
Hard-jet correlations in large 
and small systems 

Riccardo Longo 

26th September 2024 



Riccardo Longo 26 Sept 20242

What is this talk about? 
Goal: review recent results using hard-jet correlations to better 

understand the nature of HI collisions (small & large systems) 

Boson+jet h+jet jet+jet 

Jet overview & HF  see Yaxian’s talk  
E-E correlator & substructure  see Rithya’s talk 

→
→



3

2

3

A few topic I will cover today 

1 Quenching dependence 
on jets properties A

Path-length 
dependence of Eloss 

Eloss in small systems?

Golden age of Run 2 dijet 
analyses at LHC: new ATLAS UPC 
results + CMS & ATLAS p+Pb @ 
8.16 TeV analyses next in the 
pipe 

Medium response B

C

Relevance of Color 
Fluctuations

nPDF modification

Large Systems Small Systems



Large 
Systems
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Jet interaction with the medium 

How does the quenching 
depend on jets 

properties?
1
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Color charge dependence: role of pp pT spectrum

PLB 846 (2023) 138154

See talk by D.Derendarz

pp spectra 
steepness matter! 
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Inclusive jets in pp  
have a steeper 

spectrum compared to 
-tagged jetsγ
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https://doi.org/10.1016/j.physletb.2023.138154
https://indico.cern.ch/event/1339555/contributions/6122285/
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PLB 846 (2023) 138154

See talk by D.Derendarz

pp spectra 
steepness matter! 
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Assuming the same 
energy loss in QGP 
( ), lower RAA 

expected for inclusive 
jets compared to  

-tagged ones γ

pp spectrum 
quenched spectrum 
expected nuclear 
modification at given pT

Flatter pT in pp 
 

smaller 
modification 

 
higher RAA

↓

↓

Steeper pT in pp 
 

larger  
modification 

 
lower RAA

↓

↓

1

Inclusive jets in pp  
have a steeper 

spectrum compared to 
-tagged jetsγ

Color charge dependence: role of pp pT spectrum

https://doi.org/10.1016/j.physletb.2023.138154
https://indico.cern.ch/event/1339555/contributions/6122285/
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Fractional Energy Loss

See talk by D.Derendarz

PLB 846 (2023) 138154 Same approach as PHENIX, PRC 93 024911 (2016)

Jet pT

pp spectra
PbPb 
spectra

ΔpT

1

http://Jet%20quenching%20and%20medium%20response%20using%20photon+jet%20events%20in%20ATLAS,%20D.Derendarz
https://doi.org/10.1016/j.physletb.2023.138154
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911
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Fractional Energy Loss

See talk by D.Derendarz

PLB 846 (2023) 138154 Same approach as PHENIX, PRC 93 024911 (2016)

Remove effects of spectral shape 

Comparison to nPDF and isospin effects 

Significant hints of color-charge dependence of 
jet energy loss 

For pT < ~200 GeV, strengthens the case for 
quark-initiated jets to lose less energy than 
gluon-initiated ones 

Jet pT

pp spectra
PbPb 
spectra

ΔpT

1

http://Jet%20quenching%20and%20medium%20response%20using%20photon+jet%20events%20in%20ATLAS,%20D.Derendarz
https://doi.org/10.1016/j.physletb.2023.138154
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911
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Studies in jet to investigate selection biasγ+

Use high-momentum photons as 
proxies for the recoiling parton 

initiating the jet shower, to 
investigate selection biases  

Momentum 
imbalance

xγj =
pjet

T

pγ
T

pjet
T

pγ
T

1-2

-tagged measurement 
of jet groomed radius 

and girth

γ -tagged 
measurement of jet 
axis decorrelation

γ

See talk by M.Nguyen See talk by M.Park

Can the medium distinguish between partons within a jet? 

https://indico.cern.ch/event/1339555/contributions/6040794/
https://indico.cern.ch/event/1339555/contributions/6040782/
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Jet Substructure in jet events vs inclusiveγ+
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See talk by M.Rybar

PRC 107 (2023) 054909

ATLAS inclusive jets CMS +jetsγ
See talk by M.Nguyen

1-2

Less quenched jet 
selection:  xγj > 0.8

Phys. Lett. B 789 (2019) 167

Complementary ways to study 
color coherence effects  

 
R=0.4 vs R=0.2 

RAA vs Area normalized 
Gluon vs Quark jet dominance 

Different pT ranges

https://arxiv.org/abs/2405.02737
https://indico.cern.ch/event/1339555/contributions/6040792/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054909
https://indico.cern.ch/event/1339555/contributions/6040794/
https://doi.org/10.1016/j.physletb.2018.12.023
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Changing quenching level in  jetγ+ See talk by M.Nguyen
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Quenched + unquenched 
jet selection:  xγj > 0.4

No narrowing 
observed with 
less biased 

selection on xJγ

arXiv:2405.02737 

1-2

Phys. Lett. B 789 (2019) 167

https://indico.cern.ch/event/1339555/contributions/6040801/
https://arxiv.org/abs/2405.02737
https://doi.org/10.1016/j.physletb.2018.12.023
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Jet interaction with the medium 

