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Quantum ChromoDynamics )

* QCD is the theory of the strong nuclear interactions

LHC at CERN

* We study QCD using particle
colliders like the Large Hadron
Collider (LHC) at CERN

* Extreme energies produce
hard probes of the theory
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Strength of the strong force
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Strength of the strong force @
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Hard probes of QCD @

* Produced by high momentum-transfer processes
* High-pt hadrons, initiated by a hard scattering;

b

* Jets: collimated sprays of particles; b B*

* Heavy flavor (HF) hadrons: particles with large masses, not
found in ordinary nuclear matter
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Hard probes of QCD

These probes — and
combinations of them —

allow insight into QCD across
different energy scales

ound In ordinary nuclear matter
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This talk: probing QCD in ... @

* “wvacuum” (proton-proton collisions)
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This talk: probing QCD in ... @

* “vacuum” (proton-proton collisions)

* “medium” (heavy-ion collisions) .
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* “wvacuum” (proton-proton collisions) K
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Parton Distribution
Functions (PDFs)
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Breaking down a QCD event @

Parton Distribution Hard scattering
Functions (PDFs) process
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Breaking down a QCD event

Parton Distribution Hard scattering “Parton
Functions (PDFs) process shower”gs
Lol |
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Breaking down a QCD event @

Parton Distribution Hard scattering “Parton
Functions (PDFs) process shower” g Hadronization

________________________________________________________

Described by perturbative QCD
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Breaking down a QCD event @

Parton Distribution Hard scattering “Parton
Functlons (PDFS) process shower” @@ Hadr onization
q q
0 f
q q :

Described by perturbative QCD

Nonperturbative QCD: extracted
from experimental data

Ezra D. Lesser 29 Sep 2025 25



Jets as a QCD hard probe

Ezra D. Lesser 29 Sep 2025 26



Jets as a QCD hard probe

Ezra D. Lesser 29 Sep 2025 27



Jets as a QCD hard probe

Ezra D. Lesser 29 Sep 2025 28



Jets as a QCD hard probe

Ezra D. Lesser 29 Sep 2025 29



Jets as a QCD hard probe )

Connect partons
back into hadrons

Energy scale Q:] High ——>—>Low - nonperturbative QCD
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Energy scale Q:| High —p e LOW
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Jets as a QCD hard probe
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Jets as a QCD hard probe

Jets probe the wide
range of energy

scales in QCD:

&] initial to final
High Low
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A flexible probe of QCD @

* Jets and jet substructure observables can therefore be
“tuned” to study specific processes of QCD
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A flexible probe of QCD @

* Jets and jet substructure observables can therefore be
“tuned” to study specific processes of QCD

.......
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Dead cone

suppression
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A flexible probe of QCD @

* Jets and jet substructure observables can therefore be
“tuned” to study specific processes of QCD

pT,j et

e Parton flavor? Parton mass?
* Momentum? Virtuality?
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A flexible probe of QCD @

* Jets and jet substructure observables can therefore be
“tuned” to study specific processes of QCD

pT,j et

e Parton flavor? Parton mass?
* Momentum? Virtuality?

* How well can QCD predict
these effects in data?
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Criteria for calculability @

Infra-Red safety:
the jet/observable should not
change if a low-momentum
(p = 0) particle j is added to
the event/jet
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Criteria for calculability @

Infra-Red safety: Collinear safety:
the jet/observable should not the jet/observable should
change if a low-momentum not change if one particle
(p = 0) particle j is added to splits into two collinear
the event/jet particles (j1,j2)

Aﬁ
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Criteria for calculability @

Infra-Red safety: Collinear safety:
the jet/observable should not the jet/observable should
change if a low-momentum not change if one particle
(p = 0) particle j is added to splits into two collinear
the event/jet particles (j1,j2)

IRC-safe = well-defined

path to calculation



Generalized jet angularities @

* IRC-safe jet observables dependent on constituent pt and angle

=y -

l€jet
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Generalized jet angularities @

