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Organization of the lectures

Today (Part1):
Introduction to jets and heavy flavor

- Why are heavy quarks interesting?

- What can we learn from measurements of heavy flavor hadrons?

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

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

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



Organization of the lectures

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

- Why are heavy quarks interesting?

- What can we learn from measurements of heavy flavor hadrons?

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

A few caveats:

| am not a theorist! These lectures will be more from an experimental point
of view, although | 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 :)
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This lecture: Introduction to HF and jet probes

Heavy flavor Heavy flavor
hadrons (. jets

Jets
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What do we mean by heavy flavor?

“Light flavor” quarks: “Heavy flavor” quarks:
up, down, strange charm, beauty, top
U 2.2 MeV/c2 C  1.275GeV/c?

d 4.7 MeV/c2 b 4.18 GeV/c2
S 95 MeV/c2 [ 173 GeV / ¢?
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?

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



What do we mean by heavy flavor?

“Light flavor” quarks: “Heavy flavor” quarks:
up, down, strange charm, beauty, top
U 2.2 MeV/c2 C  1.275GeV/c?
d 4.7 MeV/c2 b 4.18 GeV/c2
q 95 MeV/c2 A 173 GeV / c2

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?

- [t decays before it has time to hadronize, so it doesn’t form bound states

. Quarks hadronize on a timescale of 1/AQCD, where AQCD is the scale at which

non-perturbative effects begin to dominate, and perturbative QCD can’t be
applied

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



What's so special about heavy flavor?

“Light flavor” quarks: “Heavy flavor” quarks:
up, down, strange charm, beauty, top
U 2.2 MeV/c2 C  1.275GeV/c?

d 4.7 MeV/c2 b 4.18 GeV/c2
S 95 MeV/c2 [ 173 GeV / ¢?

« My, m,.> /\QCD — 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
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Discovery of the charm quark
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Discovery of the charm quark
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Discovery of the beauty quark
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pCu + pPt collisions @ Fermilab (United States)
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. “Strong enhancement” seen at 9.5 GeV in the
dimuon mass spectrum

 1977: Discovery of Upsilon states, and the
beauty quark!
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Quarkonia: “hydrogen atoms of QCD”

Can be described with a simple potential model:

Jly o
V(r) = — Cp—

r
mass: 3.096 GeV /

“Coulomb-like” potential
at short distances

Cr = Casimir color factor

% Y(1S)

mass: 9.460 GeV
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QQuarkonia: “hydrogen atoms of QCD”

Can be described with a simple potential model:

Jly

V() = - Cp— 5 4 or

mass: 3.096 GeV / \

“Coulomb-like” potential quark confinement
at short distances at large distances

Cr = Casimir color factor

Y( 18 ) Direct analogy to hydrogen atom wave
A/r' functions and energy levels:

mass: 9460 GeV Orbital angular momentum L = 0 : S-wave states

L. =1 : P-wave states

L = 2 : D-wave states
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Mass (MeV)

4700 +

4500 +

4300 +

4100 +

3900 + , o+

3700 +

3500 +

3300 +

3100 +

2900

Thresholds:

Quantum numbers:
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1 (4660)

y(4415)
(4360)

Y (4230)
y(4160)

y(4040)

Tt

y(3770)

¥ (2S)

-

X470
T (4430) 200
T
Tz (4200)
x T_, (4020)
xco(3915)
x T, (3900)
T X:o(-sa-so-) ¢
1 w
0
he (1P) %, (1P)
T, W
1+ - O+ +

J = Total angular momentum

1+

L = orbital angular momentum

Charmonium states

What does this kind of
diagram remind you of?

X, (3930)

1/12(3823)

%, (1P)

Figure from “Charmonium System” PDG review

Y. (3842)

Not all decays are shown here!

o+ +

P = (_ 1)L+1
S = spin

-
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https://pdg.lbl.gov/2025/reviews/contents_sports.html

11100,

10900+

107004

10500+

10300+

101004

9700 +

Quantum numbers:
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L = orbital angular momentum

T, (10650)
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0++

J = Total angular momentum

. Bottomonium states

%, (3P) Xy, (3P)
x,, (2P) Xy (2P)
Tt bl &)1

x,, (1P) Xy (1P)

Figure from “Bottomonium System” PDG review

Thresholds:

Not all decays are shown here!

1+ o+ +
P = (_ 1)L+1
S =spin
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https://pdg.lbl.gov/2025/reviews/contents_sports.html

How are quarkonia formed?

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

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

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

Despite having experimentally confirmed their existence in 1974, we
still don’t understand the mechanism by which quarkonia are formed!

