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Jet Quenching at 
RHIC and LHC 

• Relativistic Heavy Ion Collider


• � 


• Particle Species - p+p, p+Au, d+Au, 
Au+Au, Cu+Au, Ur+Ur, etc… 

sNN = 7.7 − 200 GeV

!2

• Large Hadron Collider


• � 


• Particle Species - p+p, p+Pb, Pb+Pb, 
Ar+Ar 

sNN = 2.76, 5.02 TeV
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anti-kt R = 0.4 Jets

• Jets are an algorithmic 
realization of a parton shower 


• Measurements from RHIC 
and LHC use the now 
standard anti-kt algorithm w/ 
a jet resolution parameter/jet 
radius R 

Höche 1411.4085

Jets at RHIC - I 
• Significantly steeper spectra 

compared to LHC


• Access to 15 ~ 50 GeV Jets - 
Interesting kinematic range for 
both QCD and HI physics 

anti-kt R = 0.4 Jets

Jet evolution/parton shower in 
vacuum is described by two 
fundamental scales - angle/
virtuality and momentum

!3

Parton Shower

Jet Clustering
Fastjet CERN-PH-TH/2011-297

Pythia-8 1410.3012



• Hard scattered parton emanating from a high q2 process with early formation time 
probes the evolution of the QGP


• Modifications of jet properties w.r.t a reference (pp/pA) seen as interaction with QGP

!5Jet Quenching at 
RHIC and LHC 
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Suppression of
high-pT particles

Enhancement of
low-pT particles

Jet broadening 

Jet

Mechanisms of energy loss - pQCD-like multiple gluon radiations, medium induced 
scatterings (inelastic), AdS/CFT energy loss, color coherence/decoherence, modified 
partonic splitting functions etc…  

See the next two talks by Yacine and Korinna!
Qin, Wang, 1511.00790 Zapp et al. 1212.1599Mehtar-Tani 1602.01047 Solano et al 1405.3864Weidemann 0908.2306
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Jet Quenching at 
RHIC and LHC 
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How to measure if a probe is affected by the medium? 

RAA = ratio between the production yield in PbPb and the production yield in pp, 
normalized by the number elementary collisions  

RAA = σpp × TAA 

NAA 

TAA= overlap nuclear function 
Estimated with Glauber model 
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Page 6RAA =
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hNcollidNpp/dpt

Suppression in 1 plot

 5Lecture - Jet quenching theory - Students day HP2018 

[For HF and quarkonia see Gossiaux and Trzeciak lectures] 

Sasha Milov              ATLAS Hard Probes overview               HP2018,  Oct 1, 2018, Aix-Les-Bains

pT, centrality and η dependencies of jet suppression at 5.02 TeV in Pb+Pb

Good consistency with 2.76 TeV results.

RAA in central collisions flatten at pT above 200 GeV

Peripheral are still significantly suppressed

More suppression at high-|y| compared to mid-rapidity

Model comparisons will be shown in the talk

Radim Slovak

arXiv:1805.05635

Thursday
ATLAS

10

Jet suppression in Pb+Pb

and many more …

STAR 0306024

STAR 1609.03878

PHENIX 0308006

CMS RAA QM-17 compilationATLAS 1805.05635

ATLAS 1011.6182

CMS 1202.5022

ALICE 1506.03984v2



!7What do early jet measurements 
inform us on jet quenching 

• Colored probes are opaque whereas QGP appearing transparent to EW 
probes (𝜸, Z, W)


• RAA Nuclear modification factor (comparing yield in AA w.r.t binary 
collisions scaled pp) for  
𝜸/Z ~ 1, hadrons ~ 0.2 and Jet RAA ~ 0.5 (even at high pT! With mild 
momentum dependence)


• Large momentum asymmetry in Di-jet and 𝜸/Z+Jet pairs -  
Highlights need for and use of calibrated probes with good reference 
predictions 


• Large (Δφ) spread of quenched energy - Broadening effect 

• Flavor dependence on quenching - Observation of sequential 

suppression in heavy resonance production, whilst heavy flavor jets are 
quenched at similar rates as light flavor jets (Not discussed in this talk)