* IRC-safe jet observables dependent on constituent pt and angle

PT.i

Ay =
PTjet

l€jet

Ezra D. Lesser 29 Sep 2025



Generalized jet angularities @

* IRC-safe jet observables dependent on constituent pt and angle

1 = PT,i (ARi)a
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PTjet \Rjet

l€jet
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Generalized jet angularities @

* IRC-safe jet observables dependent on constituent pt and angle

- (AR\Y
Ay = P ( l) \ free parameter

PTjet \[ljet

T

l€jet
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Generalized jet angularities @

* IRC-safe jet observables dependent on constituent pt and angle

a [ )
A = pri (AR “Where is the pt
o inci . ”
icjet PTjet \ et inside the jet?
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Generalized jet angularities [;

* IRC-safe jet observables dependent on constituent pt and angle
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Generalized jet angularities E

* IRC-safe jet observables dependent on constltuent prt and angle
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Generalized jet angularities [;

* IRC-safe jet observables dependent on constituent pt and angle
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Generalized jet angularities [;

* IRC-safe jet observables dependent on constituent pt and angle
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Generalized jet angularities [;

* IRC-safe jet observables dependent on constituent Pr and angle
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Going deeper: jet grooming @

’ Removal Of SOft’ Wide-angle radiation Larkoski, Marzani, Soyez, Thaler
to enhance the influence of JHEP 05 (2014) 146
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. ®

, » e
/ ;:'1

Ezra D. Lesser 29 Sep 2025 56


http://dx.doi.org/10.1007/JHEP05(2014)146
http://dx.doi.org/10.1007/JHEP05(2014)146
http://dx.doi.org/10.1007/JHEP05(2014)146

Going deeper: jet grooming @

* Removal of soft, wide-angle radiation Larkoski, Marzan, Soyez, Thaler
to enhance the influence of JHER 05 (20241 146
perturbative effects

* Recluster into angularly-ordered tree
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Going deeper: jet grooming @

* Removal of soft, wide-angle radiation Larkoski, Marzan, Soyez, Thaler
to enhance the influence of JHER 05 (20241 146
perturbative effects

* Recluster into angularly-ordered tree

* Trim branches until the
Soft Drop condition is satisfied:

min(PTpPTz) ? ARq, g
> Zeut
Pt1 T P12 R
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Going deeper: jet grooming @

* Removal of soft, wide-angle radiation Larkoski, Marzan, Soyez, Thaler
to enhance the influence of e
perturbative effects PARAN
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* Recluster into angularly-ordered tree

* Trim branches until the
Soft Drop condition is satisfied:

min(PTpPTz) ? ARq, g
> Zeut
Pt1 T P12 R
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Going deeper: jet grooming @

* Removal of soft, wide-angle radiation Larkoski, Marzan, Soyez, Thaler
to enhance the influence of JHER 05 (20241 146
perturbative effects
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* Recluster into angularly-ordered tree

* Trim branches until the
Soft Drop condition is satisfied:
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Going deeper: jet grooming @

¢ Removal Of SOft’ Wide-a ngle radiation Larkoski, Marzani, Soyez, Thaler
to enhance the influence of JHEP 05 (2014) 146
perturbative effects
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* Recluster into angularly-ordered tree

* Trim branches until the
Soft Drop condition is satisfied:

min(pry, Pr2) \/ (AR12> \/
Pr1 t P12 Zeut
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Groomed jet angularities

* IRC-safe jet observables dependent on constituent pt and angle
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Theory
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Groomed jet angularities )

* IRC-safe jet observables dependent on constituent pt and angle
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Groomed jet angularities )

