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Jets in proton-proton (pp) collisions [1]

What is jet? 
Theory: Jets are cascade of partons produced 
from fragmentation of hard scattered quarks/
gluons in the initial stage of collision 
Experiment: Collimated showers of final 
state particles resulting from fragmentation 
of hard scattered partons in high-energy 
collisions

[1] https://www.ericmetodiev.com/post/jetformation/  ￼2

Jet study in pp collisions 
‣ Jet measurements in pp collisions serve as a baseline for 

similar measurements in heavy-ion collisions 
‣ Jet production in pp collisions enables to test pQCD 

calculations 
‣Measurements of jet production and its properties are 

used to tune different Monte Carlo event generator

Importance of jet study: pp collisions
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ALI-PUB-106878

Minimum bias (MB) High-multiplicity (HM)

Strangeness enhancement

Enhancement of strange hadron production [1] and 
ridge structure in high multiplicity pp collisions [2] 

[1] Nature Physics 13 (2017) 535-539  
[2] CMS, JHEP 09 (2010) 091 

No conclusive results on 
jet quenching in high-
multiplicity pp collisions 
(based on inclusive 
measurements)!

Need further investigation 
through jet substructure 
observables: more 
sensitive to jet-medium 
interaction

Collective flow

pp, s = 7 TeV Near-side ridge

Importance of jet study: High Multiplicity pp collisions
QGP-like signatures in pp collisions!
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Time Projection Chamber 
(TPC) 
Charged particle 
identification

Inner Tracking System (ITS) 
Charged particle identification 
Vertex determination

V0 scintillator detectors 
(V0A and V0C) 
Trigger for MB and HM events

ALICE experimental setup
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Multiplicity dependent jet results in pp 
collisions at     = 13 TeV with ALICE
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Charged-jet 
production 

Eur. Phys. J. C 82 (2022) 514

Search for jet quenching 
via di-jet acoplanarity 

JHEP 05 (2024) 229

Charged-particle 
intra-jet properties 
Eur. Phys. J. C (2024) 84: 1079

s



Multiplicity dependent jet results in pp 
collisions at     = 13 TeV with ALICE
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Charged-jet 
production 

Eur. Phys. J. C 82 (2022) 
514
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A higher (lower) jet yield is observed in higher (lower) multiplicity classes, but the 
slope of the spectrum stays similar to the one measured in MB. 

The charged-particle jet yield ratio is independent of the jet resolution parameter R 
and jet pT.



Multiplicity dependent jet results in pp 
collisions at     = 13 TeV with ALICE
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Search for jet 
quenching via di-jet 

acoplanarity 
JHEP 05 (2024) 229

s

The jet-yield suppression in HM events occurs predominantly in the back-to-back 
configuration 
The total yield is suppressed, while the azimuthal distribution is broadened; arise 
from jet quenching, medium-induced jet scattering occurs in HM event 
HM selection bias: enhanced multiple jets 



Search for jet quenching 
via di-jet acoplanarity 

JHEP 05 (2024) 229

Multiplicity dependent jet results in pp 
collisions at     = 13 TeV with ALICE
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Charged-jet 
production 

Eur. Phys. J. C 82 (2022) 514

Charged-particle 
intra-jet properties 
Eur. Phys. J. C (2024) 84: 1079

s

Challenges:  
• The modification is really coming from QGP, 

or something else? 
•  Proper underlying event subtraction! 
•  Application of standard correction procedure!

What will happen if one changes the jet radius 
parameter (Jet R)?

Jet R = 0.2
Jet R = 0.4

Large jet R covers 
more interactions!



Jet observables
Mean charged-particle multiplicity within a leading 
jet cone

< Nch > = 1
Njets

∑Njets
i=1 Ni

Njets = total number of jets and Ni = number of 
particles within the jet

Jet fragmentation functions

zch = p track
T

p jet
T

ξch = ln( 1
zch )

pTtrack = transverse momentum of track  
pTjet = transverse momentum of jet

✓Related to parton shower processes 
✓Distribution of final state particles resulting from jet

Analysis method and jet observables

Track selection: 
Charged-tracks, transverse momentum 
(pT) > 0.15 GeV/c,  

Jet selection: 
Anti-kT jet finding algorithm, jet radius 
(R) = 0.2, 0.3, 0.4,  
Jet pT = 5 - 110 GeV/c,  
Leading jet: highest-pT jet in an event

Correction procedure: 
Bayesian Unfolding: RooUnfold 
Underlying event subtraction

