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Novel observable for jet quenching
2

• The problem we want to answer: define an observable that

• Is strongly sensitive to internal jet structure modifications and can 
differentiate between jet quenching mechanisms

• Is attractive experimentally 

• Has limited sensitivity to heavy-ion background and its fluctuations

• Needs no pT/constituent cuts and/or no additional background removal

• Is attractive theoretically

• Collinear and IR safe

• Calculable in theoretical frameworks with little sensitivity to hadronization



Exploring Jet Structure with Sub-jets
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• Sub-jets: re-clustering the constitutes in a jet (possibly a different algorithm)

• Smaller radius/area — reduces the background fluctuations and pileup

• Opening the degree of freedom in jets — details of fragmentation with 

decreased dependency on hadronic DOFs, provides sensitivity to details of 

the parton radiation/shower

Leading Jet:!
✦ anti-kT algorithm;!
✦ Et > 120 GeV;!
✦ R = 0.4.

Leading and Sub-leading Sub-jet:!
✦ anti-kT and kT algorithm;!
✦ sub-jet: r < R (shown r = 0.1)

Setup

JEWEL: !
✦  Medium-modified version of PYTHIA 8;!
✦  Contains both elastic and radiative energy loss 

(does not make distinction between the two):!
✦  All medium interactions described at 

leading order by 2-->2 QCD matrix 
elements;!

✦  Implemented the Landau-Pomeranchuck-
Migdal effect

Q-PYTHIA: !
✦  Medium-modified version of PYTHIA 6;!
✦  Radiative energy loss of type BDMPS-Z;!

✦  Modification of the vacuum splitting 
functions!

✦  Quenching parameter: transport coefficient 
(average of squared transverse momentum 
acquired by the particle, kT2, per mean free 
path:

2.3. Hard Probes 25

Following derivations with more careful considerations [Zakharov 2007, Peigne 2008]
confirmed this parametrical dependency, as well as the dominance of inelastic
processes over elastic for high energy and light partons.

2.3.2.2. Radiative energy loss

Nowadays, radiative energy loss is considered the main effect of jet quench-
ing, although it has its own limitations6. The parton that propagates through
the medium will suffer multiple soft scatterings with it, inducing extra gluon
radiation with respect to vacuum. An important effect to take into account
in this kind of propagation is the coherence effects that appear between emit-
ted quanta and emitter due to successive scattering centers with the medium.
This may lead to a destructive interference of gluon radiation [Wang 1995],
with respect to an incoherent sum of scattering centers. Such effect was first
derived in QED and is known as LPM (Landau-Pomenrachuk-Migdal) effect
[Landau 1953, Migdal 1956].

Coherence effects start to become important when the formation time of
the radiated gluon, ⌧f , is much smaller than the mean free path �, ⌧f ⌧ �.
The formation time is the time a radiated gluon needs to decohere from the
projectile, as this process is not instantaneous. This is achieved once the
phase between the projectile and the gluon wave function, ', that is acquired
through multiple scatterings, is of the order of the unity [Salgado 2003]. By
other words, when the gluon becomes on-shell (k2

= 0):
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where k? is the transverse momentum of the gluon, ! its energy and �l the
distance that it travels during this time. Introducing the transport coefficient
parameter
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that translates the amount of transverse momentum squared that the me-
dium transfers to the parton per mean free path. The transverse momentum
accumulated by the particle in the whole length of the medium, L, will be
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Inserting this relation into the decoherence phase (eq. (2.40)), one can easily
identify the characteristic energy of the gluons that decohere from its parent

6
Namely, it predicts a different amount of energy loss for light and heavy quarks [Dok-

shitzer 2001, Armesto 2004, Wicks 2007], that is not confirmed in experimental data

[Abelev 2007, Abelev 2012b].

1.  T. Sjostrand, S. Mrenna, and P. Skands, PYTHIA 6.4 Physics and Manual, JHEP 0605 (2006) 026.!
2.  To reconstruct the jets we use: M. Cacciari, G. P. Salam, G. Soyez, FastJet User Manual, Eur.Phys.J. C72 (2012) 1896.!
3.  N. Armesto, L. Cunqueiro and C. A. Salgado, Q-PYTHIA: A Medium-modified implementation of final state radiation, Eur.Phys.J. C63 (2009) 679-690.!
4.  K. C. Zapp, F. Krauss and U. Wiedemann, A perturbative framework for jet quenching, JHEP 1303 (2013) 080.



Setup
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• Simulation of √s = 2.76 TeV collisions

• Vacuum: PYTHIA 8, tune 4C

• Medium: 0-10% Pb–Pb collisions

• Q-PYTHIA (qˆ = 6 GeV2fm-1) 

• JEWEL (default HEP forge settings)

• Jet: anti-kT, R=0.5 (0.4), sub-jet: kT, R=0.1

• Q-PYTHIA: 

• medium induced gluon radiation 

• modified vacuum splitting function 

• soft collimated radiation

• JEWEL: 

• radiative+elastic energy loss 

• LPM effect 

• large energy redistribution

1.  T. Sjostrand, S. Mrenna, and P. Skands, PYTHIA 6.4 Physics and Manual, JHEP 0605 (2006) 026., note PYTHIA 8 used as well

2.  Jet reconstruction: M. Cacciari, G. P. Salam, G. Soyez, FastJet User Manual, Eur.Phys.J. C72 (2012) 1896.

3.  Q-PYTHIA: N. Armesto, L. Cunqueiro and C. A. Salgado, A Medium-modified implementation of final state radiation, Eur.Phys.J. 