* IRC-safe jet observables dependent on constituent pt and angle

c_gs NP < A/uoj"_"‘:’t R) c§ Y e < 2 P AR; “
o (és :_ Syst. uncertainty _: © o Syst. uncertainty ' A o = R
Sl P TGV [ S | e feyer et ATt
b\ : % a=3(><0.12)3 T—z a=3
oIS | | o 2 +-— NOnperturbative
L [ ] < A E ° °
P A | region is reduced
_ /\\_ -\ |
> -I ——— > s T ' '? o o
oIS gls Grooming improves
Al - i K T ] .
N e e constraints on
ne P Kk . '
MNP P ol TR perturbative QCD
Ay | Aog

Ezra D. Lesser 29 Sep 2025 ALICE Collab., JHEP 05 (2022) 061 64



https://doi.org/10.1007/JHEP05%282022%29061
https://doi.org/10.1007/JHEP05%282022%29061
https://doi.org/10.1007/JHEP05%282022%29061
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Mass & virtuality dependence

* How does the jet formation depend on the mass mj and
the virtuality Q% of its initiating parton?
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Mass & virtuality dependence

* How does the jet formation depend on the mass mj and
the virtuality Q% of its initiating parton?

* Jet Invariant mass, mjer = \/ ot p]et ~ /0
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Mass & virtuality dependence

* How does the jet formation depend on the mass mj and
the virtuality Q% of its initiating parton?

* Jet Invariant mass, mjer = \/ ot p]et ~ /0

&
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Flavor definition problem

LO . NLO q

: : q

q q: = q q q g
R @ nne. I niieeess e evnnneernnnnrannnnnnns @ e evenanat

* Cannot separate qq — qqg corrections to gg and qq at Born level

Banfi, Salam, Zanderighi
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Flavor definition problem

: LO : .. E B EEEEEEEEEEEEEEERN .~: [ | .N.Eé ................... ‘ ..
: . [ )
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| q-" q l’q‘) q
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* Cannot separate qq — qqg corrections to gg and qq at Born level
- solution: use an IRC-safe algorithm like anti-kt to
define the flavor

Banfi, Salam, Zanderighi
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Flavor definition problem

: LO : .. E B EEEEEEEEEEEEEEERN .~: [ | .N.Eé ................... ‘ ..
: . [ )
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| q-" q l’q‘) q
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* Cannot separate qq — qqg corrections to gg and qq at Born level
- solution: use an IRC-safe algorithm like anti-kt to S
define the flavor

e But soft gluons ruin this at NNLO
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* Calculable to any perturbative order! b-jet
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* Radiation suppressed at small angles 8 < m,/E, = dead cone effect
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Light vs. HF g Lund jet plane  |&)

. . . . . arXiv:2505.23530
* Light-quark enriched sample obtained using Z + jet sample  (accepted to Phys. Rev. D)

jet
LHCb, pp Vs =13 TeV %

Z
Anti-k; jets, R = O.S,ijet >20GeV/e, 2.5 <yjet <4
15 ’ —1.4

In(k/(GeV/c))
Emission Density p(k;, AR)

-2

0 0.5 1 1.5 2 2.5
In(R/AR)
Ezra D. Lesser @ 29 Sep 2025 96


https://arxiv.org/abs/2505.23530

Light vs. HF g Lund jet plane  |&)

arXiv:2505.23530

* Heavy flavor distribution from b quarks (BE hadrons) (accepted to Phys. Rev. D)
jet
LHCb, pp Vs =13 TeV % LHCb, pp Vs =13 TeV
7 IB’—L-tagged jets + WTA |
Anti-k jets, R = 0'5’prj > 20 GeV/e, 2.5 <yj <4 Anti-k jets, R = O.S,ijet >20GeV/e, 2.5 <yjet <4
—_ 1.5 = . —414 ~ ;_‘-_'\\ 1.5 : T T 1 LI B B B —1.4 ~
< > S 3
% 1.2 é: % : 2 &
O s MY Y- =
N2 2 = ] z
2 = e 7
= 0 0.8 & = oF 08 &
= 5 = - )
— B A . A
-0.5F 06 £ 05 06 £
w: 0.4 £ —1f— 0.4 2
] 5 . u%
-1.5F 0.2 1.5 0.2
-2 0 -2 0

