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Organization of the lectures

Today (Part 1): 
Introduction to jets and heavy flavor

Tomorrow (Part 2): 
Focus on measurements involving jets and heavy flavor at the EIC

• Why are heavy quarks interesting?

• What are jets, how do we reconstruct them, and what can we learn 
with them?

• What can we learn from measurements of heavy flavor hadrons?
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Organization of the lectures

A few caveats:

• I am not a theorist! These lectures will be more from an experimental point 
of view, although I have tried to include some theory as well

• We could easily do a summer school only on jets or only on heavy flavor! 
These are huge subfields, and these lectures do not cover everything :)

1

Today (Part 1): 
Introduction to jets and heavy flavor

• Why are heavy quarks interesting?

• What are jets, how do we reconstruct them, and what can we learn 
with them?

• What can we learn from measurements of heavy flavor hadrons?
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This lecture: Introduction to HF and jet probes

Heavy flavor  
hadrons

Jets

Heavy flavor  
jets

c
c

b
b
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What do we mean by heavy flavor?

u
d
s

2.2 MeV/c2

4.7 MeV/c2

95 MeV/c2 

“Light flavor” quarks:  
up, down, strange

c
b
t

1.275 GeV/c2

4.18 GeV/c2

173 GeV / c2

“Heavy flavor” quarks:  
charm, beauty, top

When we talk about “heavy flavor” we typically mean beauty and charm quarks, 
or hadrons that contain them

Why don’t we include the top quark?
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What do we mean by heavy flavor?

u
d
s

2.2 MeV/c2

4.7 MeV/c2

95 MeV/c2 

“Light flavor” quarks:  
up, down, strange

c
b
t

1.275 GeV/c2

4.18 GeV/c2

173 GeV / c2

“Heavy flavor” quarks:  
charm, beauty, top

When we talk about “heavy flavor” we typically mean beauty and charm quarks, 
or hadrons that contain them

Why don’t we include the top quark?

• It decays before it has time to hadronize, so it doesn’t form bound states

• Quarks hadronize on a timescale of 1/ , where  is the scale at which 
non-perturbative effects begin to dominate, and perturbative QCD can’t be 
applied

ΛQCD ΛQCD
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What’s so special about heavy flavor? 

•  ~ 200 MeVΛQCD

u
d
s

2.2 MeV/c2

4.7 MeV/c2

95 MeV/c2 

“Light flavor” quarks:  
up, down, strange

c
b
t

1.275 GeV/c2

4.18 GeV/c2

173 GeV / c2

“Heavy flavor” quarks:  
charm, beauty, top

•  >  mb, mc ΛQCD → heavy quark production can be computed using perturbative 
QCD. This means that measurements involving heavy flavor are 
good tests of perturbative QCD

• Large masses imply that charm and beauty quarks are typically produced early 
in a hard scattering event
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Discovery of the charm quark
pBe collisions  collisionse+e−

Proposed to 
call the new 
particle the 

“J” 

Proposed to 
call the new 
particle the 

“𝜓” 

@ Brookhaven National Lab 
(United States)

@ SLAC (United States)

PRL 33 (1974) 1406 PRL 33 (1974) 1404
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Discovery of the charm quark
pBe collisions  collisionse+e−

Proposed to 
call the new 
particle the 

“J” 

Proposed to 
call the new 
particle the 

“𝜓” 

@ Brookhaven National Lab 
(United States)

@ SLAC (United States)

PRL 33 (1974) 1406 PRL 33 (1974) 1404

c
c

Decision to call it the “J/𝜓”

J/ψ
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Discovery of the charm quark
pBe collisions  collisionse+e−

Proposed to 
call the new 
particle the 

“J” 

Proposed to 
call the new 
particle the 

“𝜓” 

@ Brookhaven National Lab 
(United States)

@ SLAC (United States)

PRL 33 (1974) 1406 PRL 33 (1974) 1404

c
c

Decision to call it the “J/𝜓”

J/ψ

Discovered at the same time!

Nobel Prize 1976  
“for.. the discovery of a heavy 

elementary particle of a new kind”
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Discovery of the beauty quark

• “Strong enhancement” seen at 9.5 GeV in the 
dimuon mass spectrum

background 
subtracted → 

pCu + pPt  collisions @ Fermilab (United States)

b
b

• 1977: Discovery of Upsilon states, and the 
beauty quark!

