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What is jet substructure? 
Dynamics of particles inside the jet 

 

Two scales: angular + momentum space 
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Charged hadron RAA

versus jet RAA
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Charged hadron RAA

versus jet RAA

What	is	being	done:	
-  Select	a	pT	interval/bin	
-  Extract	structure	of	jets	(jet-by-jet	or	event	

average)	
-  DistribuHon	of	hadrons	within	the	jet:	z=ph/pj	
-  Radial/angular	distribuHons	within	the	jet	

(radial	moment,	shape)	
-  Sub-jet	based:	re-cluster/undo	clustering	–	tag	

jets	and	plot	sub-jet	quanHHes	(Nsubjets,	zg,	…)	–	
jet	consHtuents	<->	sub-jets	

-  Build	AA	to	pp	comparison	AA/pp	
-  Warn:	unfolding	in	>1	dimensions	complex/

not	understood	=>	oSen	used	“smeared”	pp	
reference	



ObservaHons	



Jet	shape	in	AA	

Jet shapes: measurements 
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Probing the angular and momentum scale of the quenched jets 

Radial profile 

Small jets: R=0.2 

Jet width 
girth 

pT-dispersion 
pTD 

All measurements show a narrowing of the core of the jet 
 

Event-averaged observable Jet-by-jet observables 

ALICE QM 2015 
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Jet shapes: measurements 
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Probing the angular and momentum scale of the quenched jets 
Radial profile Jet width 

girth 
pT-dispersion 

pTD 

All measurements show a narrowing of the core of the jet 
 

Radial profile: broadening at large angle 

CMS 
R=0.4 

Event-averaged observable Jet-by-jet observables 

ALICE QM 2015 

Marta Verweij 

Hallie Trauger 
Tue. 2.4 

Davide Caffari 
Tue. 3.4 

Medium response 
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Medium excitation | wake | jet-correlated medium 
== a bit of the medium becomes part of the jet 

à Causing excess of soft particles at large angle 

Quenched parton shower 
Vacuum parton shower 

Quenched parton shower 
+ medium excitation 

Jet Medium 

Tachibana et. al 
arXiv:1701.07951. Wed. 6.4 

They all mean 
the same? 

Medium response needed 
to explain large angle 

measurements 
Marta Verweij 

CoLBT-Hydro model 

Medium response 

Quark Matter 2017 11 

Medium excitation | wake | jet-correlated medium 
== a bit of the medium becomes part of the jet 
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Jet Medium 
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Marta Verweij 

CoLBT-Hydro model 



Internal	jet	structure	with	parHcles	
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Internal structure of jets
 at 5.02 TeV

 … 5.02 TeV measurement
agrees with 2.76 TeV
measurement at the
comparable z domain

See also talk by 

Radim Slovák

Tue 11:40

ATLAS-CONF-2017-005
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Internal structure of jets
 at 2.76 TeV

rapidity of jet
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arXiv:1702.00674

See also talk by 

Radim Slovák

Tue 11:40

pThadron	>	4	GeV/c	
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Gross	features:		
-	Enhancement	of	high-z	
-	DepleHon	of	low-z	
-  Enhancement	at	*very*	
low-z	(?)	

-  Weak	(none)	jet	pT	
dependence	

=>	Medium	“filter”	
promotes	high-
momentum	fragments	–	
more	collimated	jets		



Mass	of	a	jet	
Jet shapes definitions 
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet   
 considering the clustering history. 

 Jet Mass (M)  
 Difference of the momentum of the jets     
 and the energy of its constituents 
 weighted by their pseudo-rapidity.  
 Related to the virtuality of the parton 
 traversing the medium.

 large M → soft constituents away from 
 the jet axis    
 small M  → few hard constituents 

Mass depletion: a new parameter for quantitative jet modification

A. Majumder and J. Putschke
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201

We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable e↵ect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear di↵erence between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. E↵ects of this
di↵erence on jet observables are discussed.

PACS numbers: 25.75.-q, 25.75.Dw, 13.85.-t

With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,

pz =
nX

i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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Mass depletion: a new parameter for quantitative jet modification

A. Majumder and J. Putschke
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201

We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable e↵ect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear di↵erence between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. E↵ects of this
di↵erence on jet observables are discussed.

PACS numbers: 25.75.-q, 25.75.Dw, 13.85.-t

With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,

pz =
nX

i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet   
 considering the clustering history. 

 Jet Mass (M)  
 Difference of the momentum of the jets     
 and the energy of its constituents 
 weighted by their pseudo-rapidity.  
 Related to the virtuality of the parton 
 traversing the medium.

 large M → soft constituents away from 
 the jet axis    
 small M  → few hard constituents 

Mass depletion: a new parameter for quantitative jet modification

A. Majumder and J. Putschke
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201

We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable e↵ect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear di↵erence between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. E↵ects of this
di↵erence on jet observables are discussed.

PACS numbers: 25.75.-q, 25.75.Dw, 13.85.-t

With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,

pz =
nX

i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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Mass depletion: a new parameter for quantitative jet modification

A. Majumder and J. Putschke
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201

We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable e↵ect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear di↵erence between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. E↵ects of this
di↵erence on jet observables are discussed.