0 0.5 1 1.5 2 2.5

0 0.5 1 1.5 2 2.5 l (R/AR)
é In(R/AR) é' n
Ezra D. Lesser _% 29 Sep 2025 @ 97


https://arxiv.org/abs/2505.23530

Light vs. HF g Lund jet [ Suppression at|

small angles |
* Heavy flavor distribution from b quarks (B* hadrons) N beauty dead

jet
LHCb, pp Vs =13 TeV @/ LHCb, pp
7 B’—L-tagged je

Anti-ky jets, R=0.5,p . >20GeV/c,2.5<y <4 Anti-k jets, R

~ 15 —1.4 ~
S 3
> &, 3
3 = E
= 0.5 Q 1 Q
- 2 &
~ R7 7
= 0 < 0.8 ¢
= B O 5}
N A A
—0.5: 5 06 &
- 7o) 75]
—1 g- 04 '3
i £ =
C = S8

-1.5F 0.2

98


https://arxiv.org/abs/2505.23530

Slicing the Lund jet plane ®)

arXiv:2505.23530
(accepted to Phys. Rev. D)

In(kT)
4

In(1/A)
—‘@

99

Ezra D. Lesser 29 Sep 2025


https://arxiv.org/abs/2505.23530

Slicing the Lund jet plane ®)

arXiv:2505.23530

é (accepted to Phys. Rev. D)

In(kT)

In(1/A)
_‘@

100

Ezra D. Lesser 29 Sep 2025


https://arxiv.org/abs/2505.23530

Slicing the Lund jet plane ®)

g T I arXiv:2505.23530
— LHCb Data N
- . . . accepted to Phys. Rev. D
~ 2.5 Anti-k, jets, R = 0.5 =5 I;IFatggedJetS +WIA — _é: ( P y )
- — cis —]
T [ opp5=13Tev ! ]
T Y - p..  >20GeV/c PYTHIAS — —
- Taet .--- B -tagged jets + WTA ] >
- 25<yjet<4 == Z+jets ] 5 N
1.5 0.00 < In(R/AR) < 0.15 — = N
C - N S
- e . S
[ ] - N
e e - s
0.5 = ] — N
E _ \\\
. e N
= = = N
51— “2 « Dead cone \\
g osE —| modification M
& = - N
s l4E ' = g
8 e 5 < Pythia 8 In(1/4)
E O'SE y y = :'ﬁ agreement —re,
206 | | | | | | 4
-2 -5 -1 =05 0 0.5 1 1.5
In(k/(GeV/c))

Ezra D. Lesser 29 Sep 2025 101


https://arxiv.org/abs/2505.23530

S|

icing the

Q 22 LI
<4 7 E_ LHCDb +Data - _E
~  “FE 037<In(R/AR)<0.67 === B -taggedjets + WTA 2
S 1.8 — “= /Hjets —
QU 16 PYTHIAS =
14 - .-.- B'-tagged jets + WTA 3
" E == ZHets =
1.2 — =
I ey
0.8 i i i ] =
0.6 == I "'": =
0.4 =5 S
02 s B
- -, | o l | A TP Bt i
= — =
= — e
= ——_ =
8 — T e i
aa) — , . . . . —
= 1.4 E ' ' ' ' ' =
§ L%E— ~ - =
£ 0.8 F g m— ﬁ_f
2 06E . . . . | 3
-2 -1.5 -1 0.5 0 0.5 1 1.5
In(k/(GeV/c))

Ezra D. Lesser

Lund jet plane

< Dead cone
modification

< Pythia 8
agreement

29 Sep 2025

i

arXiv:2505.23530

(accepted to Phys. Rev. D)

In(kT)

In(1/A)

102


https://arxiv.org/abs/2505.23530

Slicing the Lund jet plane ®)
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This talk: probing QCD in ... @
* “wvacuum” (proton-proton collisions) K
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This talk: probing QCD in ... @