Υ

6

PRL 39 (1977) 252
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Quarkonia: “hydrogen atoms of QCD”

c
c J/ψ

mass: 3.096 GeV

Υ(1S)b
b

mass: 9.460 GeV
B+

c

Can be described with a simple potential model:

V(r) = − CF
αs

r
+ σrr

“Coulomb-like” potential 
at short distances

Casimir color factorCF =

quark confinement 
at large distances

7
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Quarkonia: “hydrogen atoms of QCD”

c
c J/ψ

mass: 3.096 GeV

Υ(1S)b
b

mass: 9.460 GeV
B+

c

Can be described with a simple potential model:

V(r) = − CF
αs

r
+ σrr

“Coulomb-like” potential 
at short distances

Casimir color factorCF =

quark confinement 
at large distances

Direct analogy to hydrogen atom wave 
functions and energy levels:r
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Orbital angular momentum  : S-wave statesL = 0
 : P-wave statesL = 1
 : D-wave statesL = 2
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Charmonium states

Figure from “Charmonium System” PDG review

What does this kind of 
diagram remind you of?
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c
c

J = P = (−1)L+1 C = (−1)L+SQuantum numbers: Total angular momentum

 = orbital angular momentumL  = spinS

Not all decays are shown here!

https://pdg.lbl.gov/2025/reviews/contents_sports.html
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Bottomonium states

Figure from “Bottomonium System” PDG review
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J = P = (−1)L+1 C = (−1)L+SQuantum numbers: Total angular momentum

 = orbital angular momentumL  = spinS

b
b

Not all decays are shown here!

https://pdg.lbl.gov/2025/reviews/contents_sports.html
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Despite having experimentally confirmed their existence in 1974, we 
still don’t understand the mechanism by which quarkonia are formed!

How are quarkonia formed?

→ Factorize heavy quark production (perturbative) from 
hadronization (non-perturbative)

1. Non-relativistic QCD (NRQCD)

2. Color Singlet Model (CSM)

3. Color Evaporation Model (CEM)

• We know that heavy quark production in QCD can be calculated perturbatively

• However, the hadronization part into a quarkonium state is non-perturbative

10

3 “main” theories (+ many more recent extensions/updates)



How are quarkonia formed?
1. Non-relativistic QCD (NRQCD)

• Perturbative QCD model: Expansion in  and in the heavy quark velocity αs v

• Why might “non-relativistic” work for quarkonium?

• Hadronisation of quarkonium is parametrised with non-perturbative Long 
Distance Matrix Elements (LDMEs) → must be extracted from data

• Allows the Color-Octet mechanism: a quarkonium state can change its 
quantum numbers through gluon emissions

Quarkonium state has same quantum 
numbers as initial  and  pairq q

Quarkonium state has different quantum 
numbers as initial  and  pairq q

11



How are quarkonia formed?
2. Color Singlet Model (CSM)

12

• Quarkonium is produced with the same quantum numbers as the 
initial  and  pairq q

• Based on perturbative QCD like NRQCD

3. Color Evaporation Model (CEM)

σJ/ψ = PJ/ψ ∫
m2mD

m2mc

dσcc

dmcc
dmcc

• Assume that above the mass threshold 
for two heavy quarks, and below the 
threshold for two open heavy flavor 
hadrons, the heavy quark pair has a 
certain probability  to hadronize into 
a specific quarkonium state

P

Cross section to produce a  pair QQ

Cross section to produce a specific 
quarkonium state (ex: J/psi)•  is assumed to be process-independent 

(universal)
P
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“Open” heavy flavor hadrons contain heavy and light quarks

B0

B+ mass: 5.2793 GeV 
 = 491.1 mcτ μ

mass: 5.2796 GeV 
 = 455.7 mcτ μ

B0
s

mass: 5.3669 GeV 
 = 452.4 mcτ μ

d
b

u
b

s
b

u
db Λ0

b
mass: 5.6196 GeV 

 = 440.7 mcτ μ

d
c

s

u
d

u
c

c

D+

D0

D+
s

mass: 1.8696 GeV 
 = 311.8 mcτ μ

mass: 1.8648 GeV 
 = 122.9 mcτ μ

mass: 1.9683 GeV 
 = 151.2 mcτ μ

Λ+
cc mass: 2.2865 GeV 

 = 59.9 mcτ μ

b
c B+

c Quarkonia or not? 
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“Open” heavy flavor hadrons contain heavy and light quarks
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b
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d
c

u

s

u
d

c

c

D+

D0

D+
s

mass: 1.8696 GeV 
 = 311.8 mcτ μ

mass: 1.8648 GeV 
 = 122.9 mcτ μ

mass: 1.9683 GeV 
 = 151.2 mcτ μ

Λ+
cc mass: 2.2865 GeV 

 = 59.9 mcτ μ

b
c B+

c
It’s considered to be more 

similar to quarkonium!
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“Open” heavy flavor hadrons contain heavy and light quarks