C63 (2009) 679-690.

4.  JEWEL: K. C. Zapp, F. Krauss and U. Wiedemann, A perturbative framework for jet quenching, JHEP 1303 (2013) 080.



Subjets within jets…
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Different multiplicity of sub-jets in the two models

A promising tool for differentiating quenching mechanisms?

Note: behavior is weakened by the presence of HI background



Some properties of jet substructure - distance
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rsj = R(sj1st, sj2nd)/De↵ , De↵ = 2
q
Ajet/⇡

• Distance between the two hardest sub-jets is 
systematically broader in Q-PYTHIA than in 
vacuum — opposite feature seen in JEWEL

• however, it is a small effect and the feature 
is not robust in heavy-ion background

• At high jet pT — rsj is insensitive to medium 
effects
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Some properties of jet substructure - pT fraction
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• zsj - evolves with jet pT (slow growth at 
high-pT)

• Useful for disentangling quenching 
mechanisms 

• CAVEAT: observable strongly 
susceptible to background (via jet pT and 
sub-jet pT)

• Is there a better one?
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Practical observation - robust observable?
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Tests on a realistic LHC heavy-ion background show a promising behavior

The local background for the two sub-jets
is (to a great extend) similar

=> use the pT difference between the two leading sub-jets
— In the leading order (FastJet median background subtraction):

vacuum
sjz∆ - hybrid
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background terms cancel out for locally uniform background

�psj12T = psj1T � ⇢BG ⇥Asj1 ± �BG(Asj1)� (psj2T � ⇢BG ⇥Asj2 ± �BG(Asj2))

�sj = p1st leading
T,subjet � p2nd leading

T,subjet , �zsj = �sj/pT,jet
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Medium Modified Jet Substructure
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Medium Modified Jet Substructure
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�sj = p1st leading
T,subjet � p2nd leading

T,subjet , �zsj = �sj/pT,jet

• Quantiles of Δzsj evolve with jet pT 
and are sensitive quenching modeling

• Robust selections is possible
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Impact on known observables 
- examples…
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Impact on inclusive observables: Δzsj Triggered Jet RAA
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• Jet RAA(Δzsj) - a simple measurement allowing to study quenching features

• A jet by jet selection on Δzsj carries little experimental difficulties (both in pp and AA)

• Differences for Δzsj selected jets with respect to inclusive RAA:

• For large Δzsj : RAA suppressed in Q-PYTHIA but enhanced in JEWEL

• The opposite behavior for small Δzsj

• Small R-jet dependence only for Q-PYTHIA
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Coincidences: Jet Trigger - Sub leading Recoil Jet
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• The Δzsj of the recoil jets

• Trigger jets — leading jet in pT > 80 GeV/c

• Recoil jets — sub-leading jet in pT > 20 GeV/c

• Azimuthal Requirement:

•  φ(leading, sub-jet) > π/2

• JEWEL: Strong modifications for sub-leading/recoil jets

• Similar feature (but quantitatively weaker) seen for “vacuum” di-
jets - sign of different fragmentation selection 

• Q-PYTHIA: stronger modification for recoils jets; qualitatively 
similar as for leading jets
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• The Δzsj of the recoil jets

• Trigger particle — leading, pT > 20 GeV/c

• Requirement — φ(hadron, recoil-jet)>2/3π

•  In all cases different recoil jet 
fragmentation is selected (trigger hadron 
selects the hardest jets)

•  Weak dependence on jet pT > 100 GeV/c

•  As expected inverted IAA for the lowest 
and highest Δzsj
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Conclusions and outlook
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Difference of subjet-pT:
- Sensitive to quenching mechanism
- Experimentally simple to implement and robust against background
- IR&C safe and calculable in theoretical frameworks
Outlook:
- Using sub-jets and/or Δzsj selections explore

- Experimental applications! -> measurements rigorously calculable
- Inclusive and semi-inclusive observables
- Other jet shape observables

- Study quark and gluon induced fragmentation separately (?)
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Extra slides
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Observation #2
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�sj = p1st leading
T,subjet � p2nd leading

T,subjet , �zsj = �sj/pT,jet

• Δsj and/or Δzsj — clean sensitive to jet pT — opposite behaviors in small and 
large Δzsj

• Differences are more visible in higher jet pT

• Promising tool of discrimination between models
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Δzsj — Robust Against HI Background
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�sj = p1st leading
T,subjet � p2nd leading

T,subjet , �zsj = �sj/pT,jet

• Inject single energetic gluon and/or quark pairs in PYTHIA — string 
fragmentation in vacuum

