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Heavy-flavour jet measurementsg




Introduction to heavy-flavour jets

Heavy-flavour quarks
I Early production in hard processes
™ Test of perturbative QCD

calculations

(X
@ ® Charm

@ Beauty
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Introduction to heavy-flavour jets

Probe gluon emission properties

4 Casimir colour effects (q vs. g)

[ Dead-cone effect, Opc = mg/Eg

Heavy-flavour quarks
M Early production in hard processes
™ Test of perturbative QCD

calculations

o0 Experimentally traceable
parton-shower pattern

Yoshini Bailung QCD@I1L.HC 2026



Introduction to heavy-flavour jets %

Probe gluon emission properties

Hadronisation
M Casimir colour effects (q vs. g) - mechanisms
[ Dead-cone effect, Opc = mg/Eg l

Heavy-flavour quarks Species dependence?

M Early production in hard processes
™ Test of perturbative QCD

calculations

0‘0 . 4-momenta of decay
‘Chal’m daughters replaced with
Beauty | parent 4-momentum in
Q‘Q Experimentally traceable jet finding.

parton-shower pattern
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ALICE during LHC Run 3

ALICE received major upgrades during 1.52
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ALICE during LHC Run 3

ALICE received major upgrades during .52

-t & - Luminosity
fieis= _ [vent sclection
MR - Multiplicity

I Fast Interaction Trigger (FIT)
M Two Cherenkov arrays (FTOA, FTOC)
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ALICE during LHC Run 3

ALICE received major upgrades during .52

™ Fast Interaction Trigger (FIT) & = _ Luminosity
= - Eventselection
M Two Cherenkov arrays (FTOA, FTOC) RIS - Multiplicity

M Inner Tracking System (ITS2)
M 7 layers of MAPS detectors —

Improved vertexing, higher readout
rate .

S T— I
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ALICE during LHC Run 3

ALICE received major upgrades during .52

M Fast Interaction Trigger (FIT) 17~ [ —
- Event selection
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M Inner Tracking System (ITS2)
M 7 layers of MAPS detectors —

Improved vertexing, higher readout
rate
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2= T [T
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™ Time Projection Chamber (TPC)
M GEM readout chambers —

Continuous readout
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ALICE during LHC Run 3

ALICE received major upgrades during .52
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rate
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™ Time Projection Chamber (TPC)
M GEM readout chambers —

Continuous readout
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Jet-axas differences

B

ARxis = \/ (An)* + (Ap)

Angular difference between different
jet-axis definitions

Sensitive to effects of
perturbative and non-
perturbative (QGD processes
in jet fragmentation and

radiation patterns
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et-axis differences
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ARxis = \/ (An)* + (Ap)

Angular difference between different
jet-axis definitions
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Standard (STD)

Jet axis from the sum of constituents’
4-momenta (£-scheme)

Sensitive to effects of
perturbative and non-
perturbative (QGD processes
in jet fragmentation and

radiation patterns
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Jet-axas differences

B

ARxis = \/ (An)* + (Ap)

Angular difference between different
jet-axis definitions

STD

Standard (STD)

Jet axis from the sum of constituents’
4-momenta (£-scheme)

Sensitive to effects of
perturbative and non-
perturbative (QGD processes
in jet fragmentation and
radiation patterns

SD

Soft Drop (SD)

Recluster with Cambridge-Aachen, and then
define jet axis from the first splitting that
satisfies the SD condition
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Jet-axas differences

B

ARxis = \/ (An)* + (Ap)

Angular difference between different
jet-axis definitions

STD

Standard (STD)

Jet axis from the sum of constituents’
4-momenta (£-scheme)

Sensitive to effects of
perturbative and non-
perturbative (QGD processes
in jet fragmentation and

radiation patterns

SD

Soft Drop (SD) )
Recluster with Cambridge-Aachen, and then Mi(PriPra) _ t (ARlz
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Jet-axas differences

ARxis = \/ (An)* + (Ap)

Angular difference between different
jet-axis definitions

STD

Standard (STD)

Jet axis from the sum of constituents’
4-momenta (£-scheme)

Sensitive to effects of
perturbative and non-
perturbative (QGD processes
in jet fragmentation and
radiation patterns