What happens to the 
energy deposited by the 

jet in the medium?
2
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PRL 126 (2021) 072301 

Experimental measurements 
with Z-bosons differential in  Δϕ

PRL 128 (2022) 122301

2

Z

Δϕ(h, Z)

0

π

‘Waking’ the medium See talks by 
Y.Go and Y.Lee

Duck = jet 

Enhancement 
(wake) 

Photo from Y.Lee’s talk

https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://link.aps.org/doi/10.1103/PhysRevLett.126.072301&ved=2ahUKEwjkz4Pcwc-IAxXVrokEHcbbEhUQFnoECBgQAQ&usg=AOvVaw1fbCeE73IXivhKdD1ZpN6H
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.122301
https://indico.cern.ch/event/1339555/contributions/6040805/
https://indico.cern.ch/event/1339555/contributions/6040903/
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Duck = jet 

Enhancement 
(wake) 

15

2‘Waking’ the medium [2] 

Photo from Y.Lee’s talk

𝛾

0

π

Δϕ(h, jet), Δη(h, jet)

Depletion 
(diffusion 

wake)
Diffusion wake signal expected at  

 and Δϕ > π/2 Δη ∼ 0

PRL 130, 052301 
(2023), CoLBT 

Experimental measurements with -tagged 
jets differential in  and 

γ
Δϕ Δη

See talks by 
Y.Go and Y.Lee

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.052301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.052301
https://indico.cern.ch/event/1339555/contributions/6040805/
https://indico.cern.ch/event/1339555/contributions/6040903/
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 shows the relative 
modification of the bulk medium  
Ycorr /Yuncorr

arXiv:2408.08599

3D jet+tracks in jetγ+

xJγ

3D analysis of jet-track correlations ( ,  and ) 

Selecting different jet energy loss classes using  

No significant  dependence of the diffusion wake 
observed  
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Δϕ(h, jet), Δη(h, jet)
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See talk 
by Y.Go

https://arxiv.org/abs/2408.08599
https://indico.cern.ch/event/1339555/contributions/6040805/
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2

𝛾

Δϕ(h, jet), Δη(h, jet)

The best fit of the 
diffusion wake 
amplitude for the 
lowest  
(highest energy 
deposition in the 
medium) is about 
0.5-0.8% for the 
diffusion wake 
width range of 
0.5-1.0 

xJγ

3D jet+tracks in jet: wake constraintsγ+
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arXiv:2408.08599

See talk 
by Y.Go

https://arxiv.org/abs/2408.08599
https://indico.cern.ch/event/1339555/contributions/6040805/
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Search for diffusion wake in Z-tagged events See talk 
by Y.Lee

2

Z and Wake Hadron 
correlation in Hybrid model 
by Pablos, Rajagopal, Lee

Wake 

Diffusion 
Wake

Note the different 
relative magnitudes 
of the two effects 
compared to jet 

CoLBT due to 
different type of 

analysis 

γ+

Z

Δϕ(h, Z)
h allows for contribution from 

very quenched jets ( ) xJγ ≪ 1

No jet requirement 

Double differential 
absolute measurement 

of ΔNch = S − B

d⟨ΔNch⟩
dΔϕch,Z

or
d⟨ΔNch⟩
dΔych,Z

In different selections of pch
T

0

π

https://indico.cern.ch/event/1339555/contributions/6040903/
https://indico.cern.ch/event/1339555/contributions/6040903/
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Search for diffusion wake in Z-tagged events See talk 
by Y.Lee

2

Z

Δϕ(h, Z)
Hadron pT selection

h

Centrality

Centrality as handle on medium-size  

0

π

50-100%
30-50%
0-30%
pp

Depletion at  ~ 0  in both  
mid-central & central! Ordering?

Δϕch,Z

https://indico.cern.ch/event/1339555/contributions/6040903/
https://indico.cern.ch/event/1339555/contributions/6040903/
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Search for diffusion wake in Z-tagged events See talk 
by Y.Lee

2

Z

Δϕ(h, Z) Hadron pT selection

Hybrid w/ wake, CoLBT and JEWEL w/ recoil (solid 
lines) agree better with the data at low hadron pT

h

Statistically hungry 
measurements - more to 

come w/ Run 3 and 
beyond 

Are the +jet and Z-h 
results compatible? 