Systematic uncertainty: 
Major contributions from 
Tracking inefficiency and Monte Carlo 
(MC) dependence

Analysis details
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Jet observables 
(Generated level)

Detector 
response

Jet observables 
(Reconstructed level)
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Unfolding: 4D response matrix  
Axis 1: Jet pTrec            Axis 2: Observablerec 
Axis 3:Jet pTgen                  Axis 4: Observablegen
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agreement with 
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Underlying events (UE) in pp collisions

UE estimation: perpendicular cone method 
UE subtraction: on a statistical basis after 
unfolding
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Background Subtraction
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Minimum bias (MB) 

High-multiplicity (HM)

HM/MB 
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‣ <Nch> rises monotonically with increasing pTjet 

‣ <Nch> increases with increasing jet radius R 
‣ <Nch> is slightly large in HM compared to that 

in MB (e.g. ~ 5% [pTjet   < 60 GeV/c, R = 0.4]) 
(Hint of jet modification!) 

‣ Pythia 8 reproduces the distributions for both 
HM and MB within systematic uncertainties 

‣ Pythia 8 slightly deviates from the data in  
HM/MB beyond systematic uncertainty
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Results and Discussions         < Nch >
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Jet fragmentation: jet pT 
dependence 
✓Scaling with jet pT: Indication of 

jet pT independent jet 
fragmentation for wider jets

MC predictions: 
✓PYTHIA 8 describes the data 

within systematic uncertainty for 
lower and higher jet pT ranges 

✓PYTHIA 8 underestimate the 
data for intermediate zch values 
for intermediate jet pT ranges 

✓EPOS LHC reproduces the data 
better compared to PYTHIA 8 
within systematic uncertainty

Similar observations for HM events

Results and Discussions         Minimum bias (MB) zch
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HM/MB (10-20 GeV/c)

HM/MB (60-80 GeV/c)

HM/MB (30-40 GeV/c)
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Modification in jet fragmentation! 
PYTHIA 8 describes the data within 
systematic uncertainty except for high jet 
pT (60-80 GeV/c), jet R = 0.4 (zch > 0.7) 
• Significant modification at low jet pT 

(10-20 GeV/c) 
• Dependence with jet pT and jet R 
• Modification reduces at high jet pT (60-80 

GeV/c)

Results and Discussions         
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HM/MB (10-20 GeV/c)
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Modification in jet fragmentation! 
PYTHIA 8 describes the data within 
systematic uncertainty except for high jet 
pT (60-80 GeV/c), jet R = 0.4 (zch > 0.7) 
• Significant modification at low jet pT 

(10-20 GeV/c) 
• Dependence with jet pT and jet R 
• Modification reduces at high jet pT (60-80 

GeV/c)

Results and Discussions         
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Major contributions: 
✓ Multiparton interactions (MPI) with color reconnection (CR) in PYTHIA 8 
✓ Enhanced gluonic contributions in HM events

Further investigation in PYTHIA 8 : absence of QGP medium

Results and Discussions         zch
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ξch < 2

Similar observations for HM events
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Jet fragmentation: jet pT 
dependence 
‣ Scaling with jet pT: 
‣ Hump-backed plateau: 

suppression of low pT particle 
production predicted by QCD 
coherence 
‣With increasing jet pT and jet R, 

area of the distribution increases 
‣ Complementing Nch distributions 
✓

MC predictions: 
✓PYTHIA 8 qualitatively 

describes the data
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Results and discussions ξch

HM/MB (10-20 GeV/c) HM/MB (30-40 GeV/c)
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Modification in jet fragmentation! 
PYTHIA 8 describes the data within 
systematic uncertainty 

• Significant modification at low jet pT 
(10-20 GeV/c) 

• Dependence with jet pT and jet R 
• Modification reduces at high jet pT 

(60-80 GeV/c)
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Summary and Outlook
✓ First measurement of multiplicity-dependent charged-particle jet properties in pp collisions at 13 TeV 

✓ Mean charged-particle multiplicity increases with increasing jet pT and jet R for both HM and MB 

events 

✓ Jet pT independent scaling of jet fragmentation functions for wider jets in both HM and MB events 

✓ A slight enhancement in <Nch> is observed in HM compared to MB 

✓ Significant modification of jet fragmentation in HM compared to MB 

✓ PYTHIA 8 reproduces the modifications in HM compared to MB 

✓ MPI with CR and enhanced gluonic contributions are playing major role

We observed jet modification in high-multiplicity pp collisions! 
Shifting the question towards 

How one can attribute the observed modification to different cases? 
Jet quenching in mini-QGP, MPI with CR…?