SD

Recluster with Cambridge-

Soft Drop (SD) | | e\ Aachen and then define the
ReclusFer le[h Cambrldge—Aache.n, and then ™1 Pra) = ( ?12 jet axis following the
deﬁne jet axis from the. first splitting that Pri+ P2 0 hardest subjet at cach
satisfies the SD condition clustering step
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Jet-axas differences

ARxis = \/ (An)* + (Ap)

Angular difference between different
jet-axis definitions

STD

SD AR, .. between jet axis
and the DY direction

Standard (STD)

Jet axis from the sum of constituents’
4-momenta (£-scheme)

Sensitive to effects of
perturbative and non-
perturbative (QGD processes
in jet fragmentation and
radiation patterns

Recluster with Cambridge-

Soft Drop (SD) | | e\ Aachen and then define the
ReclusFer le[h Cambrldge—Aache.n, and then ™1 Pra) = ( ?12 jet axis following the
deﬁne jet axis from the. first splitting that Pri+ P2 0 hardest subjet at cach
satisfies the SD condition clustering step
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STD vs. SD for DO-tagged jets

**ALICE Collaboration, Phys.Rev.D 112 (2025) 9,092012 %%

Yoshini Bailung
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STD vs. SD for D0-tagged jets

**ALICE Collaboration, Phys.Rev.D 112 (2025) 9,092012

STD — DY .
I Peaks near AR,,.. = 0 2|
I Jets with very soft radiation 3
M Single-constituent DY jet — 2.*01
P. Skands et al, Eur.Phys.J.C 74.(2014) 8, 3024
Yoshini Bailung QCD@I1L.HC 2026
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STD vs. SD for DO-tagged jets

STD — DY .
I Peaks near AR,,.. = 0 2l
e
I Jets with very soft radiation 3
4 Single-constituent DY jet — 2.*01
SD —D°
M (z.,, = 0.1) Single-constituent DY jets
groomed away at small AR ...

M (z.,, = 0.2) Grooming pronounced
M Atlarge AR

JELS survive grooming

. p=0
min(pry, Pra) VST
> Zcut
Pr1 + P12

axis

*P. Skands et al, Eur.Phys.].C 74 (2014) 8, 3024
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#ALICE Collaboration, Phys.Rev.D 112 (2025) 9.092012
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STD vs. SD for DO-tagged jets ™

* ALICE Collaboration, Phys.Rev.D 112 (2025) 9, 092012

> 0:‘% ALICE pp, /s =5.02TeV |t — PYTHIA 8
|5 g2 £== STD-SD  SD-D’ 1l _ - HERWIG 7 |
SVt A\ wz,=01 #z,=01"° -.. SHERPA Ahadic
. : | = 1 oy e SHERPA Lund
STD—SD distributions are less aftected 2 | 10
by egroomin '
y8at | g 10l
Effect of soft radiation in the jet direction
15 1
String-based models NS L
(PYTHIA and SHERPA Lund) 3 :éo .
provide better predictions than | > ; |
0.6 gt D — Kn* and charge conj. :
cluster-based models e in ch. jets, anti-k,, B = 0.4,SD B =0 -
- 0.4 7otk 10<pi""™ <20 GeVic, I _| <05
(HERWIG and SHERPA Ahadic) i d e <20 aovln ) Fos
!  «4=STD-SD =« SD-D’ SD-D° , light- flavor PYTHIA 8
*P. Skands et al, Eur.Phys.].C 74 (2014) 8, 3024 ol ,
%*SHERPA Collaboration, SciPost Phys. 7 (2019) 3, 034 0 002 004 006 008 01 012 014
%]. Belim et al. Eur.Phys.].C 76 (2016) 4. 196 AR s
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Generalised jetangularitues

Characterise p and angular distributions of jet constituents

K = Z Pr,i AWt
04 — )
jet R
icjet \ P'T

Yoshini Bailung QCD@I1L.HC 2026



Generalised jetangularitues

Characterise p and angular distributions of jet constituents
YIRG sale fork = Tanda > 0

pr Z Pt ARjet,z
g = .
jet R
iEjet Pr
a=1,1.5, 2,and 3
Collinear Wide-angle

Sensitivity to flavour-
dependent fragmentation
and hadronisation
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Generalised Jet angularites