B0

B+ mass: 5.2793 GeV 
 = 491.1 mcτ μ

mass: 5.2796 GeV 
 = 455.7 mcτ μ

B0
s

mass: 5.3669 GeV 
 = 452.4 mcτ μ

d
b

u
b

s
b

u
db Λ0

b
mass: 5.6196 GeV 

 = 440.7 mcτ μ

+ many other heavy flavor 
baryons and excited states

d
c

u

s

u
d

c

c

D+

D0

D+
s

mass: 1.8696 GeV 
 = 311.8 mcτ μ

mass: 1.8648 GeV 
 = 122.9 mcτ μ

mass: 1.9683 GeV 
 = 151.2 mcτ μ

Λ+
cc mass: 2.2865 GeV 

 = 59.9 mcτ μ
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Experimental reconstruction of heavy flavor hadrons

]2c) [MeV/-µ+µ(M
9000 10000 11000

)2 c
C

an
di

da
te

s/
(2

0 
M

eV
/

0

20000

40000

60000

80000

 = 13 TeVs
LHCb

c < 30 GeV/
T
p 0 < 

 < 4.5y 2.0 < 

Data
Total fit
Signals
Background

• Quarkonia have large branching 
fractions to hadrons, but for 
those that decay to leptons we 
typically prefer the lepton 
channels. Why?

b
b Υ(1S), Υ(2S), Υ(3S) → μ+μ−

at LHCb

14
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Experimental reconstruction of heavy flavor hadrons
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• Quarkonia have large branching 
fractions to hadrons, but for 
those that decay to leptons we 
typically prefer the lepton 
channels. Why?

b
b Υ(1S), Υ(2S), Υ(3S) → μ+μ−

at LHCb

Very clean!

J/ψ → e+e−

at PHENIX

14

c
c

J/ψ, ψ(2S) → μ+μ− at ALICE

JHEP 06 (2022) 015

JHEP 07 (2018) 134

PRD 102 (2020) 072008
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Experimental reconstruction of heavy flavor hadrons
• Open heavy flavor hadrons have many possible decay channels. Many have 

small branching fractions!

u
b

Example: some B+ decay 
modes from the PDG

15
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Experimental reconstruction of heavy flavor hadrons
• Open heavy flavor hadrons have many possible decay channels. Many have 

small branching fractions!

u
b

Example: some B+ decay 
modes from the PDG

15

“Exclusive” reconstruction: measure 
every particle in the decay to fully 

reconstruct the heavy flavor hadron 
 

Examples: 
D0 → K−π+, B+ → J/ψK+

“Inclusive” reconstruction: measure 
part of the decay but not all of it 

Examples:   B → D0X
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Experimental reconstruction of heavy flavor hadrons
• Open heavy flavor hadrons have many possible decay channels. Many have 

small branching fractions!

16

• For good heavy flavor reconstruction, it’s critical to have precision tracking 
capabilities to reconstruct heavy flavor decay vertices

Primary vertex: where 
the beams collide

Secondary vertex: 
where the heavy 
flavor hadron 

decays

} flight distance

“displaced” 
tracks: 

incompatible 
with 

originating 
from PV

Particle identification detectors also help 
discriminate between pions, kaons, and protons 
which helps reduce combinatorial background
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Heavy quark production in  collisionse+e−

σ(pp→D0X) ∝ σe+e−→cc ⊗ DD0

c (z)

• We can’t measure heavy 
quarks directly, because of 
confinement in QCD 
which forces quarks to be 
bound within hadrons

• We can measure heavy 
flavor hadrons, which can 
be used as proxies for 
heavy flavor quarks

e+ e−

QCD factorisation for  collisions:e+e−

hard scattering 
cross section

Fragmentation 
Function

17



Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics

Heavy flavor fragmentation functions
• Fragmentation functions of heavy flavor hadrons were directly measured at 

 colliderse+e−

Inclusive collinear b->B FF 
measurement in  collisions e+e−

Inclusive collinear c->D0 FF 
measurement in  collisions e+e−

PRD 70, 112001 (2004)