* “medium” (heavy-ion collisions) &
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The heavy-ion picture @
Vggon pic
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The heavy-ion picture
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The heavy-ion picture

What can we Iearn about QCD
from hard probes produced in
heavy-ion collisions?
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Many-body QCD in medium @

* Very challenging to study!
* Dynamics never (yet) derived from first-principles QCD
* Competing phenomenological effects
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Many-body QCD in medium @

* Very challenging to study!
* Dynamics never (yet) derived from first-principles QCD
* Competing phenomenological effects

* Broadening (multiple scattering) vs.
narrowing (absorption & quenching)?

* Coherent vs. incoherent scattering?
* Resolution scale of boosted probes?
* Wide-angle Rutherford scattering?

* Medium’s degrees of freedom?
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In-medium jet modification @

* How does the QCD medium affect jet formation?
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In-medium jet modification @

* How does the QCD medium affect jet formation?
o, , ALICGE {5, =502 TeV, 0-10% Pb-Pb
- Ch-particle jets, anti-k;, R =0.2, |77jet| <0.7

jet yield in AA

—- =

_ track
¢ | Area-Based, pr‘lcead > 5 GeV/c

0.8~ ¢ | ML-Based -

jet yield in pp
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¢ |t .
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i B 7 ,, normalization uncertainty -
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P ohijet (GeVic) ALICE Collaboration,
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In-medium jet modification @

* How does the QCD medium affect jet formation?

o, , ALIGE {5, = 502 TeV,0-10% Pb-Pb

: - Ch-particle jets, anti-k, R =0.2, |77jet| <0.7 1 _ . .

o k jet yield in AA
Raa~

- |_* | Area-Based, p‘T':"‘ICe"ad >5 GeV/c i . . "

081 (7] msaced - jet yield in pp

0.6 ¢ - .
: ’ + + 1 *Raa <1 — Jetsare “quenched”

0.4 bt .

o [ E 1 *How does jet quenching affect jet
' W 7, normalizaton uncertainty | fragmentation inside the plasma?
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P ohijet (GeVic) ALICE Collaboration,
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In-medium jet modification @

* How does the QCD medium affect jet formation?
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— * Jet substructure gives insight
¢ into the microscopic modification
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In-medium jet modification @

* How does the QCD medium affect jet formation?

. BTy

* Jet substructure gives insight
into the microscopic modification

* Choose jet observables based on
the desired physics probe
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Jet quenching in angularities g
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Jet quenching in angularities E
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Jet quenching in angularltles E
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Jet-axis differences

* Standard: anti-kt jet with
E-scheme recombination
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Jet-axis differences

* Standard: anti-kt jet with

—
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—> Groomed

E-scheme recombination =E = -

» Standard

* Groomed: apply Soft Drop
with different values of z., and [
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Jet-axis differences

 Standard: anti-kt jet with —_ _==F

— —

s

—
—— _—
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-
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—> Groomed

E-scheme recombination -

» Standard

* Groomed: apply Soft Drop
with different values of z., and [

X
* Winner-Take-All (WTA):
jet axis is given by its leading constituent
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Jet-axis differences

 Standard: anti-kt jet with —_ _==F

— —

e

—
—— —

-—
1
-
—

. &

—> Groomed

E-scheme recombination _————"—-—-

» Standard

* Groomed: apply Soft Drop
with different values of z., and [

X
* Winner-Take-All (WTA):
jet axis is given by its leading constituent

collinear radiation
soft radiation

* Calculate the angular separation: AR s = \/Ayz + Agp?

e |IRC-safe observable sensitive to soft radiation, TMDs, and PDFs
Cal, Neill, Ringer, Waalewijn JHEP 04 (2020) 211
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Jet axis differences in Pb-Pb vs. pp
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Jet axis differences in Pb-Pb vs. pp

do

Ezra D. Lesser

ALICE ® pp
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* Quenched jet axes are

more similar than vacuum jets
e Consistent with “narrowing”
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Jet axis differences in Pb-Pb vs. pp

i

* Quenched jet axes are
more similar than vacuum jets

* Consistent with “narrowing”