L A B LI L A **ALICE Collaboration, arXiv:2606.20023

@) I
'0('5 5 = D-tagged - b a
1—b<£ | ® Inclusive,p'Tead>5-33 GeV/c 1 pTi ARjet,l
- ¢ Inclusive - AK — ’
4: Lines: PYTHIA 8 Monash 2013 : * Z jet R
- - i€jet Pr
o = 1 (Collinear radiation)
O L L Lo L
8_' . | | | | |
= : ",” o =1
© 6
25
o |2 4
o"T' O _
N = 2
0l
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Generalised Jet angularites

S N I B L B LI L A **ALICE Collaboration, arXiv:2606.20023
Ol K- = D-tagged - T
- ! ] R 04
1—b<£ : O Inclus?ve,plTead>5.33 GeV/c 1 pT,i ARjet,l
- ¢ Inclusive - AK —
4: Lines: PYTHIA 8 Monash 2013 : * Z jet R
- - i€jet Pr
o = 1 (Collinear radiation)
ol i I 'ZDO—taggedjet angularity larger at small 4 ,_; than
L L R N B R : L
8l . L inclusive jets
5 6 o =
) ]
25
218 4 M Jet fragments more concentrated near jet axis
Q= 2}
0 %P. Skands et al, Eur.Phys.].C 74 (2014) 8. 3024
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Generalised Jet angularltles

L L I N LR DAL IR B **ALICE Collaboration, arXiv:2606.20023 %%

© < _
o ALICE, pp, \Fs =5.02 TeV - ki o
+—| & i | .
© 20r in charged jets, anti-k;, R = 0.4 ) 2K = pT,i ARjet,l
| 10<p <20 GeVic,In_|<05 a = jet R
157 5<p " <20 GeV/c, y ,1<0.8 | i€jet pT
_ m D -tagged :
10l ® Inclusive, p*’ > 5.33 GeV/o : a = 3 (Wide-angle radiation)
| e ¢ |Inclusive
"""" Lines: PYTHIA 8 Monash 2013 |
'
5™ L -
O_III|III|III|III|III|III|III|III|III|I_
4_III|III|III|III|III|III|IIIIIII|III|I
' :'\ a=3
Sl 3'+'
o= | *
o) P .
C|l=2 2¢ “y
1O = 2
o | C . ,
A |— 1t :
O'IIIlIIIlIIIlIIIlIIIlIII|III|I“I.I|III|I'
0 0.020.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
2’oc=3
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Generalised Jet angularites

¢ Inclusive
Lines: PYTHIA 8 Monash 2013 ]

b| ey sk ALICE Collaboration, arXiv:2606.20028
©lo | ALICE, pp, \Fs = 5.02 TeV - oL p
e 20 _ in charged jets, anti-k-, R=0.4 ] AK - pT,i ARjet,i
\ ot eeceemsos =2l 5a) | =
151 5<p <20(3eV/c y /<0.8 | iEjet pT
i m D’-tagged :
bt ® Inclusive, p* > 5.33 GeV/o _— a = 3 (Wide-angle radiation)