3 “main” theories (+ many more recent extensions/updates)
1. Non-relativistic QCD (NRQCD)
2. Color Singlet Model (CSM)

3. Color Evaporation Model (CEM)

Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics 10



How are quarkonia formed?
1. Non-relativistic QCD (NRQCD)
- Why might “non-relativistic” work for quarkonium?
- Perturbative QCD model: Expansion in &, and in the heavy quark velocity v

- 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

Colour Singlet state Colour Octet state

Quarkonium state has same quantum Quarkonium state has different qguantum
numbers as initial g and g pair numbers as initial g and g pair

11



How are quarkonia formed?

2. Color Singlet Model (CSM)

« Quarkonium is produced with the same quantum numbers as the
initial g and g pair

- Based on perturbative QCD like NRQCD

3. Color Evaporation Model (CEM)

« Assume that above the mass threshold

Cross section to produce a QQ pair
for two heavy quarks, and below the

threshold for two open heavy flavor Mo, do,..
hadrons, the heavy quark pair has a Oy = L jpy r dmcg
] m

certain probability P to hadronize into

a specific quarkonium state

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

(universal)
12



“Open” heavy flavor hadrons contain heavy and light quarks

299 %

Kara Mattioli (LLR)

vy

vy

ve
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mass: 5.2796 GeV
CcT=455.7 um

mass: 5.2793 GeV
cT=491.1 um

mass: 5.3669 GeV
cT=452.4 um

mass: 5.6196 GeV
cT=440.7 um

B+
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D+
DO
D+

\)

A+

mass: 1.8696 GeV
ct=311.8 um

mass: 1.8648 GeV
cT=122.9 um

mass: 1.9683 GeV
cT=151.2 um

mass: 2.2865 GeV
cT=59.9 um

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

299 %

Kara Mattioli (LLR)

mass: 5.2796 GeV
CcT=455.7 um

mass: 5.2793 GeV
cT=491.1 um

mass: 5.3669 GeV
cT=452.4 um

mass: 5.6196 GeV
cT=440.7 um

* BT
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23 %

D+
DO
D+

\)

A+

mass: 1.8696 GeV
ct=311.8 um

mass: 1.8648 GeV
cT=122.9 um

mass: 1.9683 GeV
cT=151.2 um

mass: 2.2865 GeV
cT=59.9 um

It's considered to be more
similar to quarkonium!
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“Open” heavy tlavor hadrons contain heavy and light quarks

2998 %

Kara Mattioli (LLR)

mass: 5.2796 GeV
cT=455.7 um

mass: 5.2793 GeV
cT=491.1 um

mass: 5.3669 GeV
CcT=452.4 um

mass: 5.6196 GeV
cT=440.7 um

+ many other heavy flavor
baryons and excited states

23 %

D+
DO
D+

\)

A+
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mass: 1.8696 GeV
cT=311.8 um

mass: 1.8648 GeV
cT=122.9 um

mass: 1.9683 GeV
cT=151.2 um

mass: 2.2865 GeV
cT=59.9 um
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Experimental reconstruction of heavy tlavor hadrons

- Quarkonia have large branching m Y(1S), Y(25),Y(3S) = uFu~

fractions to hadrons, but for at, LHC,b |

~~ |
those that decay to leptons we § - L LHOb I 4 Data -
typically prefer the lepton 2 ool T E — Toul it -
channels. Why? S i zf;a;(,und ]
B 40000 0<p.<30GeVic ]
%3 20<y<45 ]
S 20000 .
O -

0 . . S
! . N * » *,
0 deseadasas Jeggug=® 1 'Y PP | ks’ Ls L
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9000 10000 11000
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- Quarkonia have large branching
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Experimental reconstruction of heavy tlavor hadrons

fractions to hadrons, but for
those that decay to leptons we
typically prefer the lepton
channels. Why?

Very clean!

JIw,w(2S) - uTu~ at ALICE
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Experimental reconstruction of heavy tlavor hadrons

- Open heavy flavor hadrons have many possible decay channels. Many have
small branching fractions!

