pp " = 13.6	TeV,

jet-jet events

Jet reconstruction
Charged-particle jets,

anti-,! (. = 0.4)
Jet kinematic 

selection
2"#$ < 0.5,

5 < 5!,	'(	"#$ < 200	GeV/9

Track kinematic 
selection

2 < 0.9,
0.15 < 5! < 200	GeV/9,
(+! > 0.5	GeV/4 for tagging)

Dataset size
Training 11	M	jets,

validation 2.7	M	jets
(b-jets : c-jets : light-flavour jets = 1 : 2 : 5)

• b-jet tagging performance (MC)

b-jet discriminant !!

Backpropagation
 Loss functions of aux. goals
 can also affect the training of GNNs
 & eventually improve jet-flavour tagging performance.

b-jet tagging efficiency & purity
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                 (0! = 0.018, optimized parameter) GNN shows superior b-jet tagging performance compared to
traditional b-jet tagging methods.

• Data analysis with data-driven method is ongoing.
• Unfolding, event correction, and systematic uncertainty study
     → b-jet cross section measurement in pp collisions
• Validation of the GNN b-jet tagging method with heavy-ion 

background
     → b-jet yield modification in Pb–Pb collisions

Data-driven method

Purity should be re-estimated to avoid model dependencies.
→ 96 template fitting to estimate the numbers of b-, c-, lf-jets
     among inclusive jet samples from data.

b-jet tagging efficiency

:6 = ;6
*9:/;6

b-jet tagging purity

=6 = ;6
*9:/;;<&7

*9:

= ;6:6
;6:6 +;&:& +;78:78

• b-jet cross section (MC test)

Purity/efficiency corrected detector-level spectrum comparison

;6 = ;;<&7
*9:=6/:6

Data-driven method shows consistent result with MC truth.
→ Unfolding, event correction, systematic uncertainty study
     will be the next steps.
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…
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(6"#$: the number of tagged jets,
 tagging threshold set as 7% > 4)

b-jets
•  Production of b-jets are calculable using perturbative QCD (pQCD).
•  Serve as a reference for medium-induced modifications in heavy-ion collisions.
•  Sensitive to mass-related effects such as the dead-cone effect and angular ordering.
→ Provide a clean testbed for validating pQCD predictions.

Classical b-jet tagging methods
 b-jets feature unique secondary vertex structures, due to long lifetime of B-hadrons.
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come from?

Which tracks are originating
from the same vertex?

ATLAS GN1
 GNN b-jet tagger developed by the ATLAS collaboration.

• Dataset specification

Input features for b-jet tagging
 Information of a jet & its constituent tracks

Jet:  ,#,	&'	()*, .()*, /()*, 0()*
Tracks: ,#, ., /, charge, impact parameter, 

track reconstruction quality parameters 
(related to ITS and TPC)

A graph is composed of
nodes connected by edges.

A jet is composed of
tracks connected by vertices.

Training goals

Graph Neural Network (GNN)
 Captures significant features from the graph-shaped data
by updating node representations by aggregating NN outputs of their adjacent nodes.

b-jet tagging using GNN in ALICE
 Excellent capabilities of ALICE detector in low-,# region
+ Superior b-jet tagging performance of Graph Neural Networks (GNNs)

→ Enables measurements of low-,# b-jets in heavy-ion collisions
     which are excellent probes for studying Quark-Gluon Plasma

Monte Carlo sample
PYTHIA8 pp " = 13.6	TeV,

jet-jet events

Jet reconstruction
Charged-particle jets,

anti-,! (. = 0.4)
Jet kinematic 

selection
2"#$ < 0.5,

5 < 5!,	'(	"#$ < 200	GeV/9

Track kinematic 
selection

2 < 0.9,
0.15 < 5! < 200	GeV/9,
(+! > 0.5	GeV/4 for tagging)

Dataset size
Training 11	M	jets,

validation 2.7	M	jets
(b-jets : c-jets : light-flavour jets = 1 : 2 : 5)

• b-jet tagging performance (MC)

b-jet discriminant !!

Backpropagation
 Loss functions of aux. goals
 can also affect the training of GNNs
 & eventually improve jet-flavour tagging performance.
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traditional b-jet tagging methods.

