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« Color factors reflect basic
properties of QCD

— Different emission properties due to the
different amounts of colour charge
carried by quarks and gluons

Quark-initiated shower
Narrower shower profile
Fewer emissions in the shower

=

Gluon-initiated shower

=
Broader shower profile ’_’%-{E

Higher number of emissions ~

« Soft-gluon emission probability by a

massive quark vanishes in the
forward direction
— So-called “dead-cone” effect is a

fundamental feature of all gauge field
theories

— Sizeable implications for charm and beauty
quarks
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« Color factors reflect basic
properties of QCD

— Different emission properties due to the
different amounts of colour charge
carried by quarks and gluons

Quark-initiated shower e
Narrower shower profile =,
Fewer emissions in the shower

Gluon-initiated shower dl
Broader shower profile ’_’%-{E

Higher number of emissions ~

« Soft-gluon emission probability by a

massive quark vanishes in the
forward direction

— So-called “dead-cone” effect is a
fundamental feature of all gauge field
theories

— Sizeable implications for charm and beauty
quarks

Light-quark-initiated shower =
Narrower shower profile =
Fewer emissions in the shower
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« Color factors reflect basic
properties of QCD

— Different emission properties due to the
different amounts of colour charge
carried by quarks and gluons

Quark-initiated shower
Narrower shower profile
Fewer emissions in the shower

=

Gluon-initiated shower
Broader shower profile
Higher number of emissions

=
"

« Soft-gluon emission probability by a
massive quark vanishes in the
forward direction

— So-called “dead-cone” effect is a

fundamental feature of all gauge field
theories

— Sizeable implications for charm and beauty
quarks

Light-quark-initiated shower

-
Narrower shower profile =

Fewer emissions in the shower

Heavy-quark-initiated shower

Suppression of small angle //

emissions A ﬁ_{g'“ﬂ
Harder fragmentation
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Heavy-flavour jet production is
perturbatively calculable down to
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Well controlled probe
Heavy-flavour jet production is
perturbatively calculable down to
low pt

Casimir effects
Heavy-flavour jets allow access to
a high purity quark sample fory
and splittings

Clean connection to the shower
The large mass of the heavy-quark
suppresses thermal production

and production during the process
pof hadronisation

Mass effects
At low energies heavy-quarks
provide unique access toTx
effects in the shower

Hadronisation mechanisms
Baryons vs mesons
Fragmentation in QGP
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» Tagged by fully reconstructing the HF hadron,
Vit Kucera, Inha University &

— Reconstruction in ALICE possible via e

hadronic decays impact parameters ~100 L m
« Identify decay products with ALICE’ PID capabilities

 Exploit topological constraints (displaced production

vertex) T
- Select candidates and extract signal via invariant mass fit ~  __ == Do <
. N

« The HF hadron is our best proxy for the final kinematics of
the heavy-quark in the shower

0
\D reconstructed momentum

secondary vertex
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» Tagged by fully reconstructing the HF hadron,
Vit Kucera, Inha University &

— Reconstruction in ALICE possible via dn“\'

hadronic decays impact parameters ~100 L m
« Identify decay products with ALICE’ PID capabilities

 Exploit topological constraints (displaced production

0
O oo = N
D flight line—, _ _ - - -~ D reconstructed momentum

primary yerfex secondary vertex

vertex) B
« Select candidates and extract signal via invariant mass fit Do /x/'
« The HF hadron is our best proxy for the final kinematics of "\x{
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— 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
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» Tagged by fully reconstructing the HF hadron,
Vit Kucera, Inha University &

— Reconstruction in ALICE possible via A
hadronic decays T
« 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

D flight line—, __ - - - >

primary yerfex secondary vertex
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Vit Kucera, Inha University &

— Reconstruction in ALICE possible via A
hadronic decays impact:)arameters~100 pum
« 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—DP correlations with ML, IPHC Strasbourg

secondary vertex
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« b-jets are tagged using algorithms that exploits the long life
time of the b hadrons (no beauty hadron reconstruction)