PACS numbers: 25.75.-q, 25.75.Dw, 13.85.-t

With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,

pz =
nX

i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet    
 considering the clustering history. 

g =
X

i2jet

piT
pjetT

|ri|

 Radial moment (g):  
 Measures the momentum re-distribution of jet constituents weighted by their 
distance from the jet axis.
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet   
 considering the clustering history. 

 Jet Mass (M)  
 Difference of the momentum of the jets     
 and the energy of its constituents 
 weighted by their pseudo-rapidity.  
 Related to the virtuality of the parton 
 traversing the medium.

 large M → soft constituents away from 
 the jet axis    
 small M  → few hard constituents 

Mass depletion: a new parameter for quantitative jet modification

A. Majumder and J. Putschke
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201

We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable e↵ect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear di↵erence between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. E↵ects of this
di↵erence on jet observables are discussed.

PACS numbers: 25.75.-q, 25.75.Dw, 13.85.-t

With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,

pz =
nX

i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable e↵ect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear di↵erence between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. E↵ects of this
di↵erence on jet observables are discussed.
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With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,

pz =
nX

i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet    
 considering the clustering history. 

g =
X

i2jet

piT
pjetT

|ri|

 Radial moment (g):  
 Measures the momentum re-distribution of jet constituents weighted by their 
distance from the jet axis.

g
0 0.02 0.04 0.06 0.08 0.1 0.12

g
 d

N
/d

je
ts

1/
N

0

5

10

15

20

25

30

35
PYTHIA Perugia 0

 = 2.76 TeVspp 
Gluon jets
Quark jets

c < 60 GeV/jet, ch
T
p40 < 

=0.2R charged jets, TkAnti-
ALICE Simulation

ALI−SIMUL−101543

 large g → more broadened jets   
gluon jets have more likely large g  

 smaller g → more collimated jets   
quark jets have more likely smaller g 
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Radial	moment	-	g	

Charged jet shapes in Pb-Pb collisions 
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet    
 considering the clustering history. 
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 Radial moment (g):  
 Measures the momentum re-distribution of jet constituents weighted by their 
distance from the jet axis.
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g	in	AA	shiSed	towards	
lower	values		
=>	jet-medium	interacHon	
result	in	more	collimated	
jets	



SUBJETS	
Integrate	hadronic	degrees	of	freedom…	



SUBJETS	
Integrate	hadronic	degrees	of	freedom…	

Result	of	a	google	search…	



SUBJETS	
Integrate	hadronic	degrees	of	freedom…	

K. Tywoniuk (CERN) QM2017 7.02.2017

NEW PICTURE OF JETS

critical angle
(decoherence)

radiation as total charge radiation as independent 
charges

vacuum-like fragmentation within each substructure

number of medium-
resolved substructures

Mehtar-Tani, Salgado, KT PRL (2011), PLB (2012), JHEP (2011-2012)
Casalderrey-Solana, Iancu JHEP (2012)

Casalderrey-Solana Mehtar-Tani, Salgado, KT PLB (2013)



Sub-jets	

•  Recipe	for	sub-jets:	
– Find	a	jet	
– Using	only	its	“consHtuents”	re-cluster	with	Rsj<R	

•  Rsj	<	Rjet	–	N-subjets	depends	on	Rsj	
•  Choice	of	algorithm:	theoreHcally	preferable	
kT	or	Cambridge/Aachen	(becer	relaHon	to	
splidng	over	anH-kT)	



Some	sub-jet	properHes	-	N	
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a) Distribution of the total number of reconstructed
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c) Evolution of the total number of reconstructed
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FIG. 1: Total number of subjets with Rsj = 0.15.
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is seen in these two models where quenching is imple-
mented. However, JEWEL shows a reduced number of216

sub-jets to a median of about 4 at 200 GeV/c whereas
QPYTHIA shows medians of about 7 and 8 for q̂ = 1
and q̂ = 4, respectively. Situation is quite di↵erent for219

PYQUEN models. The PYQUEN (Coll) shows greater
median than the the vacuum reference and remains con-
stant at about 5.4 for high momenta (pT > 200 GeV/c).222

The PYQUEN (Small) and PYQUEN (Wide) show an
increase of the number of sub-jets with the Wide calcu-
lations resulting in the median greater than 7 for jets225

pT > 400 GeV/c and the implementation of Small satu-
rating the median number of sub-jets at 6.6.

B. Leading sub-jets228
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FIG. 3: The fraction of transverse momenta of anti�kT

R = 0.5 jets with pT > 150 GeV/c carried by the
leading sub-jet reconstructed with Rsj = 0.15.Lil says:
Colors and line style to be changed according to fig.2