ATLAS Heavy Ion Publications

PHENIX Publications

STAR Publications

ALICE Heavy Ion Publications
CMS Heavy Ion Publications

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults
https://www.phenix.bnl.gov//WWW/talk/papers.php
https://drupal.star.bnl.gov/STAR/publications
https://twiki.cern.ch/twiki/bin/view/ALICEpublic/ALICEPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN#CMS_Heavy_Ion_Public_Physics_Res


What do we want to measure?
!8

2015 NP-LRP

Partonic energy loss via a differential study in 
momentum scale and angular scale 

Interaction of the jet 
with the medium  

could depend on the 
resolution scale 

Microscopic 
properties of the QGP 
Medium - structure at 

varying scales 



Jet substructure measurements 

z, 𝜃

!9

What is jet substructure? 
Dynamics of particles inside the jet 

 

Two scales: angular + momentum space 

Quark Matter 2017 2 

Sketches by 
J. Thaler 

Marta Verweij 

Jet structure observables

�4

fragmentation  
function

D(z) =

*
X

i2jet

�(z � pti/pt,jet)

+

jets

7.3 Jet profile

Figure 14. Ration of the differential jet shape (or jet profile) in Pb+Pb and p+p measured by
CMS [8] (black points) and compared with Jewel+Pythia results with (blue line) and without
medium response (green line). The data systematic uncertainties are shown in the yellow band
around unity.

The differential jet shape or jet profile ⇢(r) measures what fraction of the jet p? is
found at what distance from the jet axis. It is defined as

⇢(r) =
1

pjet
?

X

k with
�RkJ2[r,r+�r]

p(k)? , (7.1)

where the sum runs over all particles in the jet. The CMS measurement [8] was performed
using the full jet p?, but ⇢(r) was built only from tracks. Therefore, as is the case of the
fragmentation function, we can do the subtraction for the jet p?, but not for the charged
particles. In this case, however, this is not a problem, since the jet profile built from tracks
and the one built form all particles differ only by a constant factor. Assuming this factor
to be the same in p+p and Pb+Pb, it will cancel exactly in the ratio of the jet profiles.
We can therefore compare Jewel+Pythia results for full jets directly to the CMS data
on the jet profile ratio. A more serious problem is that in experimental analysis only tracks
with ptrk

? > 1GeV are included. Since we can only subtract for the inclusive final state,
this leads to a small mismatch, that becomes visible only at large r and reaches up to 10%
in the highest r bin.

Fig. 14 shows the Jewel+Pythia result compared with CMS data [8] for the modifi-
cation of the differential jet shape ⇢PbPb/⇢pp in Pb+Pb collisions compared to p+p. Includ-
ing medium response and after performing the subtraction using the 4MomSub method, we
are able to reproduce the general trend of the data. Jewel+Pythia with recoiling par-
tons describes the enhancement of the jet shape at large radii mostly due to soft particles
(p? < 3GeV), while without medium response the enhancement is entirely absent.

– 16 –

differential  
jet shape

7.4 Girth

Figure 15. Left: Distribution of the first radial moment (girth g) for R = 0.4 fully reconstructed
jets with pjet

? > 100GeV in central Pb+Pb collisions from Jewel+Pythia. The black histogram
shows the corresponding p+p result, the green Pb+Pb without medium response and the red
Pb+Pb including medium response with GridSub1 subtraction. The yellow shaded region around
unity on the left panel highlights the statistical uncertainty in the p+p reference. Right: ALICE
data [10] for charged jets (R = 0.2 and 40GeV < pjet

? < 60GeV) compared with Jewel+Pythia

for full jets (with adjusted p? range). The yellow shaded region around unity represents the data
systematic uncertainties.

The first radial moment of the jet profile is called girth [48] and is defined as

g =
1

pjet
?

X

k2J
p(k)? �RkJ , (7.2)

where the numerator sums the distance from the jet axis weighted with p(k)? of each con-
stituent k of the jet. It characterises the width of the p? distribution inside the jet.