—3 tracks b jet
— Low level taggers

* Impact parameter and secondary vertex based, . b hadron
JHEP 01 (2022) 178, LPSC Grenoble, Hyungjun Lee, SKKU for
LHC Run3 e impact
parameter
secondary
vertex
do
light jet

o - primary vertex

|ghtjet

http://bartosik.pp.ua/hep_sketches/btagging
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S
« b-jets are tagged using algorithms that exploits the long life S
time of the b hadrons (no beauty hadron reconstruction) 2
— Low level taggers I
» Impact parameter and secondary vertex based, O Ug
JHEP 01 (2022) 178, LPSC Grenoble, Hyungjun Lee, SKKU for Qﬁ-
LHC Run 3 o
—I<<
iy
©
)
i)
i
s
o

1074

ALICE
p—Pb \[s, = 5.02 TeV
Charged b-jets, anti-k
R =0.4, |njet| <05

o°=37%

¥ b-jets

Syst. Unc. (Data)
— POWHEG+PYTHIAS dijet, with EPPS16

|:| Syst. Unc. Theory (Scale, PDF variations)
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< LR LU I I I IR I LRI UL
« b-jets are tagged using algorithms that exploits the long life § 10 ALICE
time of the b hadrons (no beauty hadron reconstruction) E p—Pb \sy, = 5.02 TeV
— Low level taggers T s i Charged b-jets, anti-k
5 107 R=04,|n | <05
» Impact parameter and secondary vertex based, O & jet
JHEP 01 (2022) 178, LPSC Grenoble, Hyungjun Lee, SKKU for Qﬁ-
LHC Run 3 © 10
ML o°=37%
107 B + biets
Syst. Unc. (Data)
— POWHEG+PYTHIAS dijet, with EPPS16
107 |:|Syst. Unc. Theory (Scale, PDF variations)
§§1§_AUCE_
@ "°r .
16E PP VSyn = 5-02 TeV 3
14 - Charged b-jets, anti-k;, R = 0.4, |njet| <05 3
1 :
08 ; b bietR o = 4.37% E
0.6 - Syst. LTnc. (Data) E
0.4F  —— POWHEG+PYTHIA8 (EPPS16/CT14nlo) E
0.2F [ Syst Unc. Theory (Scale, o, PDF variations) =
%020 "50 40 50 60 70 80 90 100
P, i (GOV/C)
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ALICE
p—Pb |5 = 5.02 TeV

S
« b-jets are tagged using algorithms that exploits the long life § 10
time of the b hadrons (no beauty hadron reconstruction) 2

510 R=04,|n | <05
» Impact parameter and secondary vertex based, | 2 jet
JHEP 01 (2022) 178, LPSC Grenoble, Hyungjun Lee, SKKU for o
LHC Run 3 T 108
_ ML o°=37%
— High level taggers
« Applied deep-learning techniques to several low-level parameters 107 & 4 biets
1 arXiv:1709.08497 Syst. Unc. (Data)
3 VTE T 7 g T T T L L B RN~
s 80 < p;, <40 GeVic B — POWHEG+PYTHIAS dijet, with EPPS16
Ew ?, - 7 E 107 |:|Syst. Unc. Theory (Scale, PDF variations)
102 - Y SRR R I I I IS I I I
g SE1gF ALCE E
=10 . E 16E PPb VSan = 5.02 TeV E
104? CNN a% 14E Charged b-jets, anti-k;, R = 0.4, |njet| <05 E
10_sg? Jet flﬁwour(ML) E 1.2F —
C ) ) —charm | o a
107 = BVTHIA  HUING, p-Pb 8y = 5.02 TeV e ey 3 1= E
o7 ; FastJet, anti-kr, R =04, |n_| <05 ~e-udsg (cut) ; 0.8F o 3
o2 o o4 o5 os o7 os 06 = ¥ bjetR 0°=4.37% 3
b-jet efficiency ’ - Syst. Unc. (Data) 3
0.4F  —— POWHEG+PYTHIA8 (EPPS16/CT14nlo) E
. . . . . . 0.2F [ Syst. Unc. Theory (Scale, o, PDF variations) 3
Flavour tagging with graph neural networks in pp collisions at N TR T

ALICE for LHC Run 3, Changhwan Choi, Sanghoon Lim, Pusan 10 20 30 40 50 60 70 80 90 100
5 National University Pr oo (GEV/C)