• Hybrid event — embed final state particles in soft background generated 
according to Boltzmann

• Δzsj — two hardest sub-jets at the same local phase space — robust against 
the local background fluctuations 
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Leading Jet Triggered Recoil Jets
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|'recoil

jet

� 'trigger| > 2/3⇡

• Leading jet triggered recoil sub-leading jets

• Sensitive to medium modification

• Tag the path length dependence of 
medium effect

• Trigger jet: leading jet in 
pT>120 GeV/c

• Recoil jet: sub-leading jet in 
pT>50 GeV/c
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• Recoil sub-leading jet RAA in Δzsj>0.8 — significant from the sub-leading jets 
w/o Δzsj cut, consistent with inclusive jets in pT>50 GeV/c
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Δzsj Triggered Recoil Jet IAA
20

• Trigger: leading particle in pT>10 GeV/c

• Recoil jet: away side associate jets

|'recoil

jet

� 'trigger| > 2/3⇡

• Δzsj triggered jet IAA — very clean signal to distinguish quenching modelings

• Independent on jet R — Insensitive to large angular (soft) radiation
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background fluctuations

• Δzsj triggered jet RAA, IAA — clean 
sensitive to quenching modelings, 
insensitive to (soft) large angular energy 
redistribution

• Outlook

• Distinguish quenched and unquenched 
jet samples or constrain the quenching 
“strength”

• Opportunity to differentiate gluon jets 
and quark jets, light flavor jets and 
have flavor jets (?)



Backup



Quenching Models
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• Vacuum jets — PYTHIA

• Medium modified jets:

• Q-PYTHIA: radiation energy loss of 
BDMPS-Z type — modification of parton 
splitting function in vacuum

• JEWEL: contains both of elastic and 
radiative energy loss — implemented the 
Landau-Pomeranchuck-Migdal effect

Probing JQ phenomena
๏ Different quenching means different jet structure:

14

Q-PYTHIA JEWEL

Medium-induced gluon 
radiation Radiative + Elastic 

energy loss

Can put strong constraints to the jet quenching model!!

Probing JQ phenomena
๏ Different quenching means different jet structure:

14

Q-PYTHIA JEWEL

Medium-induced gluon 
radiation Radiative + Elastic 

energy loss

Can put strong constraints to the jet quenching model!!
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• Number of sub-jets

• Sensitive to quenching mechanisms

• Promising tool to distinguish quark jets and 
gluon jets
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�sj = p1st leading
T,subjet � p2nd leading

T,subjet , �zsj = �sj/pT,jet

• Mean value of Δzsj clean evolves with jet pT 
and sensitive to to quenching modeling

• Strong power of discrimination between 
models

• In Δzsj>0.8, mean value insensitive to 
quenching models — similar response to jet 
pT between models
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• Δsj and Δzsj — (partly) cancels out the background fluctuations on pT,subjet

• Sensitive to the details of modeling — the energy carried by 1st leading 
subjets
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• Δzsj triggered jet RAA is strongly suppressed in Q-PYTHIA and clean 
enhanced JEWEL w. r. t. the inclusive — very clean signal to distinguish 
quenching modelings

• Triggered RAA uncorrelated with jet R — insensitive to large angular (soft) 
radiation

JEWEL
Q-PYTHIA
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Semi-inclusive recoil jet distribution

Inclusive trigger selection
 Select randomly one of the hadrons that
 fall in the given trigger class (T|T)
 →calculable in pQCD
Semi-inclusive recoil jet yield:
 Count the number of jets in the recoil region 
 and normalize by the number of triggers

 Increase hadron trigger p
T  
→higher Q2  process →harden recoil jet spectrum

Jet finding is collinear 
safe with minimal IR cutoff

recoil jet

Leading Jet Triggered Recoil Jets
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• Leading jet triggered recoil sub-leading jets

• Sensitive to medium modification

• Tag the path length dependence of 
medium effect

• Trigger jet: leading jet in 
pT>120 GeV/c

• Recoil jet: sub-leading jet in 
away side
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• Recoil sub-leading jet RAA in Δzsj>0.8 — significant from the sub-leading jets 
w/o Δzsj cut, consistent with inclusive jets in pT>50 GeV/c
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Semi-inclusive recoil jet distribution

Inclusive trigger selection
 Select randomly one of the hadrons that
 fall in the given trigger class (T|T)
 →calculable in pQCD
Semi-inclusive recoil jet yield:
 Count the number of jets in the recoil region 
 and normalize by the number of triggers

 Increase hadron trigger p
T  
→higher Q2  process →harden recoil jet spectrum

Jet finding is collinear 
safe with minimal IR cutoff
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Δzsj Triggered Recoil Jet IAA
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• Trigger: leading particle in pT>10 GeV/c

• Recoil jet: away side associate jets
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• Δzsj triggered jet IAA — very clean signal to distinguish quenching modelings

• Independent on jet R — Insensitive to large angular (soft) radiation

Q-PYTHIA
JEWEL
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