* Agreement with JETSCAPE

(MATTER+LBT) and medium q/g
modification calculations

arXiv:23@3.13347 [nucl-ex]
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Jet axis differences in Pb-Pb vs. pp

do

Ezra D. Lesser
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* Quenched jet axes are
more similar than vacuum jets

* Consistent with “narrowing”

* Agreement with JETSCAPE
(MATTER+LBT) and medium q/g
modification calculations

* Preference towards zero
resolution length of the medium
in Hybrid model

—> Consistent with other models?
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Multiple hard interactions in QGP? @

Picture 1: pu rer fluid D’Eramo, Rajagopal, Yin

JHEP 01 (2019) 172

Jet fragmentation
+ medium-induced emissions
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Multiple hard interactions in QGP? g

Picture 1: purely fluid Picture 2: particle nature

partons? quasi-particles?

’Eramo, Rajagopal, Yin
JHEP 01 (2019) 172

Jet fragmentation Jet fragmentation
+ medium-induced emissions + medium-induced emissions
+ elastic Moliere scattering?
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Multiple hard interactions in QG
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How hard must a probe be? @

* Low-pr jets (< 40 GeV/c) challenging in QGP
/ * Immense uncorrelated background

F 4 !

* Rutherford scattering? ' a¥
* Information content?
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How hard must a probe be? [

* Low-pr jets (< 40 GeV/c) challenging in QGP
* Immense uncorrelated background

N

* Creative solution:
Tagging jets using a transverse probe

o e - (e.g. EW boson) /
9 ! " - .:
p 2.0 \{,Z,W
e Rutherford scattering? [ yteb

* Information content? | ... or another semi-hard hadron
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Photon-tagged jet correlatlons L_

VSuy = 5.02 TeV, PbPb 404 ub™, pp 27.4 pb™!
CMS anti-k; jet R = 0.3, p‘f‘ > 30 GeVic, miet| < 1.8, hﬂ <1.44

pi € (40,50) GeV/c 4

1 PbPb 0 - 30% — Hybrid _ 4
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Photon-tagged jet correlatlons L_

VSuy = 5.02 TeV, PbPb 404 ub™, pp 27.4 pb”'
anti-k. jet R = 0.3, p' > 30 GeV/c, W*| < 1.6, | < 1.44
T T

Agp

£ — JEWEL + PYTHIA
— LBT (2017)

05 116 2 25 3 05 1 156 2 25 3 051152253
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Photon-tagged jet correlations @

VS = 5.02 TeV, Pbe 404 ub™ pp 27.4 pb”

CMS anti-k; jet R = 0.3, p '> 30 GeVic, m‘Et| <1.6, '] <1.44
pl € (40,50) GeVic 4 p! € (50,60) GeV/c 4 € (60,80) GeV/c §
1
%-t EF i . ]
10
10°%
: { @ ° Hint of second peak
ZlE | &y atsmaller Ag?
== 10~ 3 _ _
| ., - {1\ Tension with models
EMW N ) —> scattering effect?
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Hadron-jet acoplanarity @

* Look for a trigger track (TT) within some pr

I hadronwig  range, and then study jets in Ag from TT
A(p pT

Ezra D. Lesser Phys. Rev. Lett. 133 (2024) 022301 29 Sep 2025
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Hadron-jet acoplanarity

Ay

hadron trig

Pt

* Apply a background subtraction for reco jets

Phys. Rev. Lett. 133 (2024) 022301 29 Sep 2025

&

* Look for a trigger track (TT) within some pr
range, and then study jets in A¢ from TT
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Hadron-jet acoplanarity

Ay

hadron trig

Pt

* Apply a background subtraction for reco jets

* Subtract “reference” (low-py) TT
distribution from “signal” (high-p1) TT
distribution to correct for uncorrelated
effects: left with A,..oi; Observable