Example: some B+ decay D, D*, or D, modes
57 DOnt ( 4.61 + 0.10 ) x 10~3
mOdeS from the PDG r58 DCP(+1)7T+ [b] ( 2.04 + 0.20 )X10_3
Scale factor/ I_59 DCP(—1)7T+ (6] ( 21 =+ 04 )X10_3
Mode Fraction (I';/T) Confidence level 60 D° p+ (97 + 11 )x 10-3 s=21
N0 e+ —4
Semileptonic and leptonic modes ::61 b DK K+ (364 £ 015)x 10_4
o ruyX [a] (10.99 + 0.28 )% 62 CP(+1) 6] { 151 + 0.08 )x10
M et ve X, (108 + 04 )% 63 Dep(—1) K™ [b] ( 2.04 + 0.13 )x10™4
M5 e:VeX (108 +27 )% Fea DOKT ( 360 + 0.24 )x10~6
Fa pry, X (113 £35 )% Mes [K nt]pKT [c] < 28 x 1077 CL=90%
s X, fa] ( 1.65 + 0.21 ) x 1073 Mg [KTm oK+ [[] < 16 % 10~5 CL=90%
e Dety X A ( 90 + 06 )% o '
[ DO ¢ty [a] ( 226 + 0.07 )%
re 7tu.X (25 + 04 )%
Iy DOrtu, ( 77 +25 )x10-3 .
Mo E"‘(ZOO?)"E’r vy [a] ( 5.26 £ 0.10 )% r K+ Charmonium ml 10 + 007 Yx10-3 S—11
rll 2*(2007)Oe+ Ve 270 Tc ( . 0'5 )X =1
2 D*(2007)°u* Fo71 mc K*(892)F (12 t 32 )yx1073
M3 D*(2007)° 7t v, ( 188 + 0.20 )% M0 ne Kt owtn™ < 39 x 10~4 CL=90%
ra  DWarety(n > 1) [a] ( L74 £023)% Fo73 1 Kt w(782) < 53 x 10~4 CL=90%
M5 D~ nt ety B [a] ( 3.82 + 0.20 ) x 103 Fo7a mc K1 < 22 % 10—4 CL=90%
M6 D§(2460)+°£+ vg, D3 — [a ( 159 + 0.10 ) x10-3 yrs 1 K+ 7° < 62 % 10-5 CL=90%
_ D m _ r (2S)K™ ( 44 + 10 )x1074
* 0 )+ *0 4 e 276 Tlc
M7 Do(lz)zl_ZOZL Ty, Dy — [a] (9 +£5 )x10 S$=2.6 [y77 ne(25) K+, Ne = PP ( 35 + 08 )x10~8
™
Mg D*~wt ety - [a] ( 542 + 0.28 )x 103 Moz nc(2S)Kt, me = KEKF 7 ( 34 +23 )x1076
Mo 01(12)420)(:-£+ ve, DY — [a] ( 284 + 017 )x1073 s=11 M7 7)c(25)f+, e — p,—,,r:,,— ( 112 + 018 ) x 10—2
_ D= _ Mo hc(1P)K, he — J/ymtn~ < 3.4 x 10~6 CL=90%
/ 0o+ 10 -3 _ 280 c ' c
Mo Dl([2)430)+£ vy, DY = [a ( 17 + 06 )x10 S=18 e X(3730)°K*, X0 = 7.7 < 46 « 10-5 CL=00%
*r
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Experimental reconstruction of heavy flavor hadrons

- Open heavy flavor hadrons have many possible decay channels. Many have
small branching fractions!

Example: some B+ decay
modes from the PDG

Scale factor/

Mode Fraction (I';/T) Confidence level
Semileptonic and leptonic modes
o ruyX [a] (10.99 + 0.28 )%
P et ve X, (108 + 04 )%
M ety X (108 + 27 )%
My v, X (113 + 35 )%
s X, (] ( 1.65 + 0.21 )x 103
e D¢ty X @] ( 90 + 06 )%
7 DO ¢ty [a] ( 226 + 0.07 )%
rge 7u.X (25 +04 )%
Iy DOrtu, ( 7.7 +25 )x10~3
(

Mo  D*(2007)%¢%y,

ry  D*(2007)%et v,

o D*(2007)°utu,

s  D*(2007)°7+u,

M4 DH)nretyy(n > 1)

M5 D—_1r+ ot vy
M6 D3(2460)% ¢ vy,
_ D nt
M7 D} (2420)°¢* vy,
D xt
I'18 D*: at et vy
Mo D1(2420)0¢% vy,
_ D* ¢t
Mo D' (2430)%¢7 v,
D*~nt
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02 —

530 —

"0
D1 .

/0
D1 o

(2]

[a]
(2]
[a]

[a]
(2]

N N N S

5.26 + 0.10 ) %

1.88 + 0.20 ) %
1.74 + 0.23 )%
3.82 + 0.20 ) x 103
1.59 + 0.10 ) x 10—3

9 +5 )x1074

542 + 0.28 ) x 1073
2.84 + 0.17 ) x 1073

1.7 + 0.6 )x10~3

$=2.6

S=1.1

S=1.8

270
M271

272
M73
274
75
76
77

278

279
280
81

“Exclusive” reconstruction: measure
every particle in the decay to fully
reconstruct the heavy flavor hadron

Examples:
D - K=zt BT - J/yK™*

Charmonium modes

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

Examples: B — DX

2nd European School on EIC Physics & Related Topics
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Experimental reconstruction of heavy tlavor hadrons

- Open heavy flavor hadrons have many possible decay channels. Many have
small branching fractions!

