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Jets probe a wide range of in-
teracঞon Q2

QCD emissions in parton
showers are anguѴar ordered.
The earѴy spѴiমngs (per-
turbaঞve) are wider (RL,12)
and the Ѵate spѴiমngs (non-
perturbaঞve) are narrower
(RL,34)
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1. Recomv|u�c| D0Ŋmevom candidates from
decay daughter tracks using topoѴogicaѴ
and parঞcѴe idenঞficaঞon seѴecঞons

D0 æ K≠
+ fi+ amd chauge comj�ga|e
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c

ū
D0

K−

π+

D0

2. D0-tagged charged jets: anঞ–kT jet aѴgorithm (R Ʒ 0.4) for each D0 candidate
æ caѴcuѴate �EEC(RL)

3. Remo�e backguo�md D0 camdida|ev using side-band subtracঞon
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ALICE Preliminary
 = 13 TeVspp, 

 = 0.4R, Tkin charged jets, anti-
 and charge conj.+π
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4. Couuec| fou D0Ŋ|agged je| uecomv|u�cঞom efficiemc�
Ɣ. FeedŊdo�m couuecঞomĹ beauty feed-down (B æ D

0) esঞmaঞon using
POWHEG Ƴ PYTHIA Ѷ. Corrected for non-prompt D

0 reconstrucঞon
efficiency.

ѵ. De|ec|ou effec|vĹ Correct �EEC(RL) for track momentum resoѴuঞon, anguѴar
resoѴuঞon, and both singѴe-track and pair inefficiencies

ƕ. Remo�ed DŖ± com|uib�ঞom using the raঞo D
ú±

decay turned O�

Dú± decay turned On
, caѴcuѴated from

PYTHIA Ѷ simuѴaঞons

50

K− π+
π+
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Secondary 
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1.4) L
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EE
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Σ

 = 13 TeVsPYTHIA 8, pp, 

 and charge conj.+π − K→ 0D

 = 0.4R, Tkin charged jets, anti-

 0.5≤ |
jet

η|, c < 30 GeV/ch. jet
T
p ≤15 

 0.8≤ |0D
y|, c < 30 GeV/

0D
T
p ≤ 5 

-init jetsc-tagged, 0D

D* decays off

-init jetsc+D*)-tagged, 0(D

Many thanks to KyѴe Lee and coѴѴaborators for providing the pQCD caѴcuѴaঞons.
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EEC jet substructure observabѴe: how is energy distributed within a jet?
Derived from quantum fieѴd theory, & IRC-safe observabѴe æ precise
theoreঞcaѴ caѴcuѴaঞons
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Energy-energy correlator


Σ E
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(R
L)

RL,12

pT,3pT,4
p2

T,jet

RL,34

pT,1pT,2
p2

T,jet

RL

CaѴc�Ѵaঞmg |he �EEC obveu�abѴe

1. Construct anঞ–kT jets
2. CaѴcuѴate the energy weight (pT,ipT,j/pT,jet)

for each pair (i,j) of tracks inside the jet.
3. Count the number of weighted track pairs as
a funcঞon of RL

�EEC

�
RL

�
=

1

Njet

X

N

Z X

i,j

dR
Õ

L

pT,ipT,j

p2

T,jet

”(R
Õ

L
≠ RL,ij) where RL,ij =

q
�„2

ij
+ �÷2

ij
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ChaumŊ|agged jet EECs have a Ѵower ampѴitude than imcѴ�vi�e je| EECs
æ expected from the ľdeadŊcome effec|Ŀ
S|uikimg reak vimiѴaui|� of chaumŊ|agged and imcѴ�vi�e je| (gѴuon dominated)
æ comrѴe� im|eurѴa�: fla�ou effec|v in the shower �vĺ momŊreu|�ubaঞ�e
hadronizaঞon effects
Leadimg rauঞcѴe pT c�| in incѴusive jet at Ѵow pT,jet: biav |o�audv
t�aukŊimiঞa|ed je|v æ hints at a shift towards Ѵight quark-iniঞated jet MC!
rQCD caѴc�Ѵaঞomv reproduce generaѴ shape, with some |emviom meau reak
æ reflects Ѵimi|aঞomv im |he |uea|mem| of haduomi�aঞom
Raঞo of chaumŊ|agged to Ѵigh|Ŋt�auk jets, both quark-iniঞated, shows
vigmificam|Ѵ� moue v�rruevviom at smaѴѴ angѴes

O�|Ѵook: addimg bea�|�Ŋ|agged je|v amd e�|emdimg |o higheu pT,jet with Run 3
data wiѴѴ aѴѴow a more v�v|emaঞc v|�d� of mavv effec|v im rau|om vho�eu amd
haduomi�aঞom