For the purpose of studying the �S12 it is instructive
to map out the distributions for the leading and sub-
leading sub-jets. In Fig. 3 we present the distribution231

of the fraction of transverse momentum zi carried by the
leading sub-jet 1/NjetdNjets/dz1. The analogous z2 dis-

tributions for the sub-leading sub-jets are shown in Fig.234

4. A typical z1 in vacuum (PYTHIA) is about 1/3 with
a tail towards higher values.

We find that Q-PYTHIA and JEWEL modify the zi237

distributions in incompatible directions. This is consis-
tent with the modifications of the the number of sub-jets
where Q-PYTHIA and JEWEL show di↵erent distribu-240

tions for the modified jets. The Q-PYTHIA in-medium
calculation lowers the fraction of the momentum car-
ried by the leading sub-jet while JEWEL increases the243

fraction of high-z sub-jets. For the selected high-pT jets
(pT > 150 GeV/c) Q-PYTHIA distributions for di↵erent
q̂ are qualitatively similar but with sizeable di↵erences.246

For the q̂ = 4 the fraction of high-z1 sub-jets is decreased
and the tail towards the lower z1 is more pronounced, as
compared to q̂ = 1. Conversely, JEWEL (med) shows249

that on average the leading sub-jet carries significantly
larger fraction of jet energy as compared to the vacuum
case. This is consistent with a collimation of jets within252

JEWEL (med) as compared to the vacuum reference.

In case of the PYQUEN calculations we find a clear
separation between the curves. The PYQUEN (Coll) is255

consistent with almost no modification as compared to
the vacuum reference. The PYQUEN (Small) shows a
moderate modification: a depletion at high-z1 and an258

enhanced probability for 0.6 < z1 < 0.9 while PYQUEN
(wide) shows the largest (about a factor of 2) depletion
for z1 > 0.9 and broader structure down to z1 > 0.3. In261

this respect PYQUEN (Wide) is qualitatively similar to
Q-PYTHIA with q̂ > 0.

Figure 3 shows the distributions for z2 - the second-264

to-leading sub-jet. We note that by definition the z2 dis-
tribution is limited to the range between 0 and 1

2 . The
JEWEL (med) model results in a narrower z2 distribu-267

tion compared to the reference JEWEL (vac). On the
contrary, the Q-PYTHIA distributions with q̂ > 0 are
broader with an additional structure around z2 = 1

4 as270

compared to the vaccuum case. The maximum at z2 = 1
4

is stronger for the larger q̂. Mat says: It looks like Q-
PYTHIA likes to simply split things into two all the way273

down the shower.

All of the distributions shown in Fig. 4 obtained from
PYQUEN calculations including in-medium e↵ects show276

modified z2 distributions as compared to the vacuum ref-
erence; however, the calculations result in clearly di↵er-
ent modifications of the parton shower. The PYQUEN279

(Coll) shows a narrower distribution z2 as compared to
vacuum. The PYQUEN (Wide) shows a broader distri-
bution for small z2 but a depletion for z2 > 0.33. Finally,282

the PYQUEN (Small) is qualitatively di↵erent from the
other two calculations: wider at low-z2 but enhanced for
z2 > 0.1 with a pronounced maximum centered at around285

z2 = 1
4 . In this respect, the PYQUEN (Small) results in

a qualitatively similar z2 distribution as QPYTHIA with
q̂ > 0.288
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FIG. 4: The fraction of transverse momenta carried by
the sub-leading sub-jet, with Rsj = 0.15Lil says: Colors

and line style to be changed according to fig.2

C. �S12

Figure 5 shows the distribution of �S12 for anti�kT

jets with pT > 150 GeV/c reconstructed with R = 0.5291

and Rsj = 0.15. The distribution with a pronounced
maximum for �S12 > 0.9 is a direct consequence of the
z1 and z2 distributions discussed above. However, we294

ephasize that from the experimental point of view the
studies of the �S12 is more attractive as compared to
indivuidual zi distributions. This is because reconstruct-297

ing the di↵erence z1 � z2, by construction, removes the
large fraction of the background.

Mat says: Discussion to be updated vis-a-vis a300

replacement figure witht the ratio of the medians
(medium/vacuum). To expose the di↵erences between
the models we propose to study the quantiles of the �S12303

distribution. In Fig. 7 we present the median of the�S12

distributions as a function of the jet transverse momen-
tum. We find a clear evolution of the �S12 with the jet306

momentum for jets with pT < 300 GeV/c. Moreover,
the median of �S12 shows a satisfactory sensitivity to
the quenching models that prefer the wider jet structure,309

such as QPYTHIA and PYQUEN (Small). To charac-
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FIG. 5: Distribution of �S12, with Rsj = 0.15 for jets
with pT > 150 GeV/c.Lil says: Colors and line style to

be changed according to fig.2

terize the sub-jet structure modifications for models that
show the jet collimation we propose to study the first312

quintile (QU1) of the �S12 distribution. QU1 is defined
as the value at which the first 1

5 of the distribution’s
integral is reached. Figure 7 shows the QU1 of �S12315

as a function of the jet transverse momentum. In this
case, find a clear separation between JEWEL (vac) and
JEWEL (med) calculations. Moreover, the QU1 {�S12}318

for PYQUEN (Wide) and PYQUEN (Coll) are likewise
well apart facilitating experimental verification. We note
that studying QU4 (the fourth quintile) could be equally321

useful and experimentally feasible.