• Data analysis with data-driven method is ongoing.
• Unfolding, event correction, and systematic uncertainty study
     → b-jet cross section measurement in pp collisions
• Validation of the GNN b-jet tagging method with heavy-ion 

background
     → b-jet yield modification in Pb–Pb collisions

Data-driven method
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 tagging threshold set as 7% > 4)

b-jets
•  Production of b-jets are calculable using perturbative QCD (pQCD).
•  Serve as a reference for medium-induced modifications in heavy-ion collisions.
•  Sensitive to mass-related effects such as the dead-cone effect and angular ordering.
→ Provide a clean testbed for validating pQCD predictions.

Classical b-jet tagging methods
 b-jets feature unique secondary vertex structures, due to long lifetime of B-hadrons.
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Plan

2. Neural network & dataset
• ATLAS GN1

• Training (backpropaga3on)
: Loss func3on is calculated by considering the results of all predic=ons.

→ Aux predic3ons help GNN to capture important features of the jet
so that the jet flavour predic3on performance gets be>er.
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ALICE Upgrade Roadmap
• ALICE designed to study the microscopic dynamics of the strongly-interacting matter 

produced in heavy-ion collisions at the LHC
– Variety of detector systems for measuring hadrons, leptons and photons

• To exploit the full potential of the LHC luminosity increase
– Major upgrade during LHC LS2 → ALICE 2
– Intermediate upgrades during LS3 → ALICE 2.1
– Phase IIb upgrade during LS4 → ALICE 3

• Next-generation experiment

15

MinJung Kweon, Inha University FKPPL, 2023 May 10th 10

Milestons of the ALICE upgradeOutline

• Mission of the ALICE experiment
• ALICE experiment
• Highlights of the recent results

• Collective dynamics
• Jet and heavy quark dynamics
• Photons and Dileptons
• Small systems
• Femtoscopy and hadron interactions

• ALICE Run3 and Prospects
• Summary

2

Beyond Run 4 
Address fundamental questions will remain still open: 

 Fundamental QGP properties driving its constituents to equilibration 
 Hadronisation mechanisms of the QGP 
 Partonic equation of state and its temperature dependence 
 Underlying dynamics of chiral symmetry restoration

High luminosity for ions High luminosity LHC Higher luminosity for ions

CERN-LHCC-2024-003 CERN-LHCC-2024-004

See L. Huhta’s talk 

Run 5+6 
(2035–2041)…



12 ALICE Collaboration

2 4 6 8 10 12 14
 (GeV/c)

T
p

4−10

3−10

2−10

1−10

1

S/
B

 = 5.5 TeV, 0-10%NNsALICE Upgrade, Pb-Pb 
)+π

-pK→c
+Λ (-πc

+Λ→bΛ
-1 = 10 nbintL

ITS3
ITS2

2 4 6 8 10 12 14
 (GeV/c)

T
p

0

5

10

15

20

25

30

35

Si
gn

ifi
ca

nc
e

 = 5.5 TeV, 0-10%NNsALICE Upgrade, Pb-Pb 
)+π

-pK→c
+Λ (-πc

+Λ→bΛ
-1 = 10 nbintL

ITS3
ITS2

Fig. 5: Signal over background (left) and statistical significance (right) as a function of pT for L0
b ! L+
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reconstruction in 0-10% Pb–Pb collisions at
p

sNN = 5.5 TeV (Lint = 10 nb�1) with ITS2 and ITS3. The vertical
bars represent the statistical uncertainty on the estimates.
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in which the factor two is applied to account for the fact that both particle and antiparticles are recon-
structed. The second line in the above equation describes how the dN

dpT
pT-differential L0

b yield in |y|< 0.8
in 0–10% Pb–Pb collisions is calculated and contains the following terms and assumptions. The integral
gives the beauty-hadron production cross section expected from FONLL calculations [97] in pp collisions
at

p
s = 5.5 TeV in |y| < 0.8 in the given pT interval. The fragmentation fraction f (b ! B) for a b

quark to hadronise to either a B� or a B0 meson is assumed to be 40.7% on the basis of e+e� data [100]
and a recent measurement from the LHCb Collaboration [72]. RB

AA is the nuclear modification factor of
non-strange B mesons predicted by the TAMU model for the 0–10% centrality class [101] in the given
pT interval. The values of the L0

b/B ratio are taken from the quark coalescence model described in
Ref. [102] in the version assuming pure three-quark states, and assuming that the ratio does not change
significantly from the centrality class 0–20% to the 0–10% one. Finally, a scaling by hTAAi is done.

The expected background yield is calculated as (NMC
Bkg/NMC

ev )⇥Nexp
ev , where NMC

Bkg is the background yield
within 3s of the L0

b mass obtained from a fit of the combinatorial-background invariant-mass distribution
obtained using only the HIJING part of the simulation, and NMC

ev is the number of events in the simulation.