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

_><'10'3 L L L coor et
~—~ 9 - =
o ) NQ 128 z LHCb f\ ¥ Data E
displaced = e b Dokt — Fit E
Secondary vertex: | trc:cks:.bl = wfpes [} iignil . E
120 | omb. bkg.
where the heavy incompatible = 120 >
with ~ 100F E
flavor hadron /originoting & 8s0F arxiv: 2505.14494
decays 5 60 F E
‘ from PV T 40 F -
’0’ 8 20 | —
R : S B —— — R =
/ ﬂlght dIStance 1750 1800 1850 1900 1950 2000
> < m(K~ ") [MeV/c?]

Primary vertex: where
the beams collide Particle identification detectors also help

discriminate between pions, kaons, and protons
which helps reduce combinatorial background
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Heavy quark production in e e~ collisions

-
= - « We can’t measure heavy
// - quarks directly, because of
confinement in QCD
4& which forces quarks to be

bound within hadrons

+ _ - We can measure heavy
flavor hadrons, which can
be used as proxies for

m7 heavy flavor quarks
. // QCD factorisation for ¢ "¢ ~ collisions:
DO
€ 6(pp—>DOX) X Op+o-— 7 ® Dc (Z)

hard scattering
Cross section

Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics 17



Heavy flavor fragmentation functions

- Fragmentation functions of heavy flavor hadrons were directly measured at

eTe™ colliders

Inclusive collinear b->B FF
measurement in e e~ collisions

3 35F L
S | — ALEPH _@-%
3 e
\% - —&— DELPHI 2 é é‘
25F o OPAL AU
2 -2+ SLD & _i_
151 ,@-@: é*
xzéeak — 2Egeak 1; -ﬁ— - ;-
Eié)eak 05:_ _‘gﬁ'm ¢.
" Epour :#iq......l.. Ll 1||_'4%

lllll
02 03 04 O

o
RN

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

PRD 70, 112001 (2004) initial b quark

EPJC 71, 1557 (2011)
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5 06 07 08 09 1

Inclusive collinear c->D° FF
measurement in e e~ collisions

4000 I 1 I I 1 1 ] 1 I | 1 I 1 ]16730190?-0|10
- o do(ete”— DX)/dx (pb)
[ —a=0.18,b=0.40, .

. Py =0.63 i
----—-a = 0.22,
b = 0.45,

do(ete™— DOX)/dx (pb)
N W
o o
o o
(ID o

—
o
o
=)
|

! l | | | l 1 | l L | | |

0 0.25 0.50 0.75  1.00

X (D)

Charm hadron takes around
50-60% of the momentum of the
initial ¢ quark
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Heavy quark production in pp collisions

@ @ e Initial state is more

complex

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

eTe™ collisions?

O(pp—DOX) X gx) ® g(x) ® Ooo—scC X Df) 0(Z)

Farton hard scattering
Distribution .
. Cross section
Functions

Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics
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(non-) Universality ?

|

e

T | I IEI I

" ALICE, pp |y| < 0.5

[ =]

! ! ! !

s=13 TeV
s=5.02TeV

+ B factories, e'e”, Vs = 10.5 GeV
+ LEP, e'e’, Vs =

e HERA, ep, DIS

o HERA, ep, photoproduction

¢

E?"mg.EElEI

[= ]
IIIi

x20

El l | I | I | I | I

O
o

D* Dy A{ E  E Jy DT pier

JHEP 12 (2023) 086

What might cause different fractions of certain charm hadrons in pp

Kara Mattioli (LLR)
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Fragmentation vs. coalescence

Fragmentation: high-energy parton shower
and subsequent hadronization

Multiplicity-dependent
measurements of hadron
production probe fragmentation
vs. coalescence mechanisms

e : :: T T T | T T T | T T T | :

o 97F T Lo pp Vs =13 TeV E

== F p >0 54 fb! N

< 06F I ' -

® - 1 ' ]

05F + 4t 3

B —— 5

04F —+ } ~

I 1+ .

| .

Coal typicall iated with U H :
oaliescence: ICa assoclated wi I .
P Y 0.2 —4)—— —+— pp—>bb + X, global uncertainty: "% J

low-energy partons that are close together 1 6% 3

. . . te-—7"—bb -
in phase space and hadronize O.1F 3 Ve :

[ N A A | ! ! ! | ! ! ! | !

@ @ " 2 4-VELO VE?JO
o _ PRL 132 (2024) 081901 Niracks /<N racks ~NB

. >
. . .

