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 Which jet is quenched which one is not? 
 How different MC models modify the jet structure? How to tell them apart? 

 "Easy-to-measure" and experimentally robust observables?  
 AND theoretically rigorous / well defined observables? 

!

A direction matching all criteria: colinear and infrared safe observables  
with strong sensitivity to the jet structure - SUB-JETS. 

!

Setup 

Leading Jet:


✦anti-kT algorithm;


✦Et > 120 GeV;


✦R = 0.4.

Leading and Sub-leading 
Sub-jet:



✦anti-kT and kT 
algorithm;



✦R = 0.1.

Jet finder: anti-kT, R=0.4


!
Observables: multiplicity, leading and sub-leading sub-jets 


with r < R reconstructed with kT and anti-kT algorithms


!
Event generators: 


- MC PYTHIA1 (used as a reference - vacuum jets) 


- Q-PYTHIA3 and JEWEL4 (in-medium modified jets)

Jet Quenching Models 

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:
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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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= q̂L. (2.42)

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].
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AMY AMY describes partonic energy loss through field theory considering
a weakly-coupled medium in thermal equilibrium. The medium properties
are then characterized by a temperature T , and a baryon chemical potential,
µB. Although not originally included in the calculation, it was shown more
recently in [Caron-Huot 2010] that vacuum-like branchings could be addressed
within the same formalism. To evolve the branching of the leading parton
through the medium, this model make use of coupled rate equations between
quarks and gluons, a procedure that allows to evolve the emission probability
distribution as the leading parton loses its energy.

HT This formalism describes multiple gluon exchange between the pro-
jectile and the medium through expectation values of 2n-field correlation
functions. The medium properties are encoded in the higher-twist matrix
element, that factorizes from the nPDFs (nuclear PDFs). The evolution of
the parton branching is made using modified DGLAP evolution equations,
which includes the evolution in virtuality characteristic from vacuum. In this
way, interference effects between vacuum and medium-induced radiation are
taken into account.

In phenomenological applications, these theoretical models are usually re-
placed by a MC approach since they already include the generation of the
hard scattering process. The inclusion of jet quenching effects is normally done
through a modification of the routines that control the final partonic branching
up to some hadronization model. In this way, the access to phenomenological
studies of medium effects is not only constrained to the leading parton, but
to the full inclusive particle spectrum and/or full jets. Some of these gen-
erators include PQM [Dainese 2005], PYQUEN [Lokhtin 2006], Q-PYTHIA
[Armesto 2008, Armesto 2009], JEWEL [Zapp 2013], YaJEM [Renk 2008,
Renk 2009] and MARTINI [Schenke 2009, Schenke 2011]. They all use the
high energy event generator for pp collisions, PYTHIA 6 [Sjostrand 2006] in
fortran, or its more recent version in C++, PYTHIA 8 [Sjostrand 2008].

To account for the medium modifications characteristic of a AA colli-
sion, PQM, PYQUEN and Q-PYTHIA include radiative energy loss of type
BDMPS-Z/ASW. The implementation differ from model to model: for in-
stance, PQM uses BDMPS-Z quenching weights to calculate the in-medium
parton energy loss, while Q-PYTHIA modifies the vacuum splitting function
by adding an independent term, �P [Armesto 2008], such that,

Ptot(z) = Pvac(z) ! Ptot(z) + �P (z, t, q̂, L, E), (2.50a)

�P (z, t, q̂, L, E) ' 2⇡t

↵s

dI

med

dzdt

. (2.50b)
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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

Different quenching - different sub-jet structure

Jets with the same energy have a very different substructure.


!

Strong sensitivity to the details of modeling: the fraction of energy carried by the leading sub-jets. 


New directions - more definitions possible - search for novel, robust, experimentally "preffered" observables...

Future work 
✦ Improve/develop observables with different jet quenching models;


✦ Detail studies with heavy-ion underlying event backgrounds & include experimental effects

Select samples of quenched jets 

Jet multiplicity is 
sensitive to 
quenching 

strength (qhat).


Promissing tool for 

distinguishing 
quenched from un-

quenched jets?
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Sensitivity to the “strength”  
of jet quenching 
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Combined information of leading and sub-leading sub-jet:


✦ strong constraints to quenching modeling - qhat


✦ expectation: differential observables - outlook for 
measurements robust against backgrounds in AA collisions

anti-kT algorithm

kT-algorithm
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