Figure 5 shows the estimated signal-to-background and statistical significance as a function of pT for
an integrated luminosity of Lint = 10 nb�1 in 0–10% Pb–Pb collisions. As expected, the improve-
ment in significance is larger, in relative terms, in the low-momentum region where the decay length
is shorter. Remarkably, the ITS3 will allow for a measurement down to pT = 1 GeV/c, and to cover,
with a statistical uncertainty lower than 10%, the pT region below two times the L0

b mass (mL0
b
=

5.61960± 0.00017 GeV/c2), the region with the highest sensitivity to distinguish different quark coa-
lescence models [102].

ITS3 Performance

• Improvement by a factor 2 on DCA resolution at all pT’s
– Clear separation of the secondary from primary interaction vertex

• Significant improvement of tracking efficiency for pT < 200 MeV/c
• New fundamental observables into reach 

– Charmed and beauty baryons
– Low-mass di-electrons
– Multi-flavour particles via decays to strange baryons
– Full topological reconstruction of Bs
– c-deuterons…16
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Figure 7.5: Impact-parameter resolution in the r' (left panels) and longitudinal (right panels)
direction for primary charged pions with |⌘| < 1 as a function of the track pT for ITS2 and
ITS3 detectors. Only tracks with a hit on each ITS layer were considered. In the top panels,
the results are compared with those obtained with a less detailed simulation (LOI) reported
in Ref. [2]. In the bottom panels, the results obtained with FAT for both ITS-standalone and
ITS+TPC tracking are reported.

rate is expected to be lower than 10% for tracks with pT > 200 MeV/c and to reach about 50%
in case of pT < 100 MeV/c. The bottom-right panel of the same figure shows that the e�ciency
is expected to be even higher, up to 95% (80%) for particles with pT = 100 (60) MeV/c, for
tracks having a hit on each ITS layer. The e�ciency values reported in the figure, which were
estimated with the full simulation, are consistent with those reported in previous documents [2,
7], which were estimated with a fast analytical calculation.
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Figure 7.6: Track-reconstruction e�ciency for charged pions with |⌘| < 1 as a function of
the track pT for the ITS2 and ITS3 detectors. The left panel shows the performance for the
reconstruction of all primary charged pions, while the right one for tracks with a hit on each
ITS layer.

7.3.2 Dependence of tracking performance on intrinsic resolution, material
budget, and layer radii

In order to define a reasonable compromise between the optimisation of the tracking performance
and the mechanical and readout di�culties that a given detector layout may pose, a scan of the
track-reconstruction e�ciency and the impact-parameter resolution was done, varying:

• the intrinsic resolution, considering the values 3.4, 4, 5, and 7µm

• the sensor thickness from 50µm to 200µm to mimic a possible increase of the material
budget that may arise with di↵erent service configurations

• the three layer radii, considering four configurations (1.8, 2.4, 3.0) cm, (1.9, 2.52, 3.15) cm,
(2.0, 2.52, 3.15) cm, and (2.2, 2.52, 3.15) cm as alternative to the default one of (1.9, 2.52,
3.15) cm.

As shown in Fig. 7.7, the intrinsic resolution has a negligible impact on the track-reconstruction
e�ciency and a limited impact on the dca resolution. At pT = 500 MeV/c the dca resolution
in the longitudinal direction varies by less than 5µm with respect to the default case. In re-
lative terms, the improvement of the impact-parameter resolution with the reduction of the
intrinsic resolution is visible mainly at high pT where the contribution of the multiple scattering
in the beam pipe is negligible and a variation of about a factor of 1.5 can be observed from
the smallest to the largest resolution value considered. At intermediate pT the e↵ect on the
impact-parameter resolution is enlarged with respect to that expected for ITS+TPC tracks by
the larger track-curvature uncertainty of ITS-standalone tracking.

As shown in Fig. 7.8, an increase of the material budget from 50µm (sensor thickness) to
200µm, which can be considered an extreme test case, causes the impact-parameter resolution
in the longitudinal direction to degrade from about 15µm (60µm) to about 20µm (90µm) at
pT = 1 GeV/c (200 MeV/c), with smaller di↵erences at higher pT. A small degradation of the
e�ciency for pT < 100 MeV/c is also observed with increasing material budget.