D 4 : ™ Difference between DY-tagoed and inclusive jets persists as

]
L 'y
.......
.....
,,,,,

Y

~~~~~~ | expected from Casimir effects
O_-III|||I||I||III|||I|III|III|III|III|I_
) I B B BN L I B IR I
oo 3B =3 ™ Semi-inclusive jets with leading track p cut enhances
% RAM ' .
o= | - quark jet content
T3 s |
OD = 1+ - =
| S — ™ Consistent with the dead-cone effect
O-|||I|||I|||||||I|||||||||||||||||||I| P—
0 0.020.040.06 0.08 0.1 0.120.14 0.16 /10.18 %P, Skands et al. Eur.Phys.].C. 74 (2014) 8. 3024
=3
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Energy-energy correlators %

R +%R
il s 1 LT AL Pr1.PT
/ _ ’ ) / /
ARL,ij i + , 2EEC(RL) — N. AR 2 , 2 , ) 5(RL o RL,zj)dRL
jet=" L RL_%RL jet i,jEjet P T,jet

Perturbative Non-perturbative
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Energy-energy correlators %

Ry

1 Th
- j D)

|
FRL et i jejet

TSR] — Ry )dR}

IRC safe
Wider correlations Narrower correlations
v v
Large i Small 2
Karly sp‘littings Late sittings
v v
Perturbative Non-perturbative

Perturbative Non-perturbative
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Energy-energy correlators

*ALICE Collaboration, arXiv 2504.03431

9:;) ALICE pp, s =13 TeV PYTHIA 8 Monash
M 258 ch-partcle jets, antikr, A =04 T ° 189090 198 Inclusive jets — gluon-jet dominated
> 10< pih.Jet <15 GeVie, mjetl =05 Inclusive jets .
< < 15.GoVio,ly | <08 e e from PYTHIA 8 show peak shift
1 sf ¥ Inclusive jets, p'Tead >5 GeV/c~ N gCaSimir effCCtS
== Inclusive jets v
@ D’taggedjets 8 4l o W M Baseline for no mass effects
{5 NLO pQCD T e
0.5 -
0
1.2
RCR
3308
QlS 06
204
0.2
Z|2.0.8
Z[207
Cl20.6
a|50.5
—l€04
;—J' 20.3
0|=0.2 . 1
10” 10” R,
*P. Skands et al, Eur.Phys.].C 74 (2014) 8, 3024
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Energy-energy correlators

*ALICE Collaboration, arXiv 2504.03431

9:;) ALICE pp, s =13 TeV PYTHIA 8 Monash
[ 2O oh-partciejets, antiky, A =04 T P #098Ci%e Inclusive jets = gluon-jet dominated
> 10< pih.Jet <15 GeVie, mjetl =05 ___ Inclusive jets .
< < 15 GoVio,ly | <08 e e from PYTHIA 8 show peak shift
1 sf ¥ Inclusive jets, p'Tead >5 GeV/c~ N gCaSimir CffCCtS
== Inclusive jets 7+
 -@ D’taggedjets 4 {0 K ™ Baseline for no mass effects
weees. NLO pQCD A e T
0.5 ' 0 .
D"-tagged jets
0 :
52 M Suppression from the dead-cone effect
Bl . . .« e . . .
1208 M Transition peak position similar to inclusive jets
204 L.
= 0.2 M Interplay between flavour and hadronisation effects
z|z.038 . .
=207 MNLO pQCD calculation shows tension near peak
5|2 0.6 :
& [3 05 region
ol I
1593 I PYTHIA 8 Monash describes the data
S0,
1072 107"
& %P, Skands et al, Eur.Phys.].C 74 (2014) 8. 3024

L. Craft etal, Phys.Rev.D 114 (2026) 3.1.031501
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Charm-jet momentum fraction : baryons vs. mesons

*DY-tagged jets, \'/E = 13 TeV: ALICE Collaboration, JHEP 06 (2023). 133

ALICE Preliminary, pp

HF-tagged charged-particle jets, anti-k, R = 0.4 J ctmomentum fI'aCtl()Il

7 < pj:t " (GeV/c) < 15, |n <05

jetc

3 < p¥ (GeV/c) < 15, |y_| < 0.8 O D, {5 =13 TeV
! " BEN Al Vs =136 TeV

ZCh B Pch jet * Phadron
[l

2.0 2
@ Pch jet
15 R :
1.0 B
L | | | N T T TSR N
o 225 =
420 ?%; DB data 0 e PYTHIA 8 Monash, Vs = 13 TeV =
1.6 =-=-- PYTHIA 8 CR Mode 2, {5 = 13 TeV =
1.4E =
1.2
1.0
0.8
0.6
0.
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Charm-jet momentum fraction : baryons vs. mesons

*DY-tagged jets, \'/E = 13 TeV: ALICE Collaboration, JHEP 06 (2023). 133

ALICE Preliminary, pp

HF-tagged charged-particle jets, anti-k, R =0.4 J ctmomentum fraction

7 < pj:t " (GeV/c) < 15, |n <05