￼24

Investigation of Jet modification in p-Pb collisions are coming…. 
Stay tuned!
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Slide 3 and 4 Phase transition

In lattice-QCD calculations, the chiral susceptibility is  the order parameter distinguishing the 
phases. It is defined as, χ (Ns , Nτ ) = (∂ 2 /∂ m2ud )(T /V ) log Z where Z is the partition 
function, mud is the mass of the light u, d quarks, Ns is the spatial extension, Nτ is euclidean 
time extension, and V the system volume in lattice-QCD. The smooth crossover was proved by 
showing that the temperature dependence of the peak and the width of the chiral susceptibility 
are independent of the system volume. For a typical first-order phase transition, the height of 
the susceptibility peak should have been proportional to the volume, and the width would vary 
inversely with volume. For a second-order transition, a singular behavior should have been 
observed with the volume of the system (Vα, α is a critical exponent). 
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Slide 6 Strangeness enhancement
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Slide 6 Near-side ridge
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Slide 8 ALICE detector

Sub-detectors: 18 
Central-barrel detectors,  
the forward detectors,  
the trigger detectors,  
and the muon spectrometers  

The central part of ALICE is enclosed in the L3 solenoid, which has an internal length of 12.1 m and a radius of 5.75 m, B = 0.5T. 
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Slide 9 HM selection in pp collisions
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Slide 9 Vertex selection
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Slide 9 Jet selection
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Slide 10 Unfolding performance

The default number of iteration is chosen as the one that minimizes the total uncertainty. 

Summed Error = !"#$%& ' + !")&*+& ' + !"!$,$ '

(SEIter.)2 =  ∑ .
' (0123345. −	012334 )2 +	(0123348.  −	012334 )2

'
9:3;<3

(SEPrior)2 =  ∑ 0123=>?3@3A? −	0123BA@CDE4
'9:3;<3

(SEStat.)2 =  ∑  "&&_0123BA@CDE4
'9:3;<3
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Slide 10 Unfolding performance

2D Projection of response 
matrices
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Ø Unfolded results are in good
agreement with true
distributions

<Nch>: Jet radius (R = 0.2 and 0.3)
zch : Jet pT = 10-20, 30-40, 40-60 and 60-80 GeV/c
!ch : Jet pT = 10-20, 30-40, 40-60 and 60-80 GeV/c

See backup slides

41

20 40 60 80 100
)c (GeV/jet,ch

T
p

2

4
6

8

10

12

14

16

18

20ñ 
ch

N á

ALICE Simulation
 = 13 TeVspp 

c > 0.15 GeV/particle
T

p

 = 0.4R jets with Tktrack-based anti-

 < 0.5ç
jet

hç

Shape Closure

True

Iteration4

20 40 60 80 100
)c (GeV/jet,ch

T
p

0.9

0.95

1

1.05

U
nf

ol
de

d/
Tr

ue

R = 0.4

0 0.2 0.4 0.6 0.8 1
)c (GeV/jet,ch

T
p

3-10

2-10

1-10

1

10

210

310

410ch zd
Nd  

je
ts

N
1

ALICE Simulation
 = 13 TeVspp 

 = 0.4R jets with Tktrack-based anti-

c = 10 - 20 GeV/jet,ch
T

p

Shape Closure

True

Iteration2

0 0.2 0.4 0.6 0.8 1
jet,ch
T
p/particle

T
p = chz

0.6
0.8

1
1.2
1.4

U
nf

ol
de

d/
Tr

ue

R = 0.4

0 1 2 3 4 5 6 7

1

2

3

4

5

6ch xd
Nd  

je
ts

N
1

ALICE Simulation

 = 13 TeVspp 

 = 0.4R jets, Tktrack-based anti-

c = 10 - 20 GeV/jet,ch
T

p

Shape Closure

True

Iteration2

0 1 2 3 4 5 6 7
)particle

T
/pjet,ch

T
 = log (pchx

0.6
0.8

1
1.2
1.4

U
nf

ol
de

d/
Tr

ue

R = 0.4

M
B 

res
ult

s Shape Closure test

Ø Unfolded results are in good
agreement with true
distributions

<Nch>: Jet radius (R = 0.2 and 0.3)
zch : Jet pT = 10-20, 30-40, 40-60 and 60-80 GeV/c
!ch : Jet pT = 10-20, 30-40, 40-60 and 60-80 GeV/c

See backup slides



Slide 11 Systematic uncertainty

Systematic uncertainty  

M
B: R

=0.4

20 40 60 80 100 ch
T, jet
p

0

0.05

0.1

0.15

0.2

0.25

0.3

Fr
ac

tio
na

l S
ys

. U
nc

.