Pointing resolution Tracking efficiency

Fast sim
 ITS+TPC
 ITS-only 
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Figure 26: Azimuthal distribution of single contributions to the material budget of an inner (left) and outer (right)
barrel stave layer. The relative contribution of each component to the total material budget is quoted.

connected to the readout and power systems via signal and power cables which are routed through the
service barrel to the ALICE miniframe. The pipes that connect the on-detector cooling system to the
cooling plant in the cavern are also routed through the service barrels.

Detector support structure The main structural components of the detector barrels are the end-wheels
and the cylindrical and conical structural shells. Two light composite end-rings provide the reference
plane for the fixation of the two extremities of each stave. The position of the staves in the reference
plane is given by a ruby sphere, matching an insert in the mechanical connectors at both extremities. This
system ensures accurate positioning, within a few µm, during the assembly and provides the possibility
to dismount and re-position the stave with the same accuracy in case of maintenance. Finally, the staves
are clamped by a bolt. The end-wheels on the A-side also provide the feed-through for the services.

An outer cylindrical structural shell connects the opposite end-wheels of the barrel and avoids that ex-
ternal loads are transferred directly to the staves. As shown in Fig. 27, in order to minimise the material
budget in the detection area, the following design choices were adopted:

– The inner barrel is conceived as a cantilever structure supported at one end outside the outer barrel
acceptance;

– The outer barrel has no intermediate mechanical structures between the four detection layers within
the detector acceptance.

The design of the outer barrel allows the separate assembly inside the TPC of all half-layers, which then
are combined sequentially, starting from the outermost layer. The mechanical connection between the
two double layers is provided by two conical structural shells located at the extremities of the detection
area (Fig. 27). All the barrel support structures are attached to the cage (Fig. 87), acting as the main
supporting element inside the TPC bore.
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ITS3 Concept 

• Reduce the material thickness of the ITS2 inner layers
– The silicon sensor contributes to only 1/7th of the total material 

budget!
• Remove the electrical substrate, mechanical support, and active 

cooling circuit in the detector acceptance

• Bring the first detection layer closer to the interaction point 
– New beam pipe with a central section of smaller inner radius 

(18.2 mm → 16 mm) but still well within the LHC aperture 
requirements

17

ITS2 Layer 0

Future upgrade of the ALICE inner tracking system

5ITS2 ITS3

Very low material budget! 0.05% X0 per layer0.36% X0
 per layer

24120 
chips from 
200 mm 
wafers

Stitched, 
wafer-scale 
sensors from 
300 mm wafers

22 mm from IP 18 mm from IP
New beam pipe:
16 mm radius, 500 μm Be, 
0.14% X0

126 5 Global support structure, services and installation

• Requirements from the LHC machine: safe operation of the machine, adequate beam
aperture, and severe vacuum conditions compatible with ultimate LHC performance.

The ALICE beampipe extends over 19m on either side of the interaction point and consists
of three sections: RB24-section, central section, RB26-section. One side is limited by the had-
ron absorber, which penetrates inside the TPC, and on the opposite side by a large vacuum
valve. The connection to the contiguous beampipe sections is made via bellows to avoid induced
displacements. With respect to the beampipe currently installed in ALICE, the central section
of the new beampipe has a smaller inner radius, 16mm, and a thinner wall thickness, 0.5 mm,
of the central beryllium section which is 0.5m long. The new central section has a length of
5.658 m, 158mm longer with respect to the Run 3 configuration, as the gate valve on the A-side
is removed. This modification of the central section of the beampipe is necessary to reduce the
material in front of FOCAL. The RB26-section consists of three chambers of conical stainless
steel tubes, which are up to 450 mm in diameter. The RB24-section uses standard LHC machine
components and consists of copper tubes. The layout of the beampipe central section a↵ects the
ITS performance and integration. The most critical parameters (radius, wall thickness, material,
sag and bake-out procedure) are discussed below.

Beryllium cone Aluminum 
500 

Angle ~0.34°/Ø

IP

820
OD =33, WT =0.5

4838
250

Gradual WT increase  
form 0.8 to 1mm

A-side C-side

RB-24 RB-26
Dimensions in [mm]

Beryllium

OD =34, WT =1 bellows

WT = Wall Thickness
OD = Outer Diameter

OD =60, WT =0.8

Figure 5.3: Key features of the central beampipe for RUN4.