γ

0

π

https://indico.cern.ch/event/1339555/contributions/6040903/
https://indico.cern.ch/event/1339555/contributions/6040903/
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Microscopic characterization of the QGP

How does the amount of 
energy lost depend on 

path length?
3
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R-scan of dijet asymmetry in Pb+Pb See talk by A.Sickles & 
poster by A.Romero

Δrecoil(pT,jet, Δφ) =
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTsig

−cRef ×
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTref

xJ =
pT,2

pT,1

arXiv:2407.18796

Jet radius

Multi-differential 
characterization of the 
dijet asymmetry as a 
function of jet radius, 

centrality, pT, xJ 

  Dijet nuclear modification factor Rpair
AA →

Rpair
AA

Rpair
AA

(    )
(    ) > 1

For both 
leading and 
subleading 
jets in dijet 

pair 

3

https://indico.cern.ch/event/1339555/contributions/6040769/
https://indico.cern.ch/event/1339555/contributions/6041067/
https://arxiv.org/abs/2407.18796
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R(0.6)/R(0.2): ALICE inclusive vs ATLAS dijet

Δrecoil(pT,jet, Δφ) =
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTsig

−cRef ×
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTref

 
 PLB 849 (2024) 138412 

ALICE Radius 
dependence of 

inclusive jets RAA 

Rpair
AA

Rpair
AA

(    )
(    ) > 1

For both 
leading and 
subleading 
jets in dijet 

pair 
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JEWEL w/o Recoils Hybrid Model w/ Wake
Factorization JETSCAPE v3.5 AA22
MARTINI

Rincl
AA

Rincl
AA

(    )
(    ) < 1

How do we 
understand this? 

NB: Models          
~predict both trends 

in the two cases

For inclusive 
track jets 

3

arXiv:2407.18796 
ATLAS Dijet pair RAA

https://doi.org/10.1016/j.physletb.2023.138412
https://arxiv.org/abs/2407.18796
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Semi-inclusive jet+h in Pb+Pb

Data-driven method to 
remove the fake jet 
background  

Lowest value of pT reached 
at LHC, 7 < pT /[GeV] < 140  
(track jets) 

IAA not suppressed for 
larger R jets  

Interesting increase in 
the IAA observed at high 
pT,ch jet 

See PLB 854 (2024) 138739 
and talk by Y.He

PRL 133, 022301 (2024) 

Jet radius

Δrecoil(pT,jet, Δφ) =
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTsig

−cRef ×
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTrefIAA =
(1/Ntrig)(dNjet /dpT,jet) |AA

(1/Ntrig)(dNjet /dpT,jet) |pp

2-3See talk by 
D.M.Jones

https://www.sciencedirect.com/science/article/pii/S0370269324002971?via=ihub
https://indico.cern.ch/event/1339555/contributions/6040816/
https://link.aps.org/doi/10.1103/PhysRevLett.133.022301
https://indico.cern.ch/event/1339555/contributions/6040801/
https://indico.cern.ch/event/1339555/contributions/6040801/
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Azimuthal broadening in jet+h 

Δrecoil(pT,jet, Δφ) =
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTsig

−cRef ×
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTref

Azimuthal 
decorrelation at 
low (< 20 GeV) 

pT,ch jet for R >= 0.4

JEWEL+recoils on 
describe this data 
but not inclusive 

results 

Decorrelation due to 
recapturing of 

radiation from the 
wake at larger R? 

pT,ch jet

Je
t 

ra
di

us

PRL 133, 022301 (2024) 

2-3

Similar measurement also at STAR in  and  tagged jets, preliminary for @HP2023π0 γ

See talk by 
D.M.Jones

https://link.aps.org/doi/10.1103/PhysRevLett.133.022301
https://pos.sissa.it/438/174/pdf
https://indico.cern.ch/event/1339555/contributions/6040801/
https://indico.cern.ch/event/1339555/contributions/6040801/


Small 
Systems
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Small systems - Question A

Is there evidence of  
Eloss onset in existing 

small-systems 
experimental data?

A
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ALICE h+jet in p+p See talk by 
D.M.Jones & Y.Mao

Δrecoil(pT,jet, Δφ) =
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTsig

−cRef ×
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTref

A

arXiv:2309.03788

ALI-PREL-581865

Semi-inclusive h+jet distributions in High Multiplicity 
(HM) and Minimimum Bias (MB) p+p collisions 

Observed suppression 
of back-to-back h+jet 
pairs in HM: selection 
bias towards higher 
order processes (e.g. 
no quenching) 

Fraction of 2022 data vs Run 2 pp 
reference (50x more): demonstrates the 
statistical power of ALICE Run 3 datasets

https://indico.cern.ch/event/1339555/contributions/6040801/
https://indico.cern.ch/event/1339555/contributions/6040801/
https://arxiv.org/pdf/2309.03788
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Search for ELoss onset in small systems: LHC p+A
New results from CMS studying dijet momentum imbalance in 
p+Pb differentially in rapidity and multiplicity class 

See talk by D.De 
Souza Lemos

A

xJ =
pT,2

pT,1

pT,1

pT,2

Increasing Event Multiplicity Increasing Event Multiplicity

Different dijet 
 rapidity 

topology
η

Results well described by Pythia8+EPOS MC (not including Eloss effects) 

https://indico.cern.ch/event/1339555/contributions/6040804/
https://indico.cern.ch/event/1339555/contributions/6040804/
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Search for onset of ELoss in small systems: RHIC