0

0.05

0.1

0.15

0.2

0.25

0.3
Nch_HM_R04

Total
Iteration
Track efficiency
PriorChng
MC Changed
Bin truncation

0 0.2 0.4 0.6 0.8 1
chz

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fr
ac

tio
na

l S
ys

. U
nc

.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FF10to20_HM_R04

Total
Iteration
Track efficiency
PriorChng
MC Changed
Bin truncation

0 1 2 3 4 5 6 7chx
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fr
ac

tio
na

l S
ys

. U
nc

.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FKsi10to20_HM_R04

Total
Iteration
Track efficiency
PriorChng

MC Changed
Bin truncation

20 40 60 80 100 ch
T, jet
p

0

0.05

0.1

0.15

0.2

0.25

0.3

Fr
ac

tio
na

l S
ys

. U
nc

.

0

0.05

0.1

0.15

0.2

0.25

0.3
Nch_MB_R04

Total
Iteration
Track efficiency
Prior Changed
MC Changed
Bin truncation

0 0.2 0.4 0.6 0.8 1
chz

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fr
ac

tio
na

l S
ys

. U
nc

.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FF10to20_MB_R04

Total
Iteration
Track efficiency
Prior Changed
MC Changed
Bin truncation

0 1 2 3 4 5 6 7chx
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fr
ac

tio
na

l S
ys

. U
nc

.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
FKsi10to20_MB_R04

Total
Iteration
Track efficiency
Prior Changed

MC Changed
Bin truncation

<Nch> zch (Jet pT = 10-20 GeV/c) !ch (Jet pT = 10-20 GeV/c)

HM
: R

=0.4

<Nch>: Jet radius (R = 0.2 and 0.3)
zch : Jet pT = 10-20, 30-40, 40-60 and 60-80 GeV/c
"ch : Jet pT = 10-20, 30-40, 40-60 and 60-80 GeV/c



Slide16 MPI and CR



Results and discussions zch

￼38

0 0.2 0.4 0.6 0.8 1

3−10

2−10

1−10

1

10

210

310

410 c
h

zd
Nd  

 je
ts

N
1

ALICE Data

 = 13 TeVspp 

UE Subtracted

 = 0.2R < 0.7,  
 jet

η 

0 0.2 0.4 0.6 0.8 1

3−10

2−10

1−10

1

10

210

310

410 c
h

zd
Nd  

 je
ts

N
1

High Multiplicity
c10 - 20 GeV/
c20 - 30 GeV/
c30 - 40 GeV/
c40 - 60 GeV/
c60 - 80 GeV/

UE Subtracted

 = 0.3R < 0.6,  
 jet

η 

0 0.2 0.4 0.6 0.8 1
 jet, ch
 T
p/ particle

 T
p =  chz

3−10

2−10

1−10

1

10

210

310

410 c
h

zd
Nd  

 je
ts

N
1

 jets TkCharged-particle leading anti-

c > 0.15 GeV/ particle
 T
p

UE Subtracted

 = 0.4R < 0.5,  
 jet

η 

High-multiplicity (HM)