...� ;L] EVI [I MRXIVIWXIH MR **(W$

�EEC(RL) probes jet dynamics from per-
turbaঞve (Ѵarge RL) to non-perturbaঞve
scaѴes (smaѴѴ RL).
Mass effects due to the dead-cone im-
printed on anguѴar scaѴe (RL) and ampѴi-
tude
Raঞo of heavy to Ѵight flavor jet EECs
shows Ѵarge suppression at smaѴѴer angѴes
æ due to the dead-cone effect

EECv ruobe de|aiѴed v|u�c|�ue of QCD
uadiaঞom fuom hea�� t�aukvĹ a rueciŊ
viom |ev| of mavvŊderemdem| effec|v im
rau|om vho�euv amd haduomi�aঞom

arXiv:kkRyXyNjRR
RL
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L�md v|uimg-based modeѴs
provides the bev| devcuirŊ
ঞom of both EECs?
HERWIG: o�euruedic|v imŊ
cѴ�vi�e je|v and �mdeurueŊ
dic|v chaumŊ|agged je|v

SHERPAAHADIC predicts a reak a| Ѵo�eu RL for both EECs æ suggests
Ѵa|eu haduomi�aঞom compared to other modeѴs.

:..� �YQQEV] ERH SYXPSSO

1 ChaumŊ|agged vs. imcѴ�vi�e je| EECs:
Diffeuemce im amrѴi|�de æ expected from the Ŀdead come effec|Ŀ
S|uikimg vimiѴaui|� im reak roviঞomv æ comrѴe� im|eurѴa�Ĺ fla�ou effec|v in the shower
�vĺ momŊreu|�ubaঞ�e hadronizaঞon effects

2 rQCD caѴc�Ѵaঞom comparison to charm-tagged jets æ meedv imruo�ed
|heoueঞcaѴ modeѴimg of hea�� t�auk je|v, parঞcuѴarѴy in the transiঞon
region

3 MC modeѴ comrauivomv show vemviঞ�i|� |o diffeuem| haduomi�aঞom
mechamivmv

Preeti Dhankher 
UCB/LBNL 

27 Sept. 2024


Hard Probes 

Nagasaki, Japan

Probing the shower properties of charm quarks 
using energy-energy correlators with ALICE 
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RL,12

EECs: how is energy distributed within a jet? 
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Energy-energy correlator


Σ E
EC

(R
L)

RL,12

pT,3pT,4
p2

T,jet

RL,34

pT,1pT,2
p2

T,jet

RL

ΣEEC(RL) =
1

Njet ∑
N

∫ ∑
i,j

dR′ 

L
pT,ipT,j

p2
T,jet

δ(R′ 

L − RL,ij)

ΔRL,ij = Δϕ2
ij + Δη2

ij

Energy weight
Soft contribution (MPI, UE) power 

suppressed by energy weight

1. Energy weighted two particle correlation inside jet

2. Derived from QFT & IRC safe observable  precise 

theoretical calculations

3. EECs probes jet dynamics from perturbative (large RL) to 

non-perturbative scales (small RL).

→

QCD emissions in parton showers are angular ordered.

early splittings (perturbative) wider (RL,12) 

late splittings (non-perturbative)  narrower (RL,34)

→
→
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Scaling behavior identical to massless case for larger . 
RL

virtuality ∼ pTRL + m RL

pT

HF energy-energy correlators 


arXiv:2210.09311 
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virtuality ∼ pTRL + m RL

pT

HF energy-energy correlators 


Scaling behavior identical to massless case for larger . 


A turn-over for 

RL

RL → mQ/pT

arXiv:2210.09311 
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Scaling behavior identical to massless case for larger . 


A turn-over for 

The change in the slope is perturbative effect contrary to 
massless jets: 


RL

RL → mQ/pT

RL → ΛQCD/pT

virtuality ∼ pTRL + m RL

pT

HF energy-energy correlators 


arXiv:2210.09311 
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Scaling behavior identical to massless case for larger . 