EPJC 71, 1557 (2011)

B hadron takes around ~80% 
of the momentum of the 

initial b quark

Charm hadron takes around 
50-60% of the momentum of the 

initial c quark

18
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Heavy quark production in pp collisions

protonproton

σ(pp→D0X) ∝ g(x) ⊗ g(x) ⊗ σgg→cc ⊗ DD0

c (z)

hard scattering 
cross section

Fragmentation 
Function

Parton 
Distribution 
Functions

• Initial state is more 
complex

• What can we learn here 
that we can’t study in 

 collisions?e+e−

19
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(non-) Universality ? 

What might cause different fractions of certain charm hadrons in pp 
collisions vs. /ep?e+e−

0D
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 h
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f
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 = 10.5 GeVs, 
−

e
+

B factories, e

Zm = s, 
−

e
+

LEP, e
HERA, ep, DIS

HERA, ep, photoproduction

 20×

ALI-PUB-567906
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JHEP 12 (2023) 086
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Fragmentation vs. coalescence
Fragmentation: high-energy parton shower 

and subsequent hadronization 

Coalescence: typically associated with 
low-energy partons that are close together 

in phase space and hadronize
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 B
σ/ b0

Λ
σ

2 4 6

NB>VELO
tracks/<NVELO

tracksN
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 -16%
+19% + X, global uncertainty: bb→pp

bb→0Z→−e+e

LHCb  = 13 TeVs pp  
-1   5.4 fb > 0

T
p

Multiplicity-dependent 
measurements of hadron 

production probe fragmentation 
vs. coalescence mechanisms

Increasing # of particles measured 
in the event (increasing multiplicity) 

21

PRL 132 (2024) 081901
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Fragmentation vs. coalescence
Fragmentation: high-energy parton shower 

and subsequent hadronization 

Coalescence: typically associated with 
low-energy partons that are close together 

in phase space and hadronize
0

0.1
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0.3
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0.5

0.6

0.7

0 B
σ/ b0

Λ
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NB>VELO
tracks/<NVELO

tracksN
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 -16%
+19% + X, global uncertainty: bb→pp

bb→0Z→−e+e

LHCb  = 13 TeVs pp  
-1   5.4 fb > 0

T
p

Multiplicity-dependent 
measurements of hadron 

production probe fragmentation 
vs. coalescence mechanisms

In high multiplicity pp collisions, we 
see more  produced!Λ0

b

21

PRL 132 (2024) 081901
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What is a jet?
• A jet is a proxy for a single parton (quark or gluon)

Fragmentation: 
high energy parton shower

Hadronization

• Formed when a high-energy parton undergoes fragmentation and 
hadronization, forming a correlated “spray” of particles in the detector

• Identified with jet reconstruction algorithms that cluster particles consistent 
with originating from the hadronization of a single high-energy parton

Initial quark 
(or gluon)

22
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• A jet is a proxy for a single parton (quark or gluon)

• Formed when a high-energy parton undergoes fragmentation and 
hadronization, forming a correlated “spray” of particles in the detector

• Identified with jet reconstruction algorithms that cluster particles consistent 
with originating from the hadronization of a single high-energy parton

A jet correlates 
hadrons to the 

original quark or 
gluon they 

originated from! 

What is a jet?

23
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A jet correlates 
hadrons to the 

original quark or 
gluon they 

originated from! 

Why are jets useful?

24

• Jets provide the closest experimental access we can get to parton-level 
kinematics

• Parton-level kinematics -> provide access to timescales before 
hadronization, inaccessible with many other probes

• They provide excellent, precision tests of perturbative QCD
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How do we reconstruct jets?
• Basic idea: determine which particles are correlated to each other, and 

which are not

• Given a bunch of hadrons measured in a detector, how might I determine 
if they are correlated or not?