Beampipe radius and wall thickness: Current studies indicate that it should be possible
to reduce the inner radius of the beampipe central section from the present value of 18.2 mm to
16.0 mm. Estimates for the linear sum of fabrication tolerance, survey precision and alignment
uncertainties amount to 3.8mm, resulting in a minimum radial clearance of 12.2 mm with respect
to the nominal beamline. The LHC aperture is quoted in terms of the so-called n1 parameter
[43], which is a function of this mechanical clearance as well as the position along the beam line
due to the varying beta function. The 12.2mm clearance corresponds to an aperture of n1 = 13.7
at the ALICE interaction point for nominal injection optics, well within requirements. The new
beampipe design has passed the full approval process at CERN and manufacturing drawings
have been issued for its production.
Beampipe bake-out: The beampipe chamber is an ultra high vacuum (UHV) system

pumped by a combination of lumped sputter-ion and distributed non-evaporable getter (NEG)
pumps. The NEG system is made up of a thin sputtered coating that runs over the whole
internal surface of the vacuum chambers. The NEG film provides a high distributed pumping
speed for most gases after activation by heating under vacuum to temperatures exceeding 200°C.
Sputter-ion pumps remove gases that are not pumped by the NEG system. With the exception
of the beampipe central section, all vacuum chamber sections are permanently equipped with
bake-out heaters for periodic reactivation of the NEG coating. A first bake-out of the beampipe

ITS2

500 µm Be: 0.14% of X0



ITS3 Detector

• Replace the 3 innermost layers of ITS2 with new ultra-light, truly 
cylindrical layers made of wafer-scale 65 nm MAPS
– 300 mm wafer-scale MAPS sensors, fabricated using stitching
– Bent to the target radii (Layer 0 from 23 mm to 19 mm)
– Mechanically held in place by carbon foam ribs
– Air cooling between the layers
– Low material budget (0.05 % of X0)

• Broad interest on ALICE ITS3 developments from other experiments!
– ITS3 R&D will pave the way for an ultimate vertex detector concept → ALICE 318

From 432 to 6 bent sensors 
(1 per half-layer)

Truly cylindrical layers
Open-cell carbon foam spacers

FPC

Air distribution

3.3 Qualification 37

• the in-pixel front end implemented achieves a fake-hit rate below 0.01 pixel�1 s�1 while
maintaining the required detection performance.

3.3.10 Stitched sensor testing, MOSS & MOST

M
O
SS

M
O
ST

Figure 3.25: A 300 mm ER1 wafer, containing six MOSS and MOST stitched sensors (indic-
ated), as well as a number of small prototype chips.

Figure 3.26: Die ejector used to release the thin, stitched chips from the dicing tape, and the
MOSS wire-bonded on its carrier card.

The two stitched prototypes, MOSS and MOST, were produced in engineering run 1 (ER1) in
summer 2023 on a set of 24 wafers, with six of each sensor per wafer (Fig. 3.25). A first subset
of wafers was thinned down to 50µm, the sensors were diced out, and put on carrier cards for
functional testing in the laboratory and demonstrations at beam tests. A dedicated set of tools
and procedures was developed to release the large, thin chips from the dicing tape and to safely
transfer them and glue them onto the carrier cards, to which they eventually were wire bonded.
Figure. 3.26 shows the tools for die ejection, as well as a MOSS mounted on its carrier card.

ITS3 half-barrel

ER1

First stitchted MAPS

74 4 Detector components and integration

Figure 4.4: Engineering Model 1. (a) Front, (b) perspective and (c) top views of the prototype.
Three wafer-size blank silicon pieces (40µm thin, 280 mm long), simulating the half-layers are
kept bent by carbon foam wedges only at the half-layer edges.

(a)

(b)

(c)

Figure 4.5: Engineering Model 2. (a) Perspective, (b) A-side and (c) C-side views of the
prototype. Three wafer-size blank silicon pieces (40µm thin, 280mm long), simulating the half-
layers are kept bent by half-rings (A-side), longerons and wedges (C-side) made from carbon
foam.

Open-cell carbon 
foam spacersSilicon dummies 

(40–50 µm)

Engineering Model 2



ALICE Asian France Workshop 
• Lyon, 13–15 Jul 2024
• 26 participants
• Rich agenda covering 

current and future topics
– Large audience given to 

PhD students and postdocs
– Foster joint activities

• Many avenues!
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Jet physics



ALICE Phase 2b upgrades



Summary

• Run 3 data analysis w/i the ALICE-HF project running full steam! 
– Stay on track for the upcoming year keeping a perspective on longer-term 

goals which should emerge from this project
• 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

• 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 particles
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