A turn-over for 

The change in the slope is perturbative effect contrary to 
massless jets: 


RL

RL → mQ/pT

RL → ΛQCD/pT

Small angle 
suppression (<m/E)  

”dead-cone” 
effect
→

Ratios of the 
massive to light 
EECs isolate 
mass effects.

virtuality ∼ pTRL + m RL

pT

HF energy-energy correlators 


arXiv:2210.09311 
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Charming energy-energy correlators
 c

ū
D0

*pQCD calculation by Kyle Lee and collaborators
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Charming energy-energy correlators


1. Charm-tagged jet EECs have a lower 
amplitude than inclusive jet EECs → 
consistent with EECs for massive quarks

c

ū
D0

*pQCD calculation by Kyle Lee and collaborators
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Charming energy-energy correlators
 c

ū
D0

*pQCD calculation by Kyle Lee and collaborators

1. Charm-tagged jet EECs have a lower 
amplitude than inclusive jet EECs → 
consistent with EECs for massive quarks


2. Striking peak position similarity of 
charm-tagged and inclusive jet (gluon 
dominated) → complex convolution: 
Casimir + mass effects in the shower 
and non-perturbative hadronization 
effects
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Charming energy-energy correlators
 c

ū
D0

1. Charm-tagged jet EECs have a lower 
amplitude than inclusive jet EECs → 
consistent with EECs for massive quarks


2. Striking peak position similarity of 
charm-tagged and inclusive jet (gluon 
dominated) → complex convolution: 
Casimir + mass effects in the shower 
and non-perturbative hadronization 
effects

*pQCD calculation by Kyle Lee and collaborators

Peak moves left
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Charming energy-energy correlators


1. Charm-tagged jet EECs have a lower 
amplitude than inclusive jet EECs → 
consistent with EECs for massive quarks


2. Striking peak position similarity of 
charm-tagged and inclusive jet (gluon 
dominated) → complex convolution: 
Casimir + mass effects in the shower 
and non-perturbative hadronization 
effects 

3. Leading particle pT cut in inclusive jet at 
low pT,jet: bias towards quark-initiated 
jets. 

c

ū
D0

*pQCD calculation by Kyle Lee and collaborators
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Charming energy-energy correlators


1. Charm-tagged jet EECs have a lower 
amplitude than inclusive jet EECs → 
consistent with EECs for massive quarks


2. Striking peak position similarity of 
charm-tagged and inclusive jet (gluon 
dominated) → complex convolution: 
Casimir + mass effects in the shower 
and non-perturbative hadronization 
effects 

3. Leading particle pT cut in inclusive jet at 
low pT,jet: bias towards quark-initiated 
jets. 

4. pQCD calculations reproduce general 
shape, with some tension near peak 
→hadronization effects play important 
role in the peak position. 

c

ū
D0

*pQCD calculation by Kyle Lee and collaborators
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Charming energy-energy correlators


1. Charm-tagged jet EECs have a lower 
amplitude than inclusive jet EECs → 
consistent with EECs for massive quarks


2. Striking peak position similarity of 
charm-tagged and inclusive jet (gluon 
dominated) → complex convolution: 
Casimir + mass effects in the shower 
and non-perturbative hadronization 
effects 

3. Leading particle pT cut in inclusive jet at 
low pT,jet: bias towards quark-initiated 
jets. 

4. pQCD calculations reproduce general 
shape, with some tension near peak 
→hadronization effects play important 
role in the peak position. 
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5. Ratio of charm-tagged to light-quark jets shows significantly more suppression at small angles
*pQCD calculation by Kyle Lee and collaborators
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Sensitivity to hadronization vs. parton shower


PYTHIA and  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Sensitivity to hadronization vs. parton shower
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 Elucidating QCD using charm jet substructure with ALICE  30 Aug. 2024Preeti Dhankher 124
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Sensitivity to hadronization vs. parton shower
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Lund-string based model provides the best description of both EECs?

 Elucidating QCD using charm jet substructure with ALICE  30 Aug. 2024Preeti Dhankher 124
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Sensitivity to hadronization vs. parton shower
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Lund-string based model provides the best description of both EECs?

HERWIG: overpredicts inclusive jets and underpredicts charm-tagged jets  Sensitivity to 
hadronization vs. parton shower implementations. 

→
 Elucidating QCD using charm jet substructure with ALICE  30 Aug. 2024Preeti Dhankher 124
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Sensitivity to hadronization vs. parton shower


c

ū

D0

Lund-string based model provides the best description of both EECs?

HERWIG: overpredicts inclusive jets and underpredicts charm-tagged jets  Sensitivity to 
hadronization vs. parton shower implementations. 

SHERPA AHADIC: predicts peak at lower RL for both EECs suggests later hadronization compared 
to other models.

→

→
 Elucidating QCD using charm jet substructure with ALICE  30 Aug. 2024Preeti Dhankher 124
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Cluster hadronization

Lund string hadronization 

HERWIG  
and  
SHERPA AHADIC 

PYTHIA and  
SHERPA 
LUND
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Thank you 
ありがとうございます 