GRENOBLE | MODANE

* Identification of b-jets using = o2k ALICE Profiminary | B
iImpact-parameter distributions O : gwfrgid-ﬁ]artllil% jots, anti-ky -
+ A hardening of the p- o 10°E, © . ppis=13Tev, -
— C no UE correction, 6,=2.7% =
spectrum can be observed at 510t . oo Va8 02 Tev, - ~
hlgher collision energlies ol C- _55 T with UE correction, 6,=2.34% 3
B 5 107 F ———— 3
S 10k R -
of —— * -
107 g T =
— [ []
1078 I T R R R .
20 40 60 80 100
P T,ch jet (GeVic)
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* 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

—  10°
S
D
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E
5107
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&G .Ja:_>10
Q.i’-
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107”7
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charged jets with D°, 2 < p_,<36GeVic
anti-ky, I, | <0.9-R ’

pp, 5 =13 TeV ]
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T,ch jet

40 45 50
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R=0.6 (x10)
R=0.4
R=0.2 (x0.1)

o 1 POWHEG hvg + PYTHIA 8

PYTHIA 8 HardQCD Monash 2013
PYTHIA 8 SoftQCD Mode 2

arXiv:2204.10167 [nucl-ex]
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» HF-tagged jets provide a handle on the
evolution of quarks to hadrons

ch — . 2 JPttand
z ||_(phadron pchjet)/p chjet __--~~

: phadron

pchjet :,

s
~

 Measured in a wide phase-space region:

— Vs=5.02TeV, 13 TeV
— Jet pr €[5, 50] GeV/c
- D%p. €2, 36] GeV/c
- R=0.2,0.4,0.6

1/N,y, AN/dzE"

MC/data

1/N, g, N/ zE"

MC/data

\

8F ALICE pp, ¥s=13TeV 15< pTchjet <50 GeVic
g charged jets, anti-k; c : P> 10 GeV/c
5 [S] POWHEG hvg + PYTHIA 8
i =+ PYTHIA 8 HardQCD Monash 2013
: = = PYTHIA 8 SoftQCD Mode 2
2
1

2.0
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1.0 rzooecheeeee

0.5 —=—
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» HF-tagged jets provide a handle on the
evolution of quarks to hadrons

ch — . 2 JPtan
4 ||_(phadron pchjet)/p chjet __--~

: phadron

pchjet :,

« Good description by models at high jet pr and R
small R

* Hint of a softer fragmentation in data w.r.t.
model predictions (especially NLO) for low pt
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
g emissions are recovered

1/, AN/ ZE"

MC/data

1/N, g, N/ zE"

\

8F ALICE PP, Vs =13TeV 15 < pTchjet <50 GeV/c
7F charged jets, anti-k . . p. .>10 GeVic
6 _<7GeVic T:D
5 cchje [S] POWHEG hvq + PYTHIA 8
=+ PYTHIA 8 HardQCD Monash 2013

4 = = PYTHIA 8 SoftQCD Mode 2
3
2
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1.5

1.0 rzooecheeeee

0.5F ——

a5

3.0

25

2 ——"

1.5

1.0

0.5

2.0E

1.5

1.0F Eraavar
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 Ratio of normalised differential yields

[ T
_ ALICE Preliminary

of DO%-tagged jets in central Pb—Pb 16 0-10% Pb-Pb |5, = 5.02 TeV E
and pp collisions 4] ohargedjets, anfikr o p g =
» Hint of higher R4, of charm jets 12 P<Pro <REHE
compare to inclusive jets ) P IHNOEOTD m]

— Mass dependence of parton energy loss (4

« Casimir color factors
 Dead-cone effect

0.4

0.2F

0.6F

I

%H‘+‘ _ % QFH’HQHH%

10°
P, (GeV/c)
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» First z¢", measurement for D;

%= 6: ALICE Preliminary B D-tagged jots

— Exploring the effect of strangeness in 2 5p P 's-18TeV. 7 D tagged jets

the production of strange charm hadrons 5 ,f ™ok = 7204 E

> C 7<pf " <15GeVic, I | <05 -

* Hint of harder fragmentation into D; = f s<A<tscevie <08 e ]
than into D° 2§

|
!

a 2 . Data == POWHEG + PYTHIA 6
0 F PYTHIA 8 Monash $ A
0O 1.5F = « PYTHIA 8 CR-BLC Mode 2 3
O
0.4 0.5 0.6 0.7 0.8 0.9 1
zﬁh