Jewel+Pythia results for girth using GridSub1 subtraction for fully reconstructed
jets in central Pb+Pb collisions are shown in the left panel of Fig. 15. We find a shift to
smaller values of g due to narrowing of the hard component, which is partly compensated
by a broadening of the jet due to medium response. We also compare our results with
preliminary ALICE data [10] for charged jets in the right panel of Fig. 15. Following the
same argument as above for the jet profile, the girth of full and charged jets should be
the same, provided the p? range is adjusted accordingly. We confirmed this in the Monte
Carlo for p+p collisions. We therefore in Fig. 15 compare Jewel+Pythia results for fully
reconstructed jets at a correspondingly higher p? with the ALICE data. We find reasonable
agreement, but the Jewel+Pythia distribution peaks at slightly higher values than the
data.

– 17 –

girth ≡ broadening

jet mass, groomed  
& ungroomed

m2 =

 
X

i2(sub)jet

pµi

!2

Figure 16. Jewel+Pythia predictions for the groomed shared momentum fraction zg in central
Pb+Pb events and p+p events. Left: zg distribution in p+p (black), central Pb+Pb collisions
without recoiling partons (green) and with medium response and GridSub1 subtraction (red) for
jets with pjet

? > 100GeV and Soft Drop parameters zcut = 0.1 and � = 0. Right: Comparison
of Jewel+Pythia results with different grid sizes to CMS data [11]. Note that the data is not
unfolded, but the resolution is not published so no smearing is applied to the Monte Carlo events.
A comparison to properly smeared Jewel+Pythia results can be found in [11]. The yellow shaded
region around unity in the left panel highlights the statistical uncertainty in the p+p reference and
on the right represents the the data systematic uncertainties.

7.5 Groomed shared momentum fraction zg

The groomed shared momentum fraction zg is a measure for the momentum asymmetry in
the hardest, i.e. largest angle, two-prong structure in the jet. In p+p collisions it is closely
related to the Altarelli-Parisi splitting function [49]. It is defined through the Soft Drop
procedure [50, 51] detailed below and implemented in FastJet [36] contrib. First, jets are
clustered with the anti-k? algorithm and re-clustered with Cambridge/Aachen. Then the
last clustering step is undone, yielding the largest angle two-prong structure in the jet. If
this configuration satisfies the Soft Drop condition

zg =
min(p?,1, p?,2)

p?,1 + p?,2
> zcut

✓
�R1,2

RJ

◆�

(7.3)

where zcut and � are parameters, it is kept. Otherwise, the softer of the two prongs is
discarded and the procedure of un-doing the last clustering step is repeated for the harder
prong. In this way soft contaminations are systematically removed from the jet and the
hardest two-prong structure is identified. Soft Drop jet grooming thus takes an inclusive
jet collection and turns it into a different collection of jets with two-prong structure of a
minimum momentum symmetry provided by zcut. Varying zcut up or down varies the degree
of asymmetrical splitting allowed in the parton’s fragmentation, while the � controls how
collinear the configuration has to be.

In p+p collisions, this method is has been studied in some detail [49, 51], but in
heavy ion collisions the exact meaning of the grooming procedure is not obvious, due to

– 18 –

zg, ΔR12

ΔR12

Jet Mass ~ zθ2 ~ Virtuality

zg ~ Splitting Function  
ΔR12 ~ opening angle
(of the hardest split)

For SoftDrop see 
Ladorzki et al 

JHEP 1405 (2014) 146

Table taken from Jesse Thaler



Intra-jet particle production  !10

Fragmentation functions and Jet Shapes 

• Enhancement of low z hadrons around the edges of the jet 

cone (and extending beyond) at similar pT (3.5 GeV) - points 
to a medium scale! 


• Interesting observation of possible enhancement at high z -  
Convolution of effects including varying parton flavor and 
kinematic selection 

At LHC

ATLAS 1805.05424

CMS 1310.0878



!11Jet/𝜸-Hadron correlations 

• Suppression of low ξ (high pT tracks) recoiling 
off photons 


• Clear and consistent signal of enhancement 
and broadening of recoil jet’s low pT 
constituents.