Mat says: Discussion to be updated with a figure of
the ratio medium/vacuum. Alternatively, we find that324

taking the di↵erence between quartiles of the �S12 dis-
tributions may prove equally attractive. Figure 8 shows
the di↵erence betweent the third (Q3) and the first (Q1)327

quartile of the �S12 distribution as a function of jet mo-
mentum. Likewise, in the case of Q3�Q1 di↵erence we
find an excellent separation between the models resulting330

in jet collimation. Mat says: for the latter one (or two)
figure(s) we may consider removing QPYTHIA - focus
on the models showing jet collimation...333

AnH-kT	R=0.5	
pT>150	GeV/c	
Sj:	kT	Rsj=0.15	



Some	sub-jet	properHes	-	zsj	
•  Leading	sub-jet	distribuHons	

4

is seen in these two models where quenching is imple-
mented. However, JEWEL shows a reduced number of216

sub-jets to a median of about 4 at 200 GeV/c whereas
QPYTHIA shows medians of about 7 and 8 for q̂ = 1
and q̂ = 4, respectively. Situation is quite di↵erent for219

PYQUEN models. The PYQUEN (Coll) shows greater
median than the the vacuum reference and remains con-
stant at about 5.4 for high momenta (pT > 200 GeV/c).222

The PYQUEN (Small) and PYQUEN (Wide) show an
increase of the number of sub-jets with the Wide calcu-
lations resulting in the median greater than 7 for jets225

pT > 400 GeV/c and the implementation of Small satu-
rating the median number of sub-jets at 6.6.

B. Leading sub-jets228
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R = 0.5 jets with pT > 150 GeV/c carried by the
leading sub-jet reconstructed with Rsj = 0.15.Lil says:
Colors and line style to be changed according to fig.2

For the purpose of studying the �S12 it is instructive
to map out the distributions for the leading and sub-
leading sub-jets. In Fig. 3 we present the distribution231

of the fraction of transverse momentum zi carried by the
leading sub-jet 1/NjetdNjets/dz1. The analogous z2 dis-

tributions for the sub-leading sub-jets are shown in Fig.234

4. A typical z1 in vacuum (PYTHIA) is about 1/3 with
a tail towards higher values.

We find that Q-PYTHIA and JEWEL modify the zi237

distributions in incompatible directions. This is consis-
tent with the modifications of the the number of sub-jets
where Q-PYTHIA and JEWEL show di↵erent distribu-240

tions for the modified jets. The Q-PYTHIA in-medium
calculation lowers the fraction of the momentum car-
ried by the leading sub-jet while JEWEL increases the243

fraction of high-z sub-jets. For the selected high-pT jets
(pT > 150 GeV/c) Q-PYTHIA distributions for di↵erent
q̂ are qualitatively similar but with sizeable di↵erences.246

For the q̂ = 4 the fraction of high-z1 sub-jets is decreased
and the tail towards the lower z1 is more pronounced, as
compared to q̂ = 1. Conversely, JEWEL (med) shows249

that on average the leading sub-jet carries significantly
larger fraction of jet energy as compared to the vacuum
case. This is consistent with a collimation of jets within252

JEWEL (med) as compared to the vacuum reference.

In case of the PYQUEN calculations we find a clear
separation between the curves. The PYQUEN (Coll) is255

consistent with almost no modification as compared to
the vacuum reference. The PYQUEN (Small) shows a
moderate modification: a depletion at high-z1 and an258

enhanced probability for 0.6 < z1 < 0.9 while PYQUEN
(wide) shows the largest (about a factor of 2) depletion
for z1 > 0.9 and broader structure down to z1 > 0.3. In261

this respect PYQUEN (Wide) is qualitatively similar to
Q-PYTHIA with q̂ > 0.

Figure 3 shows the distributions for z2 - the second-264

to-leading sub-jet. We note that by definition the z2 dis-
tribution is limited to the range between 0 and 1

2 . The
JEWEL (med) model results in a narrower z2 distribu-267

tion compared to the reference JEWEL (vac). On the
contrary, the Q-PYTHIA distributions with q̂ > 0 are
broader with an additional structure around z2 = 1

4 as270

compared to the vaccuum case. The maximum at z2 = 1
4

is stronger for the larger q̂. Mat says: It looks like Q-
PYTHIA likes to simply split things into two all the way273

down the shower.

All of the distributions shown in Fig. 4 obtained from
PYQUEN calculations including in-medium e↵ects show276

modified z2 distributions as compared to the vacuum ref-
erence; however, the calculations result in clearly di↵er-
ent modifications of the parton shower. The PYQUEN279

(Coll) shows a narrower distribution z2 as compared to
vacuum. The PYQUEN (Wide) shows a broader distri-
bution for small z2 but a depletion for z2 > 0.33. Finally,282

the PYQUEN (Small) is qualitatively di↵erent from the
other two calculations: wider at low-z2 but enhanced for
z2 > 0.1 with a pronounced maximum centered at around285

z2 = 1
4 . In this respect, the PYQUEN (Small) results in

a qualitatively similar z2 distribution as QPYTHIA with
q̂ > 0.288
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FIG. 4: The fraction of transverse momenta carried by
the sub-leading sub-jet, with Rsj = 0.15Lil says: Colors

and line style to be changed according to fig.2

C. �S12

Figure 5 shows the distribution of �S12 for anti�kT

jets with pT > 150 GeV/c reconstructed with R = 0.5291

and Rsj = 0.15. The distribution with a pronounced
maximum for �S12 > 0.9 is a direct consequence of the
z1 and z2 distributions discussed above. However, we294

ephasize that from the experimental point of view the
studies of the �S12 is more attractive as compared to
indivuidual zi distributions. This is because reconstruct-297

ing the di↵erence z1 � z2, by construction, removes the
large fraction of the background.