jetc

3 < p¥ (GeV/c) < 15, |y_| < 0.8 O D, {5 =13 TeV
! il BNEW AL Vs=13.6 TeV

oh Pch jet * Phadron

Z —
| p2 .
& ch jet
—— _ - —
: - Hint of softer fragmentation into charm
0 | o e baryons than into
CDD 2.25_ | | | ! | ' ' ' ' | ' ' ' I—;
JZO %g; 08Y data 00 e PYTHIA 8 Monash, Vs = 13 TeV =
12;_ - == - PYTHIA 8 CR Mode 2, Vs = 13 TeV e’ o E . Better dGSCI‘iptiOIl from PY THIA 8 with
12 ' ‘/ 3 colour reconnection beyond leading-
0.8 . .
0.6 colour approximation
0. —_— S

*P. Skands et al, Fur.Phys.].C 74 (2014) 8. 3024

— *k]. R. Chrisuansen etal, JHEP 08 (2015), 003
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Towards beautyjets

> | | | | | | I | | |
EL _
o - — V< pT,chjet<15GeV/C |
(@) - PYTHIA8 + GEANT4  __ 55 b <40 GeVic -
= T pp, Vs=13.6TeV Tonit -
1.2 oo — 70< p__ <100 GeV/c
I~ - charged-particle jets oh] -
—~ [ anti-k;, R=04,|n |<05  ——GNN -
LT jet’ BDT -
o 1.0 —— — m SV, pp5.02 TeV __
. TR (50-60 GeV/c)
08 N .
0.6 _
L .. \ _
o Q‘ . .. —
__ IR | .
0.41 . -
_ GNN selections ™. ™ -
_ ® D >2 ) -
0.2 m D,>3 —
B ¢ D,>4 Tl -
-+ D,>5 e N 7
T B T T T T T B EtT T e i

i | | | | | | | | |
| 51 4} ALICE Performance

0.0
0.0 0.2 0.4

0.6 0.8 1.0
b-jet tagging efficiency
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Graph Neural Network (GNN) based b-jet tagging method

M Relational deep learning of the jet constituents

M Outperforms classical tagging methods and BDT-based
machine learning approach

GNN

.
X 2
—| s |—> — —
4
T E
Combined Intial track Conditional track
Inputs representation representation

*ATLAS Collaboration, ATL-PHYS-PUB-2022-027

Pooled graph
representation
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*
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h
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e
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Track origin
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Vertex
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Towards beautyjets

ALICE Preliminary

pp, Vs=13.6 TeV
charged-particle b-jets
anti-k;, R =0.4, |njet| <0.5

—6— data
— POWHEG + PYTHIA 8

107" F
o | o[
1.6 -
21.4F -
%‘.2 -
c 1.0
0-8_|...|...|...|...|...|..._
20 40 60 80 100 120 140
'OT ch jet (GeV/C)

Yoshini Bailung

Graph Neural Network (GNN) based b-jet tagging method
M Relational deep learning of the jet constituents

M Outperforms classical tagging methods and BDT-based

machine learning approach sy
GNN / representation . ;%_é L gt:;cf"ii\t'i%if
l—> E% —>.—> —>.—> -_> gg - ;:ZZ?C?Q?S"
& |—F ren
**ATLAS Collaboration, ATI.-PHYS-PUB-2022-027 L
POWHEG + PYTHIA 8 prediction
deviates from the data at low py
%S. Alioli etal, JHEP 06 (2010), 043
QCD@LHC 2026 #P. Skands et al, Eur.Phys.].C 74 (2014) 8. 3024 13
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Summary and outlook %

Jet-substructure observables are increasingly being
explored in ALICE to characterise parton fragmentation
and its flavour dependence

(Charm-hadron-tagged jet substructure measurements
probe the interplay of (QCD dead-cone and Casimir
effects in the parton shower

First measurement of b-jet cross section with deep
learning in ALICE — Baseline for heavy-ion studies and
substructure measurements

R —

ALICE LS2 upgrade allowed to collect significantly larger data samples in Run 3
- Improved precision and more differential studies
- Possibly enable measurements with B-meson tagged jets — b-jet substructure

- Study medium-induced effects on heavy-quark radiation in Pb—Pb collisions

Yoshini Bailung QCD@LHC 2026 14
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