• Energy lost by high pT (> 2GeV) constituents 
recovered by low pT (0.2-2 GeV) excess


• Medium scale (2GeV vs 3.5GeV at LHC) 
smaller at RHIC as expected

At RHIC

PHENIX 1212.3323

STAR 1302.6184
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Experimental access to virtuality via jet mass measurements 
→ Access to both relevant pQCD quantities: Energy and Virtuality!
Indication of slightly reduced jet mass/lower virtuality 
in PbPb collisions for lower energetic jets < 100 GeV/c

First measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration
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Fig. 10: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in the 10% most central Pb–Pb
collisions compared to PYTHIA with tune Perugia 2011 and predictions from the jet quenching event
generators (JEWEL and Q-PYTHIA). Statistical uncertainties are not shown for the model calculations.
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Fig. 11: Fully-corrected mean jet mass compared to PYTHIA Perugia2011 and the jet quenching event
generators (JEWEL and Q-PYTHIA) for anti-kT jets with R = 0.4 in the 10% most central Pb–Pb colli-
sions.

collisions. By constraining both energy and virtuality experimentally, differential jet mass measurements
could provide further non-trivial tests for models of in-medium shower evolution.

The ratio of the jet mass distribution in central Pb–Pb collisions and minimum-bias p–Pb collisions is
compared to that in PYTHIA Perugia 2011 simulations at the two center-of-mass energies. The data ratio
is compatible with the PYTHIA expectation at the two center-of-mass energies within systematic uncer-
tainties. A hint of a difference within statistical uncertainties only in the ratio and in the mean jet mass in
the lowest pT,ch jet range is of interest to motivate further work on reducing the systematic uncertainties
in order to increase the precision in jet mass measurements as well as pursuing more differential studies,
for example with respect to hard fragmenting jets.

The fully-corrected results are consistent with the observation based on detector level comparison with
PYTHIA embedded jets. The measured jet mass in Pb–Pb collisions is not reproduced by the quenching
models considered in this letter and is found to be consistent with PYTHIA vacuum expectations within
systematic uncertainties. These results are qualitatively consistent with previous measurements of jet
shapes at the LHC [20, 62], which show only relatively small changes of the particle distributions in jets
in Pb–Pb collisions compared to pp collisions. The JEWEL model with “recoil on”, which describes

15

Yen-Jie Lee

“Ungroomed” Jet Mass

29Jet Physics in Heavy Ion Collisions

• No modification of the distribution 
is observed in ALICE and ATLAS 
data with respect to pp reference

• Cancelling effects from medium 
modifications of the shower and 
medium response

Jet Mass ~ z𝜃2

    Cancelling effects from medium 
modifications of the shower and 
medium response?

ALICE 1702.00804

Figure taken from Pablos et.al 

Jet Mass at RHIC - work in progress! 



Key Idea  
Use jet-substructure as a 

selection tool
Identify jet observable(s) sensitive to the parton shower kinematics

!13

Momentum - pT

An
gu

la
r S

ca
le

Mass Rg/R Angle? Girth

…
Momentum

Partonic energy loss via a differential study in 
momentum scale and angular scale 



RAA for various 
Mass selections

• Observe no 
significant effect of 
varying m/pT


• Jet pT possibly too 
high? 


• m/pT bins include jets 
of varying mass/
smeared resolution 
scales?


• Mass cancellation 
effects from 
quenching vs medium 
response possible?