Mat says: Discussion to be updated vis-a-vis a300

replacement figure witht the ratio of the medians
(medium/vacuum). To expose the di↵erences between
the models we propose to study the quantiles of the �S12303

distribution. In Fig. 7 we present the median of the�S12

distributions as a function of the jet transverse momen-
tum. We find a clear evolution of the �S12 with the jet306

momentum for jets with pT < 300 GeV/c. Moreover,
the median of �S12 shows a satisfactory sensitivity to
the quenching models that prefer the wider jet structure,309

such as QPYTHIA and PYQUEN (Small). To charac-
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FIG. 5: Distribution of �S12, with Rsj = 0.15 for jets
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terize the sub-jet structure modifications for models that
show the jet collimation we propose to study the first312

quintile (QU1) of the �S12 distribution. QU1 is defined
as the value at which the first 1

5 of the distribution’s
integral is reached. Figure 7 shows the QU1 of �S12315

as a function of the jet transverse momentum. In this
case, find a clear separation between JEWEL (vac) and
JEWEL (med) calculations. Moreover, the QU1 {�S12}318

for PYQUEN (Wide) and PYQUEN (Coll) are likewise
well apart facilitating experimental verification. We note
that studying QU4 (the fourth quintile) could be equally321

useful and experimentally feasible.

Mat says: Discussion to be updated with a figure of
the ratio medium/vacuum. Alternatively, we find that324

taking the di↵erence between quartiles of the �S12 dis-
tributions may prove equally attractive. Figure 8 shows
the di↵erence betweent the third (Q3) and the first (Q1)327

quartile of the �S12 distribution as a function of jet mo-
mentum. Likewise, in the case of Q3�Q1 di↵erence we
find an excellent separation between the models resulting330

in jet collimation. Mat says: for the latter one (or two)
figure(s) we may consider removing QPYTHIA - focus
on the models showing jet collimation...333
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�S12 =
p

true
T,1 � p

true
T,2

pT,jet
=

(precT,1 � ⇢1A1)� (precT,2 � ⇢2A2)

pT,jet
,

(3)
where ptrueT,i is the true sub-jet momenta, Ai is the area

of a sub-jet, ⇢i is the level of noise corresponding to the90

amount of transverse momentum added to each sub-jet
per unit area by the background, and the p

rec
T,i is the ex-

perimentally reconstructed sub-jet momentum contain-93

ing the background contribution ⇢iAi. In an ideal case,
where ⇢1 = ⇢2, the background term in the numerator
of the �S12 is not present. For the real events for the96

close-by sub-jets the ⇢1 and ⇢2 should be approximately
the same.

We acknowledge that other similar observables can be99

defined. For example in the definition of the zi in Eq. 2
the denominator can be replaced by the sum of the mo-
menta of the leading and sub-leading sub-jet, such that102

zi = pT,i/(pT,1 + pT,2). This modified definition of zi

may have some welcomed consequences for restraining
the background e↵ects in the reconstructed pT,jet (de-105

nominator of Eq. 2); however, as it will ultimately focus
on the hard core of the jets it may also introduce an
unwanted bias towards jets that had a limited or no in-108

teraction with the medium. The importance of such a
bias should be investigated futher; however, it is rather
clear that it will grow with decreasing jet energy.111

Moreover, we find that reconstruction of sub-jets with
a fixed cut o↵ on R may provide observables that are
more sensitive to the true jet in-medium modifications114

as compared to the recently conducted studies where the
sub-jet definition is not constrained in area [23]. Mat
says: It this what Lil wants?117
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To demonstrate the capabilities of the proposed ob-
servables we have selected a number of Monte Carlo gen-120

erators that implement scenarios for parton energy loss
within the hot QGP. Apart from enabling a comparison
between the theoretical calculations that is not limited123

by systematic uncertainties of the measurement one of
the main objectives for the new observables is to deliver
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Q-PYTHIA. Q-PYTHIA is a modification of the

PYTHIA 6.4 where the splitting probability of the final135

state parton shower is enhanced by an additional term
that follows the BDMPS-Z radiation spectrum. For the
parameterisation of the medium evolution in Q-PYTHIA138
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ence for jet production in pp collisions is PYTHIA [36]171

the models provide their own implementation and/or
modifications of PYTHIA original routines. Therefore
in most cases when comparing the medium-modified jets174
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First we investigate the internal jet structure by count-
ing the number of sub-jets for all of the models. Fig-180

ure 1 shows few example distributions of the number of
sub-jets per jet 1/NjetdN/dNsub�jet, reconstructed with
Rsj = 0.15, within energetic jets with pT > 150GeV/c.183

For the remainder of this writeup we focus on the jets
with pT > 150 GeV/c and results for the inclusive jets
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jets is about 4 with a RMS of about 3. We note, the
distribution is somewhat asymmetric with a tail towards
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C. �S12