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

25
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Let’s build a jet
• Idea #1: Let’s group particles based on how close they are to each other

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Compute the distance between all possible pairs of particles:

• Find the smallest . If , the particles i and j are “combined”Δij Δij < R

1
2

3
4

5

6

7
8

Δij = (yi − yj)2 + (ϕi − ϕj)2

• Pick your desired jet radius R. Let’s choose R = 0.5

25
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Let’s build a jet
• Idea #1: Let’s group particles based on how close they are to each other

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Compute the distance between all possible pairs of particles:

• Find the smallest . If , the particles i and j are “combined”Δij Δij < R

5

6

7
8

Δij = (yi − yj)2 + (ϕi − ϕj)2

• Pick your desired jet radius R. Let’s choose R = 0.5

• Now we repeat the process again

3+4
1

2

25
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• Idea #1: Let’s group particles based on how close they are to each other
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Detector: 
measure particle 
momentum and 

position

Interaction point

• Compute the distance between all possible pairs of particles:
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• Now we repeat the process again

3+4+6

1
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Let’s build a jet
• Idea #1: Let’s group particles based on how close they are to each other

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Compute the distance between all possible pairs of particles:

• Find the smallest . If , the particles i and j are “combined”Δij Δij < R

5

7
8

Δij = (yi − yj)2 + (ϕi − ϕj)2

• Pick your desired jet radius R. Let’s choose R = 0.5

• And again

3+4+6

1
2

25
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Let’s build a jet
• Idea #1: Let’s group particles based on how close they are to each other

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Compute the distance between all possible pairs of particles:

• Find the smallest . If , the particles i and j are “combined”Δij Δij < R

7
8

Δij = (yi − yj)2 + (ϕi − ϕj)2

• Pick your desired jet radius R. Let’s choose R = 0.5

• And again

3+4+6+5
1

2

25
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Let’s build a jet
• Idea #1: Let’s group particles based on how close they are to each other

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Now all possible  are larger than my chosen jet radius, R = 0.5!Δij

7
8

Δij = (yi − yj)2 + (ϕi − ϕj)2

Jet 1 = 3+4+6+5
1

2

• So now I can’t add any more particles to this jet

26
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Let’s build a jet
• Idea #1: Let’s group particles based on how close they are to each other

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Now all possible  are larger than my chosen jet radius, R = 0.5!Δij

7
8

Δij = (yi − yj)2 + (ϕi − ϕj)2

1
2

• So now I can’t add any more particles to this jet

3
4

5

6

Jet 1

• What we have just done is known as Cambridge-Aachen sequential 
clustering. It is known for preserving angular ordering of the parton shower

27
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Let’s build a jet
• You might be thinking: “won’t I end up with a lot of jets if I follow this 

procedure?”

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

7
8

1
2

3
4

5

6

Jet 1
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• The answer is: yes! This is why we always have to define a minimum jet pT 
requirement, which determines what we consider a “hard” object

• In hadronic collisions this is usually not less than 5 GeV/c, and often quite 
a bit higher. Between 10-20 GeV/c is common for a minimum jet pT
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Let’s build another jet
• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Compute the distance between all possible pairs of particles:

Δij = (yi − yj)2 + (ϕi − ϕj)2

• Pick your desired jet radius R. Let’s choose R = 0.5

29
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Let’s build another jet
• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Let’s now weight  by the transverse momentum of the heavier particle: Δij

dij = min(k−2
ti , k−2

tj )
Δ2

ij

R2
kti = transverse momentum of particle i 

• And we will compare this weighted metric  to another metric,   dij diB = k−2
ti

• In this case, the clustering order can differ from what we had with 
Cambridge-Aachen!

1
2

3
4

5

6

7
8
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Let’s build another jet
• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Let’s now weight  by the transverse momentum of the heavier particle: Δij

kti = transverse momentum of particle i 

• And we will compare this weighted metric  to another metric,   dij diB = k−2
ti

• In this case, the clustering order can differ from what we had with 
Cambridge-Aachen!

1
2

3

4+6

5

7
8
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dij = min(k−2
ti , k−2

tj )
Δ2

ij

R2
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Let’s build another jet
• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Let’s now weight  by the transverse momentum of the heavier particle: Δij

kti = transverse momentum of particle i 

• And we will compare this weighted metric  to another metric,   dij diB = k−2
ti

• Let’s say particle 3 has a much larger transverse momentum than particle 
5
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3

4+6

5

7
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Let’s build another jet
• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Let’s now weight  by the transverse momentum of the heavier particle: Δij

kti = transverse momentum of particle i 

• And we will compare this weighted metric  to another metric,   dij diB = k−2
ti