Phys. Rev. Lett. 133 (2024) 022301 29 Sep 2025
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* Look for a trigger track (TT) within some pr
range, and then study jets in A¢ from TT
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Hadron-Jet acoplanarlty )
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Hadron-jet acoplanarity )
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Hadron-jet acoplanarity
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Suppression in
Ag (rad) medium-induced yield
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Hadron-jet acoplanarity )
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Summary )

* Generalized angularities: separate non/perturbative information
* Ability to discriminate between different aspects of models of energy loss in QGP

Ezra D. Lesser 29 Sep 2025 154



Summary )

* Generalized angularities: separate non/perturbative information
* Ability to discriminate between different aspects of models of energy loss in QGP

* HF in jets is new frontier for hard probes, and now theoretically accessible
* Direct tests of pQCD including the b dead cone effect, predicted 34 years ago
* Needs further exploration in medium: several models are now in progress
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* Generalized angularities: separate non/perturbative information
* Ability to discriminate between different aspects of models of energy loss in QGP

* HF in jets is new frontier for hard probes, and now theoretically accessible
* Direct tests of pQCD including the b dead cone effect, predicted 34 years ago
* Needs further exploration in medium: several models are now in progress

* Isolating effects in QGP is difficult: need for many observables across
several different kinematic regions to truly constrain the physics

* Evidence for large-angle scattering at low-pp?
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Summary )

* Generalized angularities: separate non/perturbative information
* Ability to discriminate between different aspects of models of energy loss in QGP

* HF in jets is new frontier for hard probes, and now theoretically accessible
* Direct tests of pQCD including the b dead cone effect, predicted 34 years ago
* Needs further exploration in medium: several models are now in progress

* Isolating effects in QGP is difficult: need for many observables across
several different kinematic regions to truly constrain the physics

* Evidence for large-angle scattering at low-pp?

* Diverse and growing opportunities for future LHC measurements!
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Durham (k) jet family @

* Jets are reconstructed from Particle Flow objects using a

sequential recombination algorithm

* From an IRC-safe class of algorithms
 Soft-resilient: shape is not strongly affected by soft, wide-angle radiation

( n: . "
. 2p 1.2p\ A% 1, ("inclusive") kt
dij = min (kTi  fer, ) R2 p =<0, Cambridge/Aachen
dig = k%? \—1, anti kt
R]et (E ﬁ)]et
* E-scheme recombination (adding four vectors): “ -

(EByec = ) (EP)

icjet ¥

Ezra D. Lesser JHEP 04 (2008) 063 159
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Heavy quarkonium in jets w @

* How are heavy qq pairs (e.g. //Y) produced according to QCD?
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Heavy quarkonium in jets w

* How are heavy qq pairs (e.g. //Y) produced according to QCD?

particle momentum fraction

Ezra D. Lesser 29 Sep 2025
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Heavy quarkonium in jets w

* How are heavy qq pairs (e.g. //Y) produced according to QCD?

b 03 rr r 1 r 7 77 r r 1 1
L Data (syst) LHCb |
Pythia 8 s =13 TeV A
— la -
0.2} b>Jly |
i (non-prompt) | |
0.1 _
0 0.2 0.4 0.6 0.8 l

Ezra D. Lesser

z(J/y)

Phys. Rev. Lett. 118 (2017) 192001

* Both prompt and
non-prompt (feed-
down) contributions

particle momentum fraction
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Heavy quarkonium in jets w

* How are heavy qq pairs (e.g. //Y) produced according to QCD?

b 03 rr r 1 r 7 77 r r 1 1
L Data (syst) LHCb |
Pythia 8 s =13 TeV A
— la -
0.2} b>Jly |
i (non-prompt) | |
0.1 _
0 0.2 0.4 0.6 0.8 l

Ezra D. Lesser

z(J/y)

Phys. Rev. Lett. 118 (2017) 192001

* Both prompt and
non-prompt (feed-
down) contributions

* Charmonium from b
decays only carries

~50% of jet energy
- surrounded by b-
jet fragmentation

particle momentum fraction
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Heavy quarkonium in jets @w

* How are heavy qq pairs (e.g. //Y) produced according to QCD?