Figure 5 shows the distribution of �S12 for anti�kT

jets with pT > 150 GeV/c reconstructed with R = 0.5291

and Rsj = 0.15. The distribution with a pronounced
maximum for �S12 > 0.9 is a direct consequence of the
z1 and z2 distributions discussed above. However, we294

ephasize that from the experimental point of view the
studies of the �S12 is more attractive as compared to
indivuidual zi distributions. This is because reconstruct-297

ing the di↵erence z1 � z2, by construction, removes the
large fraction of the background.
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the median of �S12 shows a satisfactory sensitivity to
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terize the sub-jet structure modifications for models that
show the jet collimation we propose to study the first312

quintile (QU1) of the �S12 distribution. QU1 is defined
as the value at which the first 1

5 of the distribution’s
integral is reached. Figure 7 shows the QU1 of �S12315

as a function of the jet transverse momentum. In this
case, find a clear separation between JEWEL (vac) and
JEWEL (med) calculations. Moreover, the QU1 {�S12}318

for PYQUEN (Wide) and PYQUEN (Coll) are likewise
well apart facilitating experimental verification. We note
that studying QU4 (the fourth quintile) could be equally321

useful and experimentally feasible.
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mentum. Likewise, in the case of Q3�Q1 di↵erence we
find an excellent separation between the models resulting330
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figure(s) we may consider removing QPYTHIA - focus
on the models showing jet collimation...333

5

T,jet
/p

T,2
 = p2z

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
/z

je
ts

 d
N

je
ts

1/
N

3−10

2−10

1−10

1
QPYTHIA (vac)

 = 1)qQPYTHIA (
 = 4)qQPYTHIA (

JEWEL (vac)
JEWEL (med)

T,jet
/p

T,2
 = p2z

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
/z

je
ts

 d
N

je
ts

1/
N

3−10

2−10

1−10

1
PYTHIA
PYQUEN (Coll)
PYQUEN (Small)
PYQUEN (Wide)

FIG. 4: The fraction of transverse momenta carried by
the sub-leading sub-jet, with Rsj = 0.15Lil says: Colors

and line style to be changed according to fig.2

C. �S12

Figure 5 shows the distribution of �S12 for anti�kT

jets with pT > 150 GeV/c reconstructed with R = 0.5291

and Rsj = 0.15. The distribution with a pronounced
maximum for �S12 > 0.9 is a direct consequence of the
z1 and z2 distributions discussed above. However, we294

ephasize that from the experimental point of view the
studies of the �S12 is more attractive as compared to
indivuidual zi distributions. This is because reconstruct-297

ing the di↵erence z1 � z2, by construction, removes the
large fraction of the background.

Mat says: Discussion to be updated vis-a-vis a300

replacement figure witht the ratio of the medians
(medium/vacuum). To expose the di↵erences between
the models we propose to study the quantiles of the �S12303

distribution. In Fig. 7 we present the median of the�S12

distributions as a function of the jet transverse momen-
tum. We find a clear evolution of the �S12 with the jet306

momentum for jets with pT < 300 GeV/c. Moreover,
the median of �S12 shows a satisfactory sensitivity to
the quenching models that prefer the wider jet structure,309

such as QPYTHIA and PYQUEN (Small). To charac-

12 S∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

12
 S

∆
/d

je
ts

 d
N

je
ts

1/
N

0

0.05

0.1

0.15

0.2
QPYTHIA (vac)

 = 1)qQPYTHIA (
 = 4)qQPYTHIA (

JEWEL (vac)
JEWEL (med)

12 S∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

12
 S

∆
/d

je
ts

 d
N

je
ts

1/
N

0

0.05

0.1

0.15

0.2
PYTHIA
PYQUEN (Coll)
PYQUEN (Small)
PYQUEN (Wide)

FIG. 5: Distribution of �S12, with Rsj = 0.15 for jets
with pT > 150 GeV/c.Lil says: Colors and line style to

be changed according to fig.2

terize the sub-jet structure modifications for models that
show the jet collimation we propose to study the first312

quintile (QU1) of the �S12 distribution. QU1 is defined
as the value at which the first 1

5 of the distribution’s
integral is reached. Figure 7 shows the QU1 of �S12315

as a function of the jet transverse momentum. In this
case, find a clear separation between JEWEL (vac) and
JEWEL (med) calculations. Moreover, the QU1 {�S12}318

for PYQUEN (Wide) and PYQUEN (Coll) are likewise
well apart facilitating experimental verification. We note
that studying QU4 (the fourth quintile) could be equally321

useful and experimentally feasible.