• Let’s say particle 3 has a much larger transverse momentum than particle 
5
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• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 
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• Let’s now weight  by the transverse momentum of the heavier particle: Δij

kti = transverse momentum of particle i 

• And we will compare this weighted metric  to another metric,   dij diB = k−2
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Let’s build another jet
• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Let’s now weight  by the transverse momentum of the heavier particle: Δij

kti = transverse momentum of particle i 

• And we will compare this weighted metric  to another metric,   dij diB = k−2
ti

• Let’s say particle 3 has a much larger transverse momentum than particle 
5

1
2 3+4+5+6

7
8
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Let’s build another jet
• Idea #2: Let’s group particles based on how close they are to each other 

AND taking into account their transverse momentum 

Beam

Detector: 
measure particle 
momentum and 

position

Interaction point

• Let’s now weight  by the transverse momentum of the heavier particle: Δij

kti = transverse momentum of particle i 

• And we will compare this weighted metric  to another metric,   dij diB = k−2
ti
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• What we have done this time is known as the anti-kT clustering algorithm

dij = min(k−2
ti , k−2

tj )
Δ2

ij

R2
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Why is the anti-kT algorithm preferred?

Original anti-kt paper: JHEP 04 (2008) 063

Nice, conical 
jets: regular jet 

boundary

Infrared and 
collinear safe jet 

definition

33
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Summary: How do we reconstruct jets?
• Compute two distance metrics:

dij = (k2p
ti , k2p

tj )
Δ2

ij

R2
min

diB = k2p
ti

between all possible 
pairs of particles:

between each particle 
and the beam:

p = -1 anti-kT algorithm

• If  < , particles i and j are clustered into a jet. dij diB

• The process is repeated until no more particles (or “proto-jets”: the clusters 
of particles created during the algorithm) satisfy the criteria   < dij diB

p = 0 Cambridge-Aachen 
algorithm

p = 1 kT algorithm

• It’s actually not very complicated! However, we started with fully-
reconstructed particles…
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Di-jet event in an LHCb pp collision

35

In the real experiment, we measure charged-particle tracks and energy 
deposits in calorimeters

Interaction point 
where the two 
LHC beams collide

dipole 
magnet

tracks (charged 
particles)

Electromagnetic 
calorimeter 
clusters

Hadronic 
calorimeter 
clusters
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“Particle Flow”: preparing inputs to the jet reconstruction

36

Particle Flow: an algorithm that converts detector-level quantities 
(calorimeter clusters, tracks, etc.) into particle hypotheses

• Match tracks to calorimeter clusters → charged particle hypothesis

• Calorimeter clusters without track matches → neutral particle 
hypothesis

• Can also pass fully reconstructed and identified particles as inputs 
( )ex : K0

s → π+π−

• Algorithm avoids double-counting inputs - once a cluster is “matched” 
it cannot be re-used for a different particle

Particle Flow is not the only way to select inputs for the jet reconstruction 
algorithm, but many experiments use it because it is fast and efficient. 
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Two categories of jet measurements

Measure the jet, then treat it like 
it’s a parton

Ideal for studying:

Jets as parton proxies: Jets as hadronization/parton shower 
probes:

Ideal for cross-section 
measurements with a parton in 
the final state: , , Z+l/c/b 
 
Jet cross sections are excellently 
described by perturbative QCD

bb cc

Measure the jet substructure: the 
particles within the jet

• hadronization: can constrain 
fragmentation functions, initial/
final state known for heavy flavor

• parton shower dynamics: QCD 
“dead cone”, measurements of 
QCD splitting functions,…

= quark or 
gluon

37
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Studying fragmentation functions with jets 
• Since jets are by definition produced from the hadronization of a quark or 

gluon, they are ideal for studying hadronization! 

• Factorization theorems have been developed to describe hadron production 
within a jet

PDF PDF hard scattering 
cross section

FJF

• These theorems replace the single-hadron fragmentation function with a 
Fragmenting Jet Function (FJF):

• The FJFs are related 
to the single-hadron 
FFs, therefore 
measurements of 
hadrons in jets also 
help to constrain the 
single hadron FFs

Kang, Lee, Terry, Xing PLB 798, 134978 (2019)
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Studying fragmentation functions with jets 

⃗pjet

⃗phadron

z
: longitudinal momentum 

fraction 
z

z =
⃗pjet ⋅ ⃗phadron

| ⃗pjet |
2

sensitive to collinear FFs

⃗pjet

⃗phadron

jT

: transverse momentum of 
hadron relative to the jet axis
jT

jT =
| ⃗pjet × ⃗phadron |

| ⃗pjet |

sensitive to transverse 
momentum dependent (TMD) FFs

39
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Studying fragmentation functions with jets 