&

p 03— 7 p 03T T
© Data (syst) LHCb | ° I .Data (syst) --- DPS
Pythia 8 BTV | — LONRQCD - SPS
I 1a b—J/y - .
0.2_— (non-prompt) |~ 0.2_— (Pythia 8)
0.1+ - 0.1
| == T - o= R S
0 0.2 0.4 0.6 0.8 |
z(J/y)

Ezra D. Lesser

Phys. Rev. Lett. 118 (2017) 192001

particle momentum fraction
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Heavy quarkonium in jets w

* How are heavy qq pairs (e.g. //Y) produced according to QCD?

&

o 031
E i Data (syst)

Pythia &8

————— o
LHCb ] :g
(s =13 TeV

NRQCD predicts more isolated / /i
production than seen in data

------

——

: .Data (syst) --- DPS

[ — LONRQCD SPS
(Pythia 8)

U w)

particle momentum fraction
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et N

This same result also observed by:
CMS: Phys. Lett. B825 (2021) 136842

ATLAS: JHEP 12 (2021) 131
ALICE: preliminary

do/o

- | (ryulldé | |

NRQCD predicts more isolated / /i
production than seen in data

lllllllllllll

2y

particle momentum fraction
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Heavy quarkonia in jets m @

* How are heavy qq pairs such as Y (2S5) produced according to QCD?
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Heavy quarkonia in jets m @

* How are heavy qq pairs such as Y (2S5) produced according to QCD?

1) Prompt production

(LO NRQCD picture)
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Heavy quarkonia in jets m @

* How are heavy qq pairs such as Y (2S5) produced according to QCD?

1) Prompt production 2) Non-prompt production
(LO NRQCD picture)
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Heavy quarkonia in jets @m E-

* How are heavy qq pairs such as Y (2S) produced according to QCD?

N 035_ T T T | T T T T T T T
o - LHCb Dlsplaced component 5
N 0_3-_ pp Vs=13TeV (non-prompt) 1 .
[ - Anti-k; R=0.5,7 =25-4 : 2) Non'prompt prOdUCtlon
o) - jet ]
© 025~ p (jet): 20 - 25 GeV/c - —
AN [ p_(w(28))>2 GeVic [ % i
oo T B: -
- -eData ]
-+ Pythia 8.309 Hé] -
0.15( ]
- Y -
0.1 —h— —
B =3 ]
0.05— —
- - ]
- —& = o
O_|_|_(ﬂ l vvewvw | | I | | | I | | | I | | I‘v
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Heavy quarkonia in jets w<zs> E

* How are heavy qq pairs such as Y (2S) produced according to QCD?

;"3 0.355 lHCb Dlslplalceld (I:omplonlentL
N oaf PP (5=13Tev monprompt) | o Displaced 1 (2S5) carries
© - Antiky R=05,7 =254 . 0 ]
o 025 plel20-25Gevic 1 ~60% of jet transverse
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Heavy quarkonia in jets @ms) E—

* How are heavy qq pairs such as Y (25) produced according to QCD?

N 035 e ———
S - LHCb Dlsplaced component .
N 03 PP Vs=13TeV (non-prompt) |
© - Anti-k, R=05,n =254 ]
O | jet B
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Heavy quarkonia in jets @m E—

* How are heavy qq pairs such as Y (25) produced according to QCD?

N 035_ T T T | T T T T T T T N 0.25 | T T T T T T
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Heavy quarkonia in jets m E—

* How are heavy qq pairs such as Y (25) produced according to QCD?
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Higher mass states

* How is tetraquark / DD* molecule candidate y.;(3872) produced?
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