Figures taken from Laura Haver’s talk at WWND 2019

!14

m/pT

ATLAS CONF 2018 014



Grooming -> Splitting 

!15

zg (groomed shared 
 momentum fraction) :

Tools from HEP

zcut = 0.1, β= 0 

• Walking backwards along a 
reclustered angular ordered tree

Yen-Jie Lee

Effect of ΔR selection on Zg spectra

34Jet Physics in Heavy Ion Collisions

Harry Andrews (QM2018)

ΔR

• No enhancement of low Zg jets, different from JEWEL prediction
Too high correlation between medium recoil and jet in JEWEL?
(hints also seen in jet mass measurements)

• ΔR cut increase the suppression of large Zg jets

Normalized by total number of jets

pT,1pT,2



SoftDrop splitting 
functions  

• Self-normalized distributions of zg shows 
significant modifications at the LHC 


• Dijets at RHIC show no significant modification 
leading towards jets that have vacuum-like 
hardest split via softdrop

!16CMS 1708.09429

Kauder K for STAR 1703.10933

“Jet Geometry
Engineering”

via constituent
pT cut tf ≈ 1/(pTsubθSJ 2)  

~ few fm 
~ (biased)  
medium length 



Softdrop splitting at 
varying opening angles 

• Suppression of wide angle zg splits and enhancement of narrow 
angle zg 


• MC models are generally able to reproduce the trend but further 
systematic studies are needed to discriminate these models  

!17

Rg/R

ALICE 1905.02512v1



Utilizing subjets of smaller R !18
Need techniques and observables that are robust to underlying 

event background especially at RHIC 

• Recluster jet constituents with a 
smaller radius - identify regions of jet-
like features within the mother jet


• Choose the leading and subleading 
SubJets 


• zSJ = Blue pT / (Blue pT + Red pT)

• 𝜃SJ = Δ R (Blue Axis, Red Axis)

Apolinario et al. 1710.07607 RKE for STAR 1903.12115 

https://arxiv.org/abs/1903.12115
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Jet Quenching at varying 
opening angles 

!19

• With the Dijet selection at STAR, we don't observe any significant 
differences in jet quenching and energy recovery between 𝜃SJ selections


• Given later splits and Jet Geometry Engineering and surface bias, first 
split most likely outside the medium and resulting modification is  
Soft gluon (0.2-2 GeV) radiation from a single color charge!

Constituents 
pT > 0.2 GeV

Constituents 
pT > 2 GeV

𝜃SJ Constituents 
pT > 0.2 GeV

R=0.4 Jets 
R=0.1 Subjets

RKE for STAR 1903.12115 

https://arxiv.org/abs/1903.12115


Conclusions 
• Utilize jet substructure and measurements of angular scale 

<=> resolution scales and differentially study microscopic 
properties of the QGP


• Complementarity of measurements at RHIC and LHC are 
crucial for this purpose - Similar measurements at similar 
kinematics but varying medium temperature and energy 
density  

• At LHC - the lost energy is found in low pT particles around  the 

hemisphere 

• At RHIC - Depending on your event selection, you can recover the 

lost energy in particles 0.2 - 2 GeV within the jet cone!  


• Jet substructure measurements offer sensitivity to 
description of jet-medium interactions and ability to 
discriminate between MC models 

!20



Moving forward !21
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• Game of high statistics - 2018 Data from 
LHC and 2014 and 2016 data from RHIC 

• Differential studies in both momentum 

and angular scales

• Enhance rare hard probes high pT 

prompt photons/Zs recoiling off jets

• Jet-Hadron Chemistry and its 

modifications leading towards 
hadronization studies  


• Systematic mapping of the splitting 
phase space within jets - via 
formation time arguments 


• High luminosity LHC - expect an order of 
magnitude increase in statistics along 
with enhancements in detector 
technologies - reduced uncertainties 

CMS FTR-13-025



Looking towards the future at 
RHIC - sPHENIX

• LHC capability at RHIC energy - fast/continuous readout 

• Kinematic overlap -> RHIC/LHC complementarity

Timescale ~2023 data-taking 

 22

Figure Credit - Gunther Roland



Backup slides 
!23



!24

Jets (narrow collections 
of particles) in e+ e- 

collisions were the first 
verification of quarks, 

gluons and confinement 

Origin story of Jets 

Dasgupta, CTEQ school lectures

Clustering algorithms converts 
particles to jets infrared and 

collinear safe algorithms are a 
necessary agreement between 

theory and experiment 

dij = min(k2p
t,i , k2p

t,j ) ΔR2
ij/R

2

diB = k2p
t,i ; p = − 1, 0, 1

p = -1



What did we expect? 