@/ < Increasing # of particles measured
@ in the event (increasing multiplicity)
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Fragmentation vs. coalescence

Fragmentation: high-energy parton shower
and subsequent hadronization

Multiplicity-dependent
measurements of hadron
production probe fragmentation
vs. coalescence mechanisms
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In high multiplicity pp collisions, we

®
/ -
@ @ see more Ag produced!
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Whatisajet?
. A jet is a proxy for a single parton (quark or gluon)

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

- |[dentified with jet reconstruction algorithms that cluster particles consistent
with originating from the hadronization of a single high-energy parton

Initial quark Fragmentation: Hadronization
(or gluon) high energy parton shower

Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics
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Whatisajet?
. A jet is a proxy for a single parton (quark or gluon)

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

- |[dentified with jet reconstruction algorithms that cluster particles consistent
with originating from the hadronization of a single high-energy parton

: A jet correlates
e hadrons to the

original quark or
gluon they
originated from!

Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics
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Why are jets useful?

- 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

A jet correlates
. hadrons to the
original quark or
gluon they
originated from!
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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 | determine
if they are correlated or not?

@ @ measure particle

momentum and
@ position

Beam

® ® @
® ®

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Compute the distance between all possible pairs of particles:

_ 2 2
A= \/()’i — )"+ (d; — &)
» Pick your desired jet radius R. Let’s choose R =0.5

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

\ 4 @6 @ Detector:

2
1 3 7 measure particle
@ 8 momentum and
@ @ 5 @ position
Beam

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Compute the distance between all possible pairs of particles:

_ 2 2
A= \/()’i — )"+ (d; — &)
» Pick your desired jet radius R. Let’s choose R =0.5

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

- Now we repeat the process again

3+4 @ 0 @ Detector:
v

measure particle

2
1
@ 8 momentum and

@ @ 5 @ position

Beam

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Compute the distance between all possible pairs of particles:

_ 2 2
A= \/()’i — )"+ (d; — &)
» Pick your desired jet radius R. Let’s choose R =0.5

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

- Now we repeat the process again

@ Detector:

7 measure particle
8 momentum and
@ position
Beam

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Compute the distance between all possible pairs of particles:

_ 2 2
A= \/()’i — )"+ (d; — &)
» Pick your desired jet radius R. Let’s choose R =0.5

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

- Now we repeat the process again

2 336 @ Detector:

1 7 measure particle
@ 3 momentum and
@ @ 5 @ position
Beam

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Compute the distance between all possible pairs of particles:

_ 2 2
A= \/()’i — )"+ (d; — &)
» Pick your desired jet radius R. Let’s choose R =0.5

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

- And again
2 M- @ Detector:
1 ‘ 7 measure particle
@ \ 3 momentum and
@ @5 @ position

Beam

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Compute the distance between all possible pairs of particles:

_ 2 2
A= \/()’i — )"+ (d; — &)
» Pick your desired jet radius R. Let’s choose R =0.5

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

- And again

2 3+4+6+5 @ Detector:
1 7 measure particle
@ ‘ 3 momentum and

@ @ position

Beam

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Now all possible A;; are larger than my chosen jet radius, R = 0.5!

A= \/ ;= y)* + (i — B)’

« So now | can’t add any more particles to this jet

2 Jet 1= 3+4+6+5 @ Detector:
1 7 measure particle
@ ‘ 8 momentum and
@ @ position
Beam

Interaction point
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Let’s build a jet

- |[dea #1: Let’s group particles based on how close they are to each other

- Now all possible A;; are larger than my chosen jet radius, R = 0.5!

Ay =1/0i =3P+ (6= )

» So now | can’t add any more particles to this jet

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

Detector:
measure particle
momentum and

position

Beam

Interaction point
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Let’s build a jet

« You might be thinking: “won’t | end up with a lot of jets if | follow this
procedure?”

- The answer is: yes! This is why we always have to define a minimum jet pr
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 pr

Detector:
measure particle
momentum and

position

Beam

Interaction point
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|.et’s build another jet

. |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Compute the distance between all possible pairs of particles:

Ay =1/0i =3P+ (6= )?