Mat says: Discussion to be updated with a figure of
the ratio medium/vacuum. Alternatively, we find that324

taking the di↵erence between quartiles of the �S12 dis-
tributions may prove equally attractive. Figure 8 shows
the di↵erence betweent the third (Q3) and the first (Q1)327

quartile of the �S12 distribution as a function of jet mo-
mentum. Likewise, in the case of Q3�Q1 di↵erence we
find an excellent separation between the models resulting330

in jet collimation. Mat says: for the latter one (or two)
figure(s) we may consider removing QPYTHIA - focus
on the models showing jet collimation...333

“local”	background	cancelling	ρ1=ρ2	



Some	sub-jet	properHes	-	Δzsj	
Promising	observable:	
	

2

�S12 =
p

true
T,1 � p

true
T,2

pT,jet
=

(precT,1 � ⇢1A1)� (precT,2 � ⇢2A2)

pT,jet
,

(3)
where ptrueT,i is the true sub-jet momenta, Ai is the area

of a sub-jet, ⇢i is the level of noise corresponding to the90

amount of transverse momentum added to each sub-jet
per unit area by the background, and the p

rec
T,i is the ex-

perimentally reconstructed sub-jet momentum contain-93

ing the background contribution ⇢iAi. In an ideal case,
where ⇢1 = ⇢2, the background term in the numerator
of the �S12 is not present. For the real events for the96

close-by sub-jets the ⇢1 and ⇢2 should be approximately
the same.
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may have some welcomed consequences for restraining
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nominator of Eq. 2); however, as it will ultimately focus
on the hard core of the jets it may also introduce an
unwanted bias towards jets that had a limited or no in-108

teraction with the medium. The importance of such a
bias should be investigated futher; however, it is rather
clear that it will grow with decreasing jet energy.111

Moreover, we find that reconstruction of sub-jets with
a fixed cut o↵ on R may provide observables that are
more sensitive to the true jet in-medium modifications114

as compared to the recently conducted studies where the
sub-jet definition is not constrained in area [23]. Mat
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To demonstrate the capabilities of the proposed ob-
servables we have selected a number of Monte Carlo gen-120

erators that implement scenarios for parton energy loss
within the hot QGP. Apart from enabling a comparison
between the theoretical calculations that is not limited123

by systematic uncertainties of the measurement one of
the main objectives for the new observables is to deliver
a powerful selection tool to discriminate between mod-126

elling scenarios.
We study the e↵ects of jet quenching on jet sub-

structure with three di↵erent models: Q-PYTHIA v1.0.2129

[30], JEWEL v2.0.0 [31], and PYQUEN v1.5.1 [32]. Be-
low we provide a short description of each model with
only the main points of implementation. For detais please132

see the references.
Q-PYTHIA. Q-PYTHIA is a modification of the

PYTHIA 6.4 where the splitting probability of the final135

state parton shower is enhanced by an additional term
that follows the BDMPS-Z radiation spectrum. For the
parameterisation of the medium evolution in Q-PYTHIA138
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by several coherent scatterings, as predicted by the LPM
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terise an ideal quark-gluon gas as described by a Bjorken
model. For PYQUEN we chose the internal parameters
that characterise the QGP formation expected for central156

PbPb collisions at the LHC.
PYQUEN. PYQUEN is a modification of the stan-

dard PYTHIA 6.4 jet event in which both radiative and159

collisional accumulated energy losses are applied during
the parton shower development. The former is calculated
for an expanding medium within the BDMPS framework,162

where the angular distribution follows three simple pa-
rameterisations (small, wide and collinear angular dis-
tributions) that are used for comparison purposes. The165

latter is calculated in the high-momentum transfer ap-
proximation. Additional in-medium gluon radiation is
added at the end of the parton shower, before hadroni-168

sation.
Vacuum/pp reference. While the common refer-

ence for jet production in pp collisions is PYTHIA [36]171

the models provide their own implementation and/or
modifications of PYTHIA original routines. Therefore
in most cases when comparing the medium-modified jets174

with jets showering in vaccuum we will use the model-
provided proton-proton collisions equivalent.
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First we investigate the internal jet structure by count-
ing the number of sub-jets for all of the models. Fig-180
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sub-jets per jet 1/NjetdN/dNsub�jet, reconstructed with
Rsj = 0.15, within energetic jets with pT > 150GeV/c.183

For the remainder of this writeup we focus on the jets
with pT > 150 GeV/c and results for the inclusive jets
(dominated by low-pT jets) we provide in the Appendix186

A.
For the vacuum reference, PYTHIA, Q-PYTHIA (vac),

and JEWEL (vac), we find that a typical number of sub-189

jets is about 4 with a RMS of about 3. We note, the
distribution is somewhat asymmetric with a tail towards
larger values. This is captured by the skewness of the192
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Figure 5 shows the distribution of �S12 for anti�kT

jets with pT > 150 GeV/c reconstructed with R = 0.5291

and Rsj = 0.15. The distribution with a pronounced
maximum for �S12 > 0.9 is a direct consequence of the
z1 and z2 distributions discussed above. However, we294

ephasize that from the experimental point of view the
studies of the �S12 is more attractive as compared to
indivuidual zi distributions. This is because reconstruct-297

ing the di↵erence z1 � z2, by construction, removes the
large fraction of the background.
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such as QPYTHIA and PYQUEN (Small). To charac-

12 S∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

12
 S

∆
/d

je
ts

 d
N

je
ts

1/
N

0

0.05

0.1

0.15

0.2
QPYTHIA (vac)

 = 1)qQPYTHIA (
 = 4)qQPYTHIA (

JEWEL (vac)
JEWEL (med)