Event activity estimated 
using the beam-beam counter 
in the Au-going direction

arXiv:2404.08784

Mon Dec  4 20:10:44 EST 2023 /Users/hl7947/Library/CloudStorage/OneDrive-WayneStateUniversity/Group-Share/star/pAu200/pAu2015_GraceAnalysis/mac_analysis/semijets_semitrigGPC/./draw_semiinc_fig_v6.cc 
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Comparable 
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both trigger and 
recoil side  

 no evidence of 
pathlength 
dependence 

→

Trigger 

Trigger 
side

Recoil 
side

Δϕ < π/3 Δϕ > 2/3π

Δϕ

Δϕ

NB: event activity not robust 
centrality estimator in p+A - but used 
with certain prescriptions in this case 

A

https://arxiv.org/abs/2404.08784
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Small systems - Question B

B
How do color fluctuations 
affect the interpretation 

of hard scatterings in p+A 
collisions?



Riccardo Longo 26 Sept 202432

Color fluctuation effects on event activity in p+A

High-   Small proton configuration  Lower interaction strength  Event activity bias 

Results strongly supportive of Color Fluctuations (CFs) model, PRD 98 (2018) 071502
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Centrality defined w/  
deposited in Pb-going FCal  
RCP suppression fully driven by 
the proton configuration

ΣEPb
T

PRL 132 (2024) 102301

See poster by M.Hoppesch

ΣEPb
T

ATLAS FCal 
 −4.9 < η < − 3.2

B

https://doi.org/10.1103/PhysRevD.98.071502
http://Phys.%20Rev.%20Lett.%20132%20(2024)%20102301
https://indico.cern.ch/event/1339555/contributions/6040971/
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Relevance of CF effects in HI collisions  

Relative yield of  to  under the argument 
both are subject to the same centrality bias 
(arXiv:2303.12899) 

Evidence of jet quenching? (At odds w/ several 
other measurements at both RHIC and LHC)

π0 γdir

See talk by D.Firak

Bonus

See talk by D.Perepelitsa

Rπ0

dAu,EXP =
Yπ0

dAu/Yπ0

pp

Y γdir

dAu/Y γdir
pp

Same kinematic cuts but  &  have 
different  distributions 

Results can be explained w/ color 
fluctuation model (Phys. Rev. C 110, 
L011901)

π0 γdir

xd
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T
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B

https://arxiv.org/abs/2303.12899
https://indico.cern.ch/event/1339555/contributions/6040790/
https://indico.cern.ch/event/1339555/contributions/6040835/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.L011901
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.L011901
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.L011901
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.L011901
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Nuclear breakup in p+A collisions w/ dijets
ATLAS-CONF-2024-013

ZDC energy ~6 times more robust against 
dependences on the hard-scattering kinematics
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~5% difference between low and high  selections in 
terms of ZDC energy  

xp

Study of energy in the ZDC and in the forward calorimeter in dijet 
events to analyze dependence on the hard-scattering kinematics  

B

See poster by M.Hoppesch

ΣEPb
TΣEPb

ZDC

ATLAS FCal 
 −4.9 < η < − 3.2

ATLAS ZDC 
 η < − 8.7

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-013
https://indico.cern.ch/event/1339555/contributions/6040971/
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How are parton 
distribution functions 

modified in the nuclear 
environment? 

C

Small systems - Question C
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UPC Dijets & nPDFs
3D unfolded extraction of UPC dijet cross-section in Pb+Pb @ 5.02 TeV  

 (hard-scale),  (  resolution power),  (parton momentum fraction in the Pb)HT zγ γ xA
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See talk by B.Gilbert

arXiv:2409.11060 

C

https://indico.cern.ch/event/1339555/contributions/6040924/
https://arxiv.org/pdf/2409.11060
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Dijets in p+Pb: more CMS & ATLAS data to come 

EPPS21 data + UPC dijets + 
CMS dijets

C
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See talk by G.Nigmatkulov

https://indico.cern.ch/event/1339555/contributions/6040923/
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Dijets in p+Pb: more CMS & ATLAS data to come 
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Both results will 
provide further 
input to constrain 
nPDFs down to  

 ~ 10-4 ! xPb
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ATLAS per-event yields, HION-2023-15, 
x-section studies underway
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2023-05/
https://indico.cern.ch/event/1339555/contributions/6040923/
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What’s next?

One last question… 
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What’s next? [LHC] 

A.Huss et al.,  
PRL 126, 192301 (2021)

Oxygen is coming! 
Next year O+O and p+O data 
will open new lands for HI 
studies at the LHC

Run 3 data will feed statistically hungry measurements 
Boson tagged measurements are on top of the list 
ALICE enhanced capabilities w/ new continous readout 

Potential extension of Run 3
More HI data on the line? 
Potential room for p+A? 

http://www.apple.com
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What’s next? [LHC] 
Run 3 data will feed statistically hungry measurements 

Boson tagged measurements are on top of the list 
ALICE enhanced capabilities w/ new continous readout 

Oxygen is coming! 
Next year O+O and p+O data 
will open new lands for HI 
studies at the LHC

Hopefully with a 
reference run! 