• High pT particle/jet yield suppressed and energy loss 

• Modification of the hard scattered partons due to 

scatterings in the medium - could affect both jet axis and 
distributions of jet constituents 

!25

J.D.Bjorken, FERMILAB-Pub-82/59-THY 
Image credit - 2015 LRP

http://lss.fnal.gov/archive/1982/pub/Pub-82-059-T.pdf


In comparisons of jet observables to a reference  

• Central vs Peripheral collisions 

• A+A vs p+p or p+A (with the assumption that 

medium induced modifications are weaker or 
non-existent in the latter systems )

Experimentally measuring Jet Quenching 
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Jets and the QCD Medium

Image credit - Barbara Betz 

JETSCAPE Preliminary

• Parton Energy loss is also dependent 
on both the momentum and the 
resolution scale

̂q ≡
d ⟨k2

⊥⟩
dL

Goal is to understand energy 
loss (macro medium 
properties) - we can utilize 
similar measurements to study 
micro medium properties 

!27

https://link.springer.com/book/10.1007%2F978-3-642-02286-9


• Unfolded to particle level - facilitate 
comparisons between experiments and w/ 
theory/MC models  


• Glauber model provides us with NBinary to go 
from pp to AA 


• Within exp-uncertainties RAA consistent for R 
0.2~0.4 jets 

Modification of Inclusive Jets 

PRC 96 015202 (2017)

!28

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.96.015202


Not all events are created equal 

⊗⊙ ⊗⊙ ⊗⊙

Hadron Jet Boson

⊗⊙

Di-Jet

Surface Bias for 
high pT hadron 
trigger (RHIC)

Unbiased 
reference

• Each of these event 
selections come with 
their own biases 


• Important to 
understand their 
effect on an 
observable

!29

Renk, PRC 85 064908 (2012), 87 024905 (2013)



Semi-Inclusive recoils
Renk, Phys.Rev. C 87, 

024905 (2013)

Phys. R
ev. C

 96, 024905 (2017)

• No selection on recoil jet 
momenta 


• Statistical correction of the 
combinatorial jet yields via 
mixed events

!30



Comparing pion triggered 
vs photon triggered recoils 

• Similar levels of 
suppression for direct 
photon recoils and 
hadron recoils 

!31

⊗⊙

Hadron
Surface Bias for 
high pT hadron 
trigger (RHIC)

⊗⊙

Boson
Unbiased 
reference

Nihar Sahoo (STAR), HP2019



!32

pTconst > 0.2 GeV/c 

STAR Jet Selection

pTconst > 2 GeV/c 

Hard Core selection   

High tower trigger

Hard Core jets  
pTconst > 2 GeV/c  

pTLead-jet > 16 GeV/c  
pTRecoil-jet > 8 GeV/c 

Matched jets  
pTconst > 0.2 GeV/c  

Δ R (jet, HC-jet) < 0.4

STAR, PRL 119 062301 (2017)



Semi-Inclusive vs Biased Dĳet !33

Phys. Rev. C 96, 024905 (2017)

The recoil coincidence yield for R=0.2 (left) 
jets are suppressed compared to R=0.5 (right)  
[pT shifts for R=0.2 : -4.4 +/- 0.2 +/- 1.2 and 

R=0.5 : -2.8 +/- 0.2 +/- 1.5  ]

STAR, PRL 119 062301 (2017)

• Jets with constituents pT > 2 
GeV are imbalanced 
compared to pp


• Reduce threshold to 0.2 GeV, 
geometrically match and they 
are balanced!