0 0.2 0.4 0.6 0.8 1

0.5
1

1.5

M
C

/D
at

a

ALICE Data

 = 13 TeVspp 

0 0.2 0.4 0.6 0.8 1

0.5
1

1.5

 = 0.2R < 0.7,  
 jet

η 

0 0.2 0.4 0.6 0.8 1

0.5
1

1.5

0 0.2 0.4 0.6 0.8 1

0.5
1

1.5

0 0.2 0.4 0.6 0.8 1
0.5

1
1.5

0 0.2 0.4 0.6 0.8 1

High Multiplicity

PYTHIA 8 Monash 2013

0 0.2 0.4 0.6 0.8 1

 = 0.3R < 0.6,  
 jet

η 

0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1

c80 GeV/− = 60
T

Jet p

0 0.2 0.4 0.6 0.8 1

 = 0.4R < 0.5,  
 jet

η 

c60 GeV/− = 40
T

Jet p

0 0.2 0.4 0.6 0.8 1

c40 GeV/− = 30
T

Jet p

0 0.2 0.4 0.6 0.8 1

c30 GeV/− = 20
T

Jet p

0 0.2 0.4 0.6 0.8 1
 jet, ch
 T
p/ particle

 T
p =  chz

c20 GeV/− = 10
T

Jet p

Jet fragmentation: jet pT 
dependence 
✓Scaling with jet pT: Indication of 

jet pT independent jet 
fragmentation for wider jets

MC predictions: 
✓PYTHIA 8 describes the data 

within systematic uncertainty for 
lower and higher jet pT ranges 

✓PYTHIA 8 underestimate the 
data for intermediate zch values 
for intermediate jet pT ranges
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Jet fragmentation: jet pT 
dependence 
‣ Scaling with jet pT: 
‣ Hump-backed plateau: 

suppression of low pT particle 
production predicted by QCD 
coherence 
‣With increasing jet pT and jet R, 

area of the distribution increases 
‣ Complementing Nch distributions 
✓

MC predictions: 
✓PYTHIA 8 qualitatively 

describes the data
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Pythia 8 vs EPOS 
1) Based on Leading order QCD => EPOS is based on Gribov-Regge Theory 

2) pp collision can be represented by a plethora of processes like elastic and diffractive (described using Pomerons), soft and hard QCD processes etc. => In 
EPOS, elementary interactions between the constituent partons of nucleons proceed via exchanges of parameterised objects called Pomerons which have 
the quantum numbers of the vacuum. 

3) Implements parton showers (Initial State Radiation, ISR, and Final State Radiation, FSR) => Not there in EPOS 

4) Considers the phenomena such MPI, CR => CR most probably is not there in EPOS. In EPOS, multiple scattering occurs via multi-Pomeron exchanges 

5) For hadronization, Pythia uses  Lund String Fragmentation model. =>  In EPOS, hadronization is treated in a different way (core-corona approach).  
EPOS is a core-corona model. The core represents a region with a high density of string segments that is larger than some critical density for which the 
hadronization is treated collectively and the corona is the region with a lower density of string segments for which the hadronization is treated non-
collectively. The strings from the core region form clusters which expand collectively. This expansion has two components, namely radial and longitudinal 
flow.



Multiplicity dependence of charged-particle 
intra-jet properties in pp collisions at 13 TeV 

Paper Committee: D. Banerjee (chair), P. Das, and S. K. Prasad 
ALICE Collaboration,  
Accepted in European Physical Journal C, arXiv: 2311.13322 [hep-ex] 
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https://arxiv.org/abs/2311.13322


Systematic uncertainty
Tracking inefficiency: 

Detector-level tracks are randomly discarded by 3% before jet finding 

Choice of different event generator [MC dependence] 
PYTHIA 8 is used as default and EPOS LHC is used for systematic uncertainty 

Choice of different regularisation parameter 
Number of iteration is changed by +/- 1 from the default one 

Change of the prior distributions 
Response matrix is reweighted with the factor taken from the ratio between data and rec-level MC 

Bin truncation 
The lower and upper bounds of jet pT of detector level jets are varied by +5 and -20 respectively 

UE estimation method 
Perpendicular cone method is used as default and random cone method is used as variation 

￼42

In each case: 
A modified response matrix is rebuilt with the variation and used to unfold the raw data

Systematic uncertainty = Modified − default
default

Total systematic uncertainty: quadrature sum of individual sources



Jets in heavy-ion (AA) collisions [2]

Experimental observation of jet quenching: 
‣ Medium-induced energy loss, observed through inclusive jet yield suppression in heavy-ion 

collisions compared to binary-scaled pp collisions; jet nuclear modification factor RAA 

‣ Medium-induced modification of the distribution of jet constituents, observed through the 
radial energy profile, jet substructure, and fragmentation functions 

Jets in the QGP: 
‣ Jets propagate through the expanding and 

cooling QGP 
‣ Jet shower itself evolves with QGP 
‣ Jet constituents interact with the colour-

charged constituents of the QGP 
‣Modification of jet shower: jet quenching

One of the important probe of QGP medium

Theoretical calculation of jet quenching: jet transport coefficient

Importance of jet study: HI collisions

01.10.2025Debjani Banerjee, UIUC 4

[2] https://newscenter.lbl.gov/2010/01/14/jet/

https://newscenter.lbl.gov/2010/01/14/jet/