Potential extension of Run 3
More HI data on the line? 
Potential room for p+A? 
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What’s next? [RHIC] 

sPHENIX is 
taking data! 

STAR 
Forward 
Upgrade

Jet probes @ RHIC have very different q/g mixing 
compared to LHC  Ideal to study parton energy loss 

Great opportunities are available for cold nuclear matter 
studies, color-fluctuations measurements, low-x 
investigations in p+Au… it would be nice to have a p+Au 
run before RHIC shutdown! 

→

arXiv:1207.6378 

https://arxiv.org/abs/1207.6378
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Summary: Small systems 

Searches for 
Eloss onsets

LHC: p+O and O+O next year!  
➡Search for the onset of Eloss in 

small systems 
➡Study of Oxygen Nuclear 

Structure 
Hope for p+Pb w/ LHC schedule shift?  
RHIC: hope for p+Au @ sPHENIX and 
STAR? 

New studies from ALICE (p+p) 
and CMS (p+Pb) at LHC and STAR 
(p+Au) at RHIC - still no signs 
of Eloss.

Relevance  
of Color 

Fluctuations

Emerging feature of p+A 
collisions @ LHC and RHIC.  
To be better understood for 
proper data interpretation  

Golden age of Run 2 dijet 
analyses at LHC: new ATLAS 
UPC results + CMS & ATLAS 
p+Pb @ 8.16 TeV analyses 
next in the pipe 

nPDFs
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Summary: Large systems 

Several advancements in  
-tagged vs inclusive jets 

studies: ATLAS SLoss + CMS jet 
substructure measurements 

γColor charge 
dependence 

of Eloss

Exciting results on diffusion 
wake from CMS (Z-tagged 
hadrons, hints of significant 
signal) and ATLAS ( -tagged 
jets, constraints on small 
magnitude). Compatibility?

γ
Medium 

response 
to the jets

Path-length 
Eloss 

dependence 

LHC: Run 3 high statistic data @ 
5.36 TeV (ATLAS+CMS x3-4, ALICE 
x20-30!) 
➡More differential boson-tagged  

measurements! 
RHIC: sPHENIX (first) data + STAR 
(new) data! 

New ALICE (ATLAS)  
R-dependent jet+h (dijet 
asymmetry) measurements



Riccardo Longo 26 Sept 202445

Large Systems: a last thought …

Experimental programs at LHC & RHIC 
keep delivering a copious amount of 
results - differential in jet pT, radius, 
momentum balance, … - to investigate 
the microscopic nature of the QGP !  

This talk contained ~1k new data 
points from recent analyses (just a 
narrow selection).  

Different models capture different 
trends in different observables  

A lot still needs to be done toward 
a global understanding of QGP 
properties

⟹
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See the next talk 
by R.Ehlers!

?

Experimental programs at LHC & RHIC 
keep delivering a copious amount of 
results - differential in jet pT, radius, 
momentum balance, … - to investigate 
the microscopic nature of the QGP !  

This talk contained ~1k new data 
points from recent analyses (just a 
narrow selection).  

Different models capture different 
trends in different observables  

A lot still needs to be done toward 
a global understanding of QGP 
properties

⟹

Large Systems: a last thought …



Thank you for 
your attention!

Thanks to A.Sickles, M.Rybar, C.McGinn, 
B.Gilbert, Y.Mao, D.Perepelitsa, D.Hangal, 

G.Nigmatkulov, Y.Lee, Y.Go, P.Jacobs, 
P.Steinberg, S.Mohapatra for useful 
discussions and input for this talk! 
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Summary of summaries 

LHC: p+O and O+O next year!  
➡ Search for the onset of Eloss in small systems 
➡ Study of Oxygen Nuclear Structure 

Hope for p+Pb w/ LHC schedule shift?  
RHIC: hope for p+Au @ sPHENIX and STAR? 

LHC: Run 3 high statistic data @ 5.36 TeV  
(ATLAS+CMS x3-4, ALICE x20-30!) 

➡ More differential boson-tagged & dijet 
measurements! 

RHIC: sPHENIX (first) data + STAR (new) data! 
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arXiv:2408.08599

See talk 
by Y.Go

No significant signal of the diffusion wake found 
within the current experimental sensitivity

2

Data are used to set upper limits on the magnitude of the diffusion wake effect 
at different confidence levels.  

TheCoLBT-hydro theory prediction is consistent with the data within the 68% 
confidence level upper limit. 

Assuming a double ratio width, , given by the CoLBT-hydro model, values of 
the amplitude 𝑏 smaller than -0.0023 are excluded at 95% confidence level. 

σdwr

3D jet+tracks in jet: wake constraintsγ+

https://arxiv.org/abs/2408.08599
https://indico.cern.ch/event/1339555/contributions/6040782/
https://indico.cern.ch/event/1339555/contributions/6040782/
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Color coherence effects 
Can the medium distinguish between partons within a jet? 