40

⃗pjet

⃗phadron

r

: radial position of 
hadrons in the jet

r

• Why is  interesting? r
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Studying fragmentation functions with jets 

41

⃗pjet

⃗phadron

r

: radial position of 
hadrons in the jet

r

• Why is  interesting? r

•  and  give us a three-
dimensional picture of 
hadronization in momentum 
space. r gives us an image in 
position space

z jT

PRL 123 (2019) 232001
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The Lund Plane
• Reconstruct jets with anti-  algorithm, then “re-cluster” with the Cambridge-

Aachen algorithm
kT

q

π

ΔR = (ysoft − yrad)2 + (ϕsoft − ϕrad)2

42

• Follow the “hardest” particle in the jet. Calculate 
variables  and  between the “hard” branch and 
the “soft” branch in each splitting

z ΔR

z =
psoft

T

psoft
T + phard

T

• C/A algorithm gives us the angular ordering of the particles in the jet -> 
reconstruction of the parton shower history

arxiv: 2505.23530
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The Lund Plane
Inclusive jets in pp 
collisions @ ATLAS

Types of parton splittings 
in the Lund plane

PRL 124 (2020) 222002

Lund plane = a way to image the 
parton shower in a jet!

43

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002
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Heavy flavor jets

B+b

• Heavy flavor jets can be experimentally identified due to the presence of a 
heavy flavor hadron within the jet

• Ideal for studying hadronisation, as both the initial parton flavor and the final 
hadrons produced during the hadronisation process are known!

b-jet pT ~= 
b-quark pT

-> complementary 
probe to single hadron 
open heavy flavor 
measurements

• Example: measuring a b-jet will provide a better approximation of the b-quark 
kinematics than only measuring a B-hadron 

44
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Heavy flavor jets: accessing b- and c-quark kinematics

1. Reconstruct a secondary vertex 
(SV) inside a jet that originates from a 
heavy flavor decay. 

Inclusive tagging:

2.Use machine learning techniques 
(Boosted Decision Trees at LHCb) to 
separate beauty/charm/light jets

Exclusive tagging:

1. Fully reconstruct an exclusive decay 
of a heavy flavor hadron

2. Pass the heavy flavor hadron as input 
to the jet reconstruction algorithm -> 
find jets containing that hadron

Advantage: huge statistics

SV

b c l

?
B+ B+

Advantage: study flavor dependence ( ), 
hadronization in strange/light sector

b/b

BDT:

+ +

JINST 10, P06013 (2015)
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Using jets as proxies for heavy quarks

2.5 3 3.5 4
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-dijet aMC@NLOb b→pp 
-dijet aMC@NLOc c→pp 
-dijet Pythia 8b b→pp 
-dijet Pythia 8c c→pp 

• Precision  and  measurements from the LHCb Run 2 data -> first inclusive 
direct measurement of the differential  cross section at a hadron collider

bb cc
cc

JHEP 02 (2021) 023

46

bb cc No substructure here, just measuring 
two heavy quark jets and comparing 
to models of  and  productionbb cc

https://link.springer.com/article/10.1007/JHEP02(2021)023
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Heavy flavor fragmentation functions in jets
Can measure FFs of a single heavy flavor hadron in the jet 
(single HF FFs), or FFs of charged particles in the jet (jet FFs)

b

47
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Heavy flavor fragmentation functions in jets
Can measure FFs of a single heavy flavor hadron in the jet 
(single HF FFs), or FFs of charged particles in the jet (jet FFs)

b

• Single HF FFs: when you measure the fragmentation of a 
specific heavy flavor hadron (e.g. ), you are directly probing 
the hadronization of a heavy flavor quark with a light flavor 
quark

D0

• Jet FFs (multi-hadron FFs): when you measure the fragmentation of charged 
particles, you are probing how multiple hadrons are produced from a single 
quark or gluon. This is important because fragmentation always involves multiple 
hadrons being produced

• Both are important! They give complementary information, and are both 
needed to fully understand heavy flavor hadronization, since both originate from 
the hadronization of a single heavy quark
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Heavy flavor fragmentation functions in jets

z

 / 
dz

σ
) d

σ
(1

/

0

1

2

3

4

5

6

 sys.)⊕Data (stat. 
P8 (Monash + Peterson)
P8 (Monash + L-B)
P8 (A14 + L-B)
P8 (A14-rb + L-B)
Herwig 7 (ang. ord.)
Herwig 7 (dipole)
Sherpa (Lund)
Sherpa (cluster)