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

@ @ @ Detector:
@ measure particle
@ momentum and
@ @ @ position

Beam

Interaction point
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|.et’s build another jet

- |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Let's now weight A;; by the transverse momentum of the heavier particle:
A2

_J kt,- = transverse momentum of particle i
R?2

d;; = min(k; %, k:°)

U n >

. And we will compare this weighted metric dij to another metric, d;z = k2

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

2 @ 4 @6 @ Detector:

1 3 @ 7 measure particle
@ 8 momentum and
@ @ 5 @ position
Beam

Interaction point
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|.et’s build another jet

- |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Let's now weight A;; by the transverse momentum of the heavier particle:
A2

_J kt,- = transverse momentum of particle i
R?2

d;; = min(k; %, k:°)

U n >

- And we will compare this weighted metric d;; to another metric, d;g = k-*
- In this case, the clustering order can differ from what we had with

Cambridge-Aachen!
@ @ Detector:

2
1 3 7 measure particle
@ 8 momentum and
@ @ 5 @ position
Beam

Interaction point
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|.et’s build another jet

- |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Let's now weight A;; by the transverse momentum of the heavier particle:

2
Az
R?2
- And we will compare this weighted metric d;; to another metric, d;p = ;2

d.. = min(k—2 kt]_'z) kt,- = transverse momentum of particle i

I o’

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

5
2 @ @ Detector:
1 3 7 measure particle
@ 3 momentum and
@ @ 5 @ position
Beam

Interaction point
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|.et’s build another jet

- |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Let's now weight A;; by the transverse momentum of the heavier particle:

2
Az
R?2
- And we will compare this weighted metric d;; to another metric, d;p = ;2

d.. = min(k—2 kt]_'z) kt,- = transverse momentum of particle i

I o’

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

5
2 @ Detector:
1 7 measure particle
@ 3 momentum and
@ @ 5 @ position
Beam

Interaction point
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|.et’s build another jet

- |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Let's now weight A;; by the transverse momentum of the heavier particle:

2
Az
R?2
- And we will compare this weighted metric d;; to another metric, d;p = ;2

d.. = min(k—2 kt]_'z) kt,- = transverse momentum of particle i

I o’

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

5
2 @ Detector:
1 7 measure particle
@ 3 momentum and
@ @ 5 @ position
Beam

Interaction point
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|.et’s build another jet

- |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Let's now weight A;; by the transverse momentum of the heavier particle:

2
Az
R?2
- And we will compare this weighted metric d;; to another metric, d;p = ;2

d.. = min(k—2 kt]_'z) kt,- = transverse momentum of particle i

I o’

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

5
2 @ Detector:
1 7 measure particle
@ 38 momentum and
@ @ position
Beam

Interaction point
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|.et’s build another jet

- |dea #2: Let’s group particles based on how close they are to each other
AND taking into account their transverse momentum

- Let's now weight A;; by the transverse momentum of the heavier particle:

2
Aij
R?2
- And we will compare this weighted metric d;; to another metric, d;p = k-

d.. = min(k—2 kj—,z) kt,- = transverse momentum of particle i

U n >

« What we have done this time is known as the

2 @ 4 @ ° @ Detector:
L ® \*® " & Tomeumand
@ @ 5 @ position

Beam

Interaction point
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Why is the anti-kr algorithm preferred?

p, [GeV] | Cam/Aachen, R=1 |

| anti-k,, R=1 |

Nice, conical
jets: regular jet
boundary

Infrared and
collinear safe jet
definition

Original anti-kt paper: JHEP 04 (2008) 063
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Summary: How do we reconstruct jets?

- Compute two distance metrics:

AZ
between all possible d — min (kZp kZp)
pairs of particles: )] R2
between each particle L 21? = 1 anti-kt alaorithm
and the beam: dlB o k P T

p = O Cambridge-Aachen
algorithm

p =1kt algorithm
o If d <d;p, particles i and j are clustered into a jet.

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

. It's actually not very complicated! However, we started with fully-
reconstructed particles...
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Di-jet event in an LHCDb pp collision

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

deposits in calorimeters

Interaction point
where the two
LHC beams collide

Kara Mattioli (LLR)

Electromagnetic

calorimeter Haldr9n|c
clusters calorimeter
clusters
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“Particle Flow”: preparing inputs to the jet reconstruction

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 : K = ntr™)

« 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

Jets as parton proxies: Jets as hadronization/parton shower

probes:
Measure the jet, then treat it like Measure the jet substructure: the
it's a parton particles within the jet

=quarkor S
gluvon 7 s d
Ideal for studying:
|deal for cross-section « hadronization: can constrain
measurements with a parton in fragmentation functions, initial/

the final state: bb cc Z+/c/b final state known for heavy flavor

 parton shower dynamics: QCD

Jet cross sections are excellently “dead cone”, measurements of
described by perturbative QCD QCD splitting functions,...
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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

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

doPp—(Geth) X . h C
dednthijL — Z fa(xm M)®fb(xbv M)®Hab(xa7 Lp, "%PT/Z, :U‘)®Gc (Z, Zh) WJR,J_L, ,LL)
“>¢ BDF PDF hard scattering FJF
Cross section
« The FJFs are related 0% _
I iet, S=8TeV, R=0.5 | ‘T]mry —
to the single-hadron I LC dta e
im_.H 20<nz <45 . f_‘H
FFs, therefore e S, SN
measurements of = e ? e TS
, L LY s
had rons In jets also 100 _ 20 < pyT < 30 GeV F;}—\ﬁ _ 30 < pyT < 50 GeV &% _ 50 < pyT < 100 GeV %\
help to constrainthe | =\ A
0.1 1 0.1 1 0.1