J. Casalderrey-Solana et al., PLB 725 (2013) 357–360

1

Broader structures more quenched compared to narrow structures + steeply 
falling jet pT spectra  bias towards narrow jets in an observed jet pT bin→

https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269313X00164/1-s2.0-S0370269313006102/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240913T004849Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYYT6S4H5E/20240913/us-east-1/s3/aws4_request&X-Amz-Signature=0a10ae79570cef4ab87090513b49916c8611a241b8546574d2640d749d5acc89&hash=4f7beb25380be057048a524884b227001193d88ea54656770fb3f9b9651ed95f&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269313006102&tid=spdf-d3758418-3894-43e8-8822-cb5dcbe3fbfc&sid=0836e7f26893474fce69bf243f784a6e1804gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=13175705515553555155&rr=8c2422460a741138&cc=us
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+jet vs inclusive jet RAAγ
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[PLB 790 (2019) 108]

See talk by D.Derendarz

RAA  suggests that, For pT < ~200 GeV, 
quark-initiated jets lose less energy than 

gluon-initiated jets  

-tagged jets  quark-initiated jets dominanceγ ↔

Inclusive jets  gluon-initiated jets dominance↔

For pT > ~200 GeV  
RAA ( +jets) 

~  
RAA (inclusive jets)

γ
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fraction  
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effect on +jet 
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PLB 846 (2023) 138154

http://Jet%20quenching%20and%20medium%20response%20using%20photon+jet%20events%20in%20ATLAS,%20D.Derendarz
https://doi.org/10.1016/j.physletb.2023.138154
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Isospin & nPDF effects

See talk by D.Derendarz

Isospin & nPDF effects matters! 

Isospin effects arising 
from p-n asymmetry of the 

collision system

50 100 150 200 250 300 350 400 450 500

 [GeV]
T
pJet 

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4no
m

in
al

σ/
m

od
ifi

ed
σ

 onlyIsospin, -tagged jetγ
 onlyEPPS16, -tagged jetγ

 onlyIsospin, Inclusive jet
 onlyEPPS16, Inclusive jet

 SimulationATLAS
PYTHIA8

 = 5.02 TeVs
 = 0.4 jetsR Tkanti-

| < 2.8jetη|
-tagged jetsγFor 

| < 2.37γη > 50 GeV, |γ

T
p

/2π,jet) > γ(φ∆

Different mixing of u and d quarks affects +jet production 
(  coupling depends on electric charge)

γ
γ

Nuclear modification of 
PDFs (parameterized 

via nPDFs) can lead to 
different flavor 

compositions of the 
initial state

Affects only -tagged jetsγ Affects both inclusive and 
-tagged jetsγ

PLB 846 (2023) 138154

http://Jet%20quenching%20and%20medium%20response%20using%20photon+jet%20events%20in%20ATLAS,%20D.Derendarz
https://doi.org/10.1016/j.physletb.2023.138154
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Jet axis decorrelation in jet eventsγ+ See talk by M.Park

Jet axis decorrelation 

Δj = (ηStd − ηWTA)2+ϕStd − ϕWTA)2

WTA

Std

Winner-Takes-All axis less 
sensitive to soft radiation 

and medium response

Ratio ~1 for more 
quenched selections 
(lower jet pT) 

Narrowing observed 
in higher pT (less 
quenched) 
selections 

Observable is not 
sensitive to medium 
wake effects but can 
provide input on 
elastic scattering 

Lower  
pT

Higher  
pT

1-2

CMS PAS HIN-21-019

https://indico.cern.ch/event/1339555/contributions/6040782/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-019/
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Jet axis decorrelation: jet vs jetγ+ See talk by M.Park

Lower  
pT

Higher  
pT

arXiv:2303.13347

Interesting comparison with 
analogous inclusive 
measurement done by ALICE  

Different model performance 
in results description 

Caveats:  

Inclusive vs -tagged 

Different radius (.2 vs .3) 

Track jets vs p-flow jets  

Different rapidity 

γ

CMS PAS HIN-21-019

1-2

https://indico.cern.ch/event/1339555/contributions/6040782/
http://www.arxiv.org/abs/2303.13347
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-019/
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Nuclear breakup in p+A collisions w/ dijets
See poster by M.Hoppesch

ZDC energy ~6 times more robust against 
dependences on the hard-scattering kinematics

 in  collisions via 
resolved photon

γA A + A
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~5% difference 
between low and 
high  selections 

Correlation w/ 
number of wounded 
nucleons (as 
proposed in PRC 110, 
025205 (2024) for 
resolved UPCs)?

xp

Study of energy in the ZDC and in the forward calorimeter in dijet 
events to analyze dependence on the hard-scattering kinematics  

Wounded 
nucleons

γ

B

ATLAS-CONF-2024-013

https://indico.cern.ch/event/1339555/contributions/6040971/
https://arxiv.org/search/?query=slicing+pomeron&source=header&searchtype=all
https://arxiv.org/search/?query=slicing+pomeron&source=header&searchtype=all
https://arxiv.org/search/?query=slicing+pomeron&source=header&searchtype=all
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-013
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UPC Dijets & nuclear breakup 
First study of nuclear breakup in UPC dijet events! 
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 in  collisions via 
direct photon