10
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* The study of charm-baryon production

In jets can provide insights into

hadronization mechanisms in pp

T T | T I T T [ T T T T I T I T T
ALICE, pp, Vs =13 TeV Aj-tagged jets
O data

A, PYTHIA 8:
7<p. " <15GeV/e, | et <0.5 ....Monash

3<p<15GeVic, |y <0 " CR-BLCMode2

4-5 I T T T T I T T T

charged jets, anti-k;, R=0.4

(1/N,,)) dN/dZg"

collisions 35E E
— A more differential look at the baryon-to- e =
meson ratio enhancement in pp w.r.t. = o .
eel/ep collisions == B ]

» First z¢h, measurement for A, in hadronic 25T T T —
CO"iSionS E .:_'::.:i Eesnsnfuununn E

» Proof of feasibility of heavy-flavour baryon 1.5 ? : | _i_%__ —
fragmentation measurements down to low py 15 |_ #_%

« Strong discrimination power for
hadronisation models

.............................

- arXiv:2301.13798 [nucl-ex]

|||||||=—I

©
-
© :
© 1.5 =
3 I e .
> 1E— \ “%‘ I {"‘: :-———'%——é
0.4 05 0.6 0.7 0.8 0.9 1
ch

11 “
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* 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¢h, measurement for A in hadronic
collisions

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

« Strong discrimination power for
hadronisation models

— Hint of softer fragmentation into A than
into D°

* New way of constraining hadronisation

mechanisms (e.g. local parton density

11 dependence of fragmentation)

G

ALICE

arXiv:2301.13798 [nucl-ex]

. L L B L EL L B -
= ALICE, pp, Vs =13 TeV 61 Al-tagged jets 3
= jet ch =
= 7sdT <15 GeV/c, | 7| <0.5 =
= 3<pl<15GeV/c, |y" <0.8 =
2 % . $ y 0 3
E_ | F—+——t | ——— : F———t _E
B ¢ data =eeeee PYTHIA 8 Monash 7
— — = PYTHIA 8 CR-BLC Mode 2 —]
E ........................ o — l_ + _E
__u PR SN W N SN SN S SN AN SN SO SN SR (N SR SN ST SR N TR S SN T NN T S SR S
4 0.5 0.6 0.7 0.8 0.9 ch1
ol
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12

G

Ratio of emission angle distributions for charm quarks and inclusive partons

reveals the dead-cone effect

— First direct observation in QCD

PYTHIA 8 LQ / inclusive pp ¥s =13 TeV

pch,leading track >28 GeV/c

B ALICE Data ==~ T T,inclusive jet
. e . no dead-cone limit
Slgnlflcant suppression of I — charged jets, anti-k;, R=0.4 Kr > Aacp » Aago = 200 MeV/c
Sma”-e emissions at IOW —— SHERPA S ﬁrgga%?clage/limltuswe C/A reclustering | <05 6 (rad)
energy ‘ 0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08 0.05
@ LI | L I LU I L L I L | I miaml I L L I L | LI I 1.1 pigel
i il 5 < Enpgaiey < 10 GeV 10 < Eppgarer < 20 GV 20 < Epogaro, < 35 GeV
Dead cone garrows with L (= R e | R dy
Increasing Cragiator — o Cmmmmnmmy -
| — | s i *
—— ——] .
0.5F
ol | l Lo b by b by by s b vy by v g Lyaa g
1 1.5 2 2.5 1.5 2 2.5 1.5 2 2.5 3

Nature 605 (2022) 440—446
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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 A, and D°

Local parton multiplicity effects
Substructure of charm and beauty jets
Low p+: dead-cone effect for charm vs beauty
High p1: 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, IP2l
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

under study at Inha Univ.

120

100

80

60

40

20

DCA resolution at n=0, pr=1GeV (um)

2-day FJ/K/CPPN ALICE Workshop at Lyon, July 2024

ATLAS/CMS Run2 ATLAS/CMS Run 3

s ) B, |

ALICE Run 2 &) ATLAS Run 4

| CMS Run 4

ALICE Run 3
ARCE
ALICE 3Run 5

O

Acceptance (An)X interaction rate (kHz)
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