• Quenched energy is 
recovered within R=0.4 radius

⊗
⊙

Hadron trigger 9-30 GeV 
R=0.2          R=0.5 Jets 

⊗
⊙

Trigger Jet 
pT > 20 GeV

Recoil Jet 
pT > 10 GeV



Jet Geometry Engineering 
!34

• Consistent picture of jet quenching at RHIC emerging 

• We end up selecting dijets with a smaller path length in 

the medium with a higher constituent threshold 

10 15 20 25 30 35 40
4−10

3−10

2−10

1−10

1T
/d

p
je

ts
 d

N
di

je
ts

1/
N

0-20%

STAR Preliminary

2007 Au+Au, 2006 p+p 200 GeV

 < 1.0
jet

|+Rη = 0.4, Ch+Ne Jets, |
jet

 Rtanti-k

 > 2.97 GeV
T

 = 0.1 Subjet p
jet

 Rtanti-k

 > 0.1SJ-0.1θ

 < 0.2SJ-0.1θ0.1 < 

 < 0.3SJ-0.1θ0.2 < 

 

 

 

⊕p+p 
Au+Au Au+Au

10 15 20 25 30 35 40
0

0.5

1

1.5

2

Au
Au

/p
p  > 0.1SJ-0.1θ

10 15 20 25 30 35 40
0

0.5

1

1.5

2

Au
Au

/p
p  < 0.2SJ-0.1θ0.1 < 

10 15 20 25 30 35 40
 [GeV/c]

T
Matched Jet p

0

0.5

1

1.5

2

Au
Au

/p
p  < 0.3SJ-0.1θ0.2 < 



0 2 4 6 8 10 12 14 16 18 20
 (GeV/c)ω

0.5

1

1.5

2

2.5

3

 (f
m

)
fτ

  

θ = 0.2

θ = 0.3

θ = 0.4

θ = 0.5

θ = 0.6

θ = 0.1

̂q = 1

̂q = 2
̂q = 3

̂q = 4

Formation time argument !35

• Jet substructure observables are 
similar for both pp+AA and AA - 
vacuum like fragmentation


• No differences between wide/
narrow jets in Aj/Recoil Yield
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• Given our zSJ tends towards a mean of 
0.35, we can say ⍵ ~ several GeV/c


• [Rough estimation] Wide jets are formed a 
couple of fermi whereas Narrow jets are 
roughly formed a few fermi after collision



Putting the two together 

Given later splits and Jet Geometry Engineering and surface bias,  
first split most likely outside the medium and resulting modification is  

Soft gluon (0.2-2 GeV) radiation from a single color charge!
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HardCore  
Dijet  

selection
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SoftDrop Rg in the presence of a Heavy Ion event 
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SoftDrop Rg sensitive to 
background fluctuations 

!37
Em

be
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ed
 R

g

2006 pp Embedded in 2007 AuAu 0-20%

We need an observable that is more robust to the AuAu 
fluctuating underlying event but still sensitive to jet kinematics 

β=0 
zcut = 0.1
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ATLAS 
Jet m/pT

• m/pT is essentially related 
to the overall size of the 
momentum weighted jet 
constituents  


• Easier to unfold - reduced 
dependence on jet pT


• Requires model 
comparisons and a bit of 
thought to directly 
translate it to a resolution 
scale

Figures taken from Laura Haver’s talk at WWND 2019
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CMS Groomed Mg/pT
CMS, JHEP 10 (2018) 161

• Soft exterior grooming 

!39

• Core grooming 

Hints of modification at large Mg/pT but not as large as MC models. 

No modifications in the core!  



Very early 
formation times - 
Does not see any 
medium activity

Depending on the 
split - first 

interaction with 
the medium 

Medium 
expansion 
occurring 

concurrently with 
jet evolution 

density of scattering centers 
evolution 
of splits
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Measuring the parton shower 
Opportunity to study self similarity of splittings within jets

• Given a split (initiator pT), what 
are the zg, Rg for 1st, 2nd and 3rd 
splits? Follow a split…


• Compare these at varying initiator 
kinematics (direct handle on splits)


• Indirect constraint on jet 
kinematics 

!41

1st
2nd

3rd



• 1st and 2nd splits are similar in both zg and Rg 

• 3rd split is significantly constrained in phase space/

angular scale - Deviation from universal 1/z behavior

Iterative Jet Substructure 
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RKE for STAR, 1906.05129