γA A + A

See talk by B.Gilbert

arXiv:2409.11060 

 in  collisions via 
resolved photon

γA A + A

Wounded 
nucleons

γ

B-C

https://indico.cern.ch/event/1339555/contributions/6040924/
https://arxiv.org/pdf/2409.11060
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R dependence of jet quenching See talks by Q.Hu & A.Sickles 3
dĳet yields
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Figure 4: The (a,c) leading and (b,d) subleading dĳet yields in (a,b) 0–10% central Pb+Pb collisions and the dĳet
cross sections in (c,d) ?? collisions as a function of ?T for the various jet radii. Jets are selected with |H | < 2.1
and |q1 � q2 | > 7c/8. The normalization uncertainties (not shown) are Xh)AAi/h)AAi = 0.9% in 0–10% Pb+Pb
collisions and X!??/!?? = 1% in ?? collisions. The boxes correspond to systematic uncertainties and the bars to
statistical uncertainties.
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Similarly, the dĳet-yield-normalized GJ distributions are defined as:

1
#pair

d#pair

dGJ
, (8)

with a normalization that was used in previous dĳet measurements [20–23].

The absolutely normalized GJ distributions allow a direct comparison between the dĳet rates measured in
Pb+Pb and ?? collisions. This comparison is quantified by the ratio:
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d# ??

pair

dGJ

!
. (9)

Finally, the absolutely normalized GJ distributions can be integrated over the measurement range of
0.32 < GJ < 1.0 (and the corresponding ranges in ?T,1 and ?T,2) to construct the absolutely normalized
dĳet yields in Pb+Pb collisions:

1
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π
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and the dĳet cross sections in ?? collisions:

1
!??

π
?T,1

0.32⇥?T,1

d2
#

??

pair
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2 ATLAS detector

The ATLAS detector [24] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near-4c coverage in solid angle. It consists of an inner tracking
detector surrounded by a thin superconducting solenoid, electromagnetic and hadron calorimeters, and
a muon spectrometer. The inner-detector system is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region
and typically provides four measurements per track, with the first hit typically being in the insertable
B-layer installed before Run 2 [27, 28]. It is followed by the silicon microstrip tracker (SCT), which
usually provides eight measurements per track. These silicon detectors are complemented by the transition
radiation tracker, a drift-tube-based detector, which surrounds the SCT and has coverage up to |[ | = 2.0.

The calorimeter system covers the pseudorapidity range |[ | < 4.9. In the region |[ | < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters, with
an additional thin LAr presampler covering |[ | < 1.8 to correct for energy loss in material upstream of
the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, segmented
into three barrel structures in |[ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with copper/LAr and tungsten/LAr calorimeter modules (FCal), covering
the forward regions of 3.1 < |[ | < 4.9. Minimum-bias trigger scintillators detect charged particles over
2.1 < |[ | < 3.9 using two hodoscopes of 12 counters, positioned at I = ±3.6 m along the beamline from
the center of the ATLAS detector, which are used for the minimum bias triggers and data samples. The
zero-degree calorimeters (ZDC) consist of layers of alternating quartz rods and tungsten plates and are
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The ATLAS detector [24] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near-4c coverage in solid angle. It consists of an inner tracking
detector surrounded by a thin superconducting solenoid, electromagnetic and hadron calorimeters, and
a muon spectrometer. The inner-detector system is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region
and typically provides four measurements per track, with the first hit typically being in the insertable
B-layer installed before Run 2 [27, 28]. It is followed by the silicon microstrip tracker (SCT), which
usually provides eight measurements per track. These silicon detectors are complemented by the transition
radiation tracker, a drift-tube-based detector, which surrounds the SCT and has coverage up to |[ | = 2.0.

The calorimeter system covers the pseudorapidity range |[ | < 4.9. In the region |[ | < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters, with
an additional thin LAr presampler covering |[ | < 1.8 to correct for energy loss in material upstream of
the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, segmented
into three barrel structures in |[ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with copper/LAr and tungsten/LAr calorimeter modules (FCal), covering
the forward regions of 3.1 < |[ | < 4.9. Minimum-bias trigger scintillators detect charged particles over
2.1 < |[ | < 3.9 using two hodoscopes of 12 counters, positioned at I = ±3.6 m along the beamline from
the center of the ATLAS detector, which are used for the minimum bias triggers and data samples. The
zero-degree calorimeters (ZDC) consist of layers of alternating quartz rods and tungsten plates and are

5

integrate over pT2 from 0.32 < xJ < 1.0 → dijet yields as a function of pT1 (swapping 
indices of course works too)

Jets are reconstructed using the anti-:C algorithm [25] with radius parameters ' = 0.2, 0.3, 0.4, 0.5 and 0.6.
The analysis is conducted independently for each of the jet radius values. In each case, the leading
dĳets are constructed from the two highest-?T jets in the event and are required to have the two jets
nearly back-to-back in azimuth with |q1 � q2 | > 7c/8 and |H | < 2.12. Leading jets are reported with ?T
values from 100 to 562 GeV for ' = 0.2, 0.3 and 0.4 and from 158 to 562 GeV for ' = 0.5 and 0.6. To be
consistent with Refs. [20, 21], subleading jets are reported down to GJ values of 0.32 for each leading jet ?T
selection. Events in which the two highest-?T jets do not meet the selection criteria are discarded.