12 S∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

12
 S

∆
/d

je
ts

 d
N

je
ts

1/
N

0

0.05

0.1

0.15

0.2
PYTHIA
PYQUEN (Coll)
PYQUEN (Small)
PYQUEN (Wide)

FIG. 5: Distribution of �S12, with Rsj = 0.15 for jets
with pT > 150 GeV/c.Lil says: Colors and line style to

be changed according to fig.2

terize the sub-jet structure modifications for models that
show the jet collimation we propose to study the first312

quintile (QU1) of the �S12 distribution. QU1 is defined
as the value at which the first 1

5 of the distribution’s
integral is reached. Figure 7 shows the QU1 of �S12315

as a function of the jet transverse momentum. In this
case, find a clear separation between JEWEL (vac) and
JEWEL (med) calculations. Moreover, the QU1 {�S12}318

for PYQUEN (Wide) and PYQUEN (Coll) are likewise
well apart facilitating experimental verification. We note
that studying QU4 (the fourth quintile) could be equally321

useful and experimentally feasible.
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maximum for �S12 > 0.9 is a direct consequence of the
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the ratio medium/vacuum. Alternatively, we find that324

taking the di↵erence between quartiles of the �S12 dis-
tributions may prove equally attractive. Figure 8 shows
the di↵erence betweent the third (Q3) and the first (Q1)327

quartile of the �S12 distribution as a function of jet mo-
mentum. Likewise, in the case of Q3�Q1 di↵erence we
find an excellent separation between the models resulting330

in jet collimation. Mat says: for the latter one (or two)
figure(s) we may consider removing QPYTHIA - focus
on the models showing jet collimation...333

“local”	background	cancelling	ρ1=ρ2	
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Fig. 3. RAA of jets tagged by �zsj in �zsj < 0.2 and �zsj < 0.8 in Jewel (left) and Q-Pythia (right). The results are
compared to the inclusive jets.

Jewel and suppressed (enhanced) in Q-Pythia. Especially in Q-Pythia, the RAA of jets selected
in �zsj < 0.2 is ⇠ 4 times higher than the inclusive ones. The measurement of the RAA of jets
selected by �zsj in data will provide a clean way to di↵erentiate the quenching scenarios. This
approach can also be applied for other jet measurements such as the per-trigger jet yield and dijet
energy asymmetry.

4. Conclusion

The sub-jet structure, which is sensitive to the medium-modified internal jet structure, has
been explored as a tool to di↵erentiate the quenching scenarios. A new observable �pT,sj (or
�zsj) was proposed since it is sensitive to the medium modifications of the jet fragmentation and
robust against the background fluctuations in heavy-ion collisions. It also provides an unbiased
selection of jet samples in heavy-ion and pp collisions, simultaneously. It has been shown that,
by measuring observables of jets tagged by �pT,sj (or �zsj) will provide a clean way to reveal the
jet quenching mechanism observed in data.
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet    
 considering the clustering history. 

 pT distribution of hard subjet (zg) 
 Momentum balance of the two hard 
sub-jets.  
 Observable connected to the hardest 
splitting. 

2 ALICE Analysis Note 2017

LHC13d and LHC13e. In the TRIG sample, only the high-threshold (J1) subsample is used. As dis-
cussed in [JetMassinPbPb], it is fully safe (in terms of a possible trigger bias) to use the J1 sample for
p

ch

T, jet

> 80 GeV/c. This statement is based on a detailed study of the triggered data sample performed
in [DijetpPb].

Runs used in the analysis are listed below. AOD files set 154 were used for all periods.

2.1.1 LHC13b runs

195344 195346 195351 195389 195390 195391 195478 195479 195480 195481 195482 195483

2.1.2 LHC13c runs

195529 195531 195566 195567 195568 195592 195593 195596 195633 195635 195644 195673 195675
195677

2.1.3 LHC13d runs

195681 195682 195721 195724 195725 195726 195727 195760 195761 195765 195767 195783 195787
195829 195830 195831 195867 195869 195871 195872 195873

2.1.4 LHC13e runs

195935 195949 195950 195954 195955 195958 195989 195994 196000 196006 196085 196089 196090
196091 196099 196105 196107 196185 196187 196194 196197 196199 196200 196201 196203 196208
196214 196308 196309 196310

2.2 Event selection

Event selections used are AliVEvent::kINT7 and AliVEvent::kEMCEJE for the MINB and TRIG data
samples, respectively.

A cut on the reconstructed vertex |z
vtx

|< 10 cm is applied.

2.3 Monte Carlo data sample

The Monte Carlo production LHC13b4 plus (PYTHIA6 Perugia 2011 tune, 10 hard parton p

T

bins)
anchored to LHC13bcde is used for the analysis.

3 Jet reconstruction

So far, only charged jets were considered in the analysis. Jets are reconstructed with the anti-k
T

algo-
rithm implemented in the FastJet package [REF] clustering charged tracks with the momentum above
150 MeV/c via the E-scheme. The jet cone radius of R = 0.4 is used. Acceptance cut |h

jet

| < 0.5 is
applied. A jet area cut A > 0.6pR

2 is applied, and the jet area is calculated used ghosts with the cell area
of 0.005.

The Soft Drop [REF] jet substructure algorithm, implemented in the FastJet