-1 = 13 TeV, 139 fbs ATLAS
 < 70 GeVjet

T
50 GeV < p  jets R = 0.4tanti-k

± Kψ J/→ ±B

z

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C

 / 
D

at
a

0.5
1

1.5
2 Total uncertainty

z
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C

 / 
D

at
a

1

2

3

Collinear b→ B± FF in jets

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.01

0.02

0.03

0.04

0.05

]1
− )c

 [m
b 

(G
eV

/
je

t
ηd

ch T,
je

t
pd

ch ||zd
σ3 d

 = 7 TeVsALICE, pp, 
 = 0.4R, TkCharged Jets, Anti-

| < 0.5
jet

η, |c < 15 GeV/ch
T,jet

p5 < 
c > 2 GeV/

T,D
p, 0with D

POWHEG hvq + PYTHIA 6
Herwig 7 MEPP2QQ

Data

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ch
||z

0

0.5
1

1.5

2
M

C
 / 

D
at

a

Collinear c→ D0 FF in jets

48
JHEP 12, 131 (2021) JHEP 08, 133 (2019)



Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics

The dead cone effect
• The dead cone effect is a fundamental prediction of gauge theories that states 

that quarks do not emit radiation within a cone of angle θdc ∼
mq

Eq

• Since the dead cone angle is proportional to mass, it is larger for heavy quarks

θdc

• How can we measure this?

• Why is it important to measure?

49

dead cone
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The dead cone effect
• The dead cone effect is a fundamental prediction of gauge theories that states 

that particles do not emit radiation within a cone of angle θ ~ mq/Eq

• Since the dead cone angle is proportional to mass, it is larger for heavy quarks

θdc

• How can we measure this?

• Why is it important to measure?

49

dead cone

The dead cone is everywhere in the 
parton shower!

The dead cone plays a huge role in the heavy quark parton shower, which is 
important to understand in order to fully understand heavy flavor hadronization
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Measuring the dead cone with Cambridge-Aachen reclustering

Nature 605 (2022) 440-446

50

https://www.nature.com/articles/s41586-022-04572-w
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The charm dead cone

ALI-PUB-493419

• Distinct effect from hadronization, but it influences the dynamics 
associated with heavy flavor hadronization

Nature 605 (2022) 440-446

51

https://www.nature.com/articles/s41586-022-04572-w
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The beauty Lund plane
• We can measure the Lund plane in heavy flavor jets by reconstructing the 

emissions of the heavy flavor hadron in the jet

• Why is this interesting?

52

arxiv: 2505.23530
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The beauty Lund plane
• We can measure the Lund plane in heavy flavor jets by reconstructing the 

emissions of the heavy flavor hadron in the jet

• Why is this interesting? Because beauty jets are quark-initiated jets, and 
because you know the original flavour of the parton that initiated the jet

• Where should the dead cone show up in the Lund plane?

52

arxiv: 2505.23530
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Imaging beauty vs light-quark-initiated jets
Z-tagged jets: primarily 
light-quark-initiated at 

forward rapidities (LHCb)

B-tagged jets: primarily 
beauty-quark initiated

53

arxiv: 2505.23530
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To think about:
• Of the measurements we discussed today, which one do you think would be 

most interesting to measure at the EIC? Why?

• One of the big physics programs at the EIC will be studying hadronization. 
What are the pros and cons of using heavy flavor hadrons vs jets/heavy flavor 
jets to study this? 

• Today we discussed mostly pp collisions (and some ). What might 
change, or what else might you observe, when using the jet and heavy flavor 
probes we discussed today in eA collisions?

e+e−
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Summary: Lecture 1

• Jets are good proxies for individual partons (quarks or gluons). They also 
have interesting substructure that allows us to study the parton shower 
and hadronization

• Heavy quarks are useful probes of QCD because their production can 
be perturbatively calculated, and they form many different kinds of 
hadrons that serve as good probes for studying hadronization (study b/c 
quark hadronization with other quark flavours)

• Heavy quark jets are particularly useful because they allow us to know 
the flavor of the parton that initiated the jet. This allows us to study 
mass-dependent parton shower effects, such as the dead cone, and to 
have a better handle on hadronization studies
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