The primary observable for this measurement is the two-dimensional yield of leading dĳets (#pair) meeting
the selection criteria described above:

d2
#pair

d?T,1d?T,2
. (3)

Analogously to 'AA in Eq. (1), the pair nuclear modification factors for dĳets as a function of the leading
and subleading jet ?T can be defined as:
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and
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where h)AAi and #
AA
evt are defined the same way as in Eq. (1), !?? is the integrated luminosity of the

?? collisions [26], and #
??

pair and #
AA
pair are the dĳet yields in ?? and Pb+Pb collisions, respectively. By

integrating over ?T,2 (?T,1), one can access information from '
pair
AA (?T,1) ('pair

AA (?T,2)) about the differential
rate of dĳet production in leading (subleading) jet ?T bins. Comparison of these two quantities at a fixed
jet ?T provides information about the suppression of leading and subleading jets in a dĳet. These quantities
were first shown in Ref. [21].

Additionally, projections of the two-dimensional (?T,1, ?T,2) distributions can be used to construct GJ
distributions as a function of ?T,1 and ?T,2. The GJ values, as defined in Eq. (2), are reported for
0.32 < GJ < 1.0 for selections in ?T,1. This paper presents results of the absolutely normalized GJ
distributions in ?? collisions:

1
!??

d# ??

pair

dGJ
(6)

and in Pb+Pb collisions:
1

h)AAi#AA
evt

d#AA
pair

dGJ
. (7)

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector,
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points upward.
Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity
is defined in terms of the polar angle \ as [ = � ln tan(\/2). The rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢

and ?I are the energy and I-component of the momentum along the beam direction, respectively. Transverse momentum and
transverse energy are defined as ?T = ? sin \ and ⇢T = ⇢ sin \, respectively. The angular distance between two objects with
relative differences �[ in pseudorapidity and �q in azimuth is given by �' =

p
(�[)2 + (�q)2.
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Figure 6: The leading and subleading jet 'pair
AA distributions in dĳets as a function of jet ?T for (a) ' = 0.2 and (b)

' = 0.6 jets in 0–10% Pb+Pb collisions. Jets are selected with |H | < 2.1 and |q1 � q2 | > 7c/8. The normalization
uncertainties (not shown) are Xh)AAi/h)AAi = 0.9% in 0–10% Pb+Pb collisions and X!??/!?? = 1% in ??

collisions. The boxes correspond to systematic uncertainties and the bars to statistical uncertainties.
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subleading jets more suppressed than leading jets

arXiv:2407.18796

Leading jet pT

Subleading jet pT

• Leading and subleading jet  are 
probing different population of dijet 
events, useful differential information to 
improve modeling 

• Smaller-R dijets are more suppressed
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Deciphering the IAA in jet+h 

Surface bias for hadron triggers: 
still, relevant fraction of trigger 
hadron experiencing relevant 
energy loss 

See talk by Y.He

Δrecoil(pT,jet, Δφ) =
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTsig

−cRef ×
1

Ntrig

d2Njet

dpT,jet, dΔφ
p trig

T ∈TTref

Isolate the effect of surface bias 
by building a true ‘baseline’ using 
hadron triggers with energy loss 
but no jet quenching on the other 
side  

Results provide a qualitative 
explanation for  
IAA > 1 observed by ALICE 

Phys. Lett. B 854 (2024) 138739

https://indico.cern.ch/event/1339555/contributions/6040816/
https://www.sciencedirect.com/science/article/pii/S0370269324002971?via=ihub
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Search for onset of ELoss in small systems: RHIC

Dijet asymmetry-like 
analysis in different p+Au 
event activity classes 

No ‘centrality’ 
dependence   
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Semi-inclusive jet spectra 
Comparable suppression 
for both trigger and 
recoil side  no evidence 
of pathlength dependence

→

Trigger 

Trigger 
side

Recoil 
side

Δϕ < π/3 Δϕ > 2/3π

Δϕ

Δϕ

NB: event activity not 
robust centrality 
estimator in p+A - but 
used with certain 
prescriptions in this case 
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Color fluctuation effects on event activity in p+A
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Comparison between 
the two 

measurements 
achieved via xF

xp − xPb = xF =
2pz

sNN
∼ ± 2

pT × cosh yCM

sNN
→ ±

sNN

2
× xF ∼ pT × cosh yCM

Initial 
state 

definition 

Final 
state  

definition

mT = m2 + p2
T ∼ pT sinh yCM ∼ ± cosh yCM if |yCM | ≫ 0

Assuming
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Color fluctuation effects on event activity in p+A
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Anti-shadowing region shows interesting trends 

xp and xPb