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

Z¢s longitudinal momentum
fraction

Piet Pjet * Phadron
7 =

— 2
|pjet |
hadron
sensitive to collinear FFs

Jr¢ transverse momentum of
hadron relative to the jet axis

|l_5jet X ﬁhadmn |
|l_5jet|

jT=

sensitive to transverse
momentum dependent (TMD) FFs
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Studying fragmentation functions with jets

r: radial position of
hadrons in the jet

\ pjel‘ r= \/(¢jet — ¢hadron)2 + (njet — nhadron)2
p hadron

« Why is r interesting?

Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics
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Studying fragmentation functions with jets

4. @

pje[ r = \/(¢jet _ qShadron)z + (njet _ 77ha,d'ron)2

@

Phadron
- Why is r interesting? I . LHCb ~ ®20<p}'<30GeV 3
T == BTTVE30<p<s0Gey -
. 2 e | v 50 < pi <100 GeV |
- zand jrgive us a three- ' | ! :
. . . + ’ ‘
dimensional picture of 10E o -
hadronization in momentum i :
space. r gives us an image ir - +
. - PRL 123 (2019) 232001 :
position space (2019)
PR TR TR TR (NN TN T SR TN NN TR SO TN S MUY TN T SN U N S S S|
Lo 0.1 0.2 0.3 0.4 0.5
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The Lund Plane

. Reconstruct jets with anti-k; algorithm, then “re-cluster” with the Cambridge-
Aachen algorithm

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

- Follow the “hardest” particle in the jet. Calculate

variables z and AR between the “hard” branch and i
the “soft” branch in each splitting

soft

In(1/z) ; = sof;DT —
(25, 05) - pr’ +pr
(24, 64) b (@) - 2
(23, 65) o . Q 4
(2, 05) d — 7 O
(21,6, o | 7I: Declustering 3 g
q —9 I}f :} 0 g
—7
arxiv: 2505.23530 In(R/AR)

AR = \/(ysoﬂ - yrad)2 + (d)soft — ¢rad)2

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

Types of parton splittings Inclusive jets in pp
in the Lund plane collisions @ ATLAS
ATLAS Vs=13TeV, 139 fb™, p,,> 675 GeV
UE! B 1 :
L C
i g
~ I T
- I
Q102 S
+ N
O £
— £ _ o
N O N Ny
= 5 - £
10 i.g\
N o)
i 32
0 05 1 15 2 25 3 35 4 0
IN(R/AR) In(R/AR)
L1 ! I S R ! [0
107 1072
Lund plane = a way to image the AR = AR(emission, core)
parton shower in a jet! PRL 124 (2020) 222002
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002

Heavy tlavor jets

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

- |[deal for studying hadronisation, as both the initial parton flavor and the final
hadrons produced during the hadronisation process are known!

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

b
-> complementary
b-jet p1 ~= probe to single hadron
b-quark pt open heavy flavor

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

BDT:

Inclusive tagging:

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

2.Use machine learning techniques
(Boosted Decision Trees at LHCDb) to

separate beauty/charm/light jets
JINST 10, PO6013 (2015)

Advantage: huge statistics

Kara Mattioli (LLR)

2nd European School on EIC Physics & Related Topics

° '/

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: study flavor dependence (b/b),
hadronization in strange/light sector
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Using jets as proxies for heavy quarks

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

No substructure here, just measuring
two heavy quark jets and comparing

to models of bb and ¢¢ production

3 160 T I T T T T - /"_"\ 102 E I T T T T T T T T g
= - LHCb Vs=13 TeV . S - LHCb Vs=13 TeV .
— 140 : B-dii — > _ —&— pp — bb-dijet data i
bl = - —&é— pp — bb-dijet data 5 > - > pp J -
oI 120 —i— pp — cc-dijet data = (‘B 10 & —— pp — ct-dijet data _
n | pp — bb-dijet aMC@NLO = = | pp — bb-dijet aMC@NLO 3
100 = pp — cc-dijet aMC@NLO —: .g = pp — cc-dijet aMC@NLO 4
C — — pp —> bb-dijet Pythia 8 N — N — — pp — bb-dijet Pythia 8 ]
80 = = == pp —> cc-dijet Pythia 8 = @ S:'Q 1 = == pp —> cc-dijet Pythia 8 iE
60 Fef=uuie 4 ©lIs .
40 .L_.:_ — 107! | Qf -
- - E | =
0 B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 10_2 | i i X f l 1 ! : '

2.5 3 3.5 o4 50 100 150

leading jet 1 m; [GeV/c?]

JHEP 02 (2021) 023
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https://link.springer.com/article/10.1007/JHEP02(2021)023

Heavy flavor fragmentation functions in jets

Can measure FFs of a single heavy flavor hadron in the jet
( ), or FFs of charged particles in the jet ( )

Kara Mattioli (LLR) 2nd European School on EIC Physics & Related Topics
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Heavy flavor fragmentation functions in jets

Can measure FFs of a single heavy flavor hadron in the jet .
( ), or FFs of charged particles in the jet ( )

. when you measure the fragmentation of a

specific heavy flavor hadron (e.g. DY), you are directly probing
the hadronization of a heavy flavor quark with a light flavor
quark

. 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

Collinear b— B*FF in jets

—o— Sherpa (cluster)

1|
—Ho*

N 5 B I L BN LA L IN LB B e
° ~ ATLAS Vs=13TeV, 139 fb"  B* — Jiy K* ,
o) ~ i . _
S 5[ 50GeV<p <70Gev anti-k jets R=0.4
2 - e Data (stat. @ sys.) E
A | —+— P8 (Monash + Peterson) -
4~ —+— P8 (Monash + L-B) i ]
- —— P8 (A14 + L-B) —§— ]
- —— P8 (A14-rb + L-B)
3 = Herwig 7 (ang. ord.) —— A—]
— —&— Herwig 7 (dipole) —
- Sherpa (Lund -
o —o— pa (Lund) {

O 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
o 2 E— [ ] Total uncertainty —E
8 15E At A ——
o = e e T e
= 05F =
g 3F =
© {— 0 —— =
() 2 - N i
g 1 ':——:5':;!;:': """""""""" faf;E;!:Elf+ ==

JHEP 12, 131 (2021) JHEP 08, 133 (2019)
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The dead cone effect

- The dead cone effect is a fundamental prediction of gauge theories that states
m
that quarks do not emit radiation within a cone of angle 9, ~ fq

q

- Since the dead cone angle is proportional to mass, it is larger for heavy quarks
- Why is it important to measure?

« How can we measure this?

dead cone

Cc
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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 8 ~ mq/Eq

- Since the dead cone angle is proportional to mass, it is larger for heavy quarks
- Why is it important to measure?

« How can we measure this?

The dead cone is everywhere in the
parton shower!

dead cone

Cc

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

Reclustering step 1 [T 4 Reclustering step 2
Reclustering step 3 i

Fully reclustered jet

>

charm
quark

adiator

9] E,

— Charm quark
» Gluon emission vertex
~~~ Emitted gluon
0,>60,> ..> 0
>

Dead-cone effect
Gluon emissions are
suppressed in a cone

with 84, = mQ/ERadiator

ERadiator,I e ERadiator,5

Natur 2022) 440-446
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https://www.nature.com/articles/s41586-022-04572-w

The charm dead cone

h,leadi k
& ALICE Data --- PYTHIA8LQ/inclusive pp Vs =13 TeV P 2 2.8 GeV/e
no dead-cone limit
—— PYTHIA 8 charged jets, anti-k;, R=0.4 Kt > Aqcp » Agep = 200 MeV/e
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- Distinct effect from hadronization, but it influences the dynamics

associated with heavy flavor hadronization
Nature 605 (2022) 440-446
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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?

In(1/7)

Yo\

<A

(23,0 qﬁg
(26 | —

(21,6, | ﬁ Declustering

b—¢ K 1
—7

Fa.
Ny

SW
SO

SO

arxiv: 2505.23530 In(R/AR)
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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?

In(1/7)
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arxiv: 2505.23530 In(R/AR)
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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

LHCb, pp Vs =13 TeV LHCb, pp Vs =13 TeV
Z+jets B*-tagged jets + WTA
Antiky jets, R=05,p . >20GeV/c,25<y <40 Antiky jets, R=05,p__>20GeV/c,25<y <40
—~ 14 ~ ~ ¢ ! ) 1.4 ~
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J: ) g
7] L 'a
= . =
2.5 0.8 8 25 0.8 2
06 & 06 &
2 v 2 P
1.5 04 Lg 15 04 E
0.2 0.2
1 1
1 1 1 1 1 1 1 1 I 1 1 1 1 I 0 0
0 0.5 1 15 2 2.5 0 0.5 1 15 2 2.5
In(R/AR) In(R/AR)

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 e e ™). What might

change, or what else might you observe, when using the jet and heavy flavor
probes we discussed today in eA collisions?
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Summary: Lecture 1

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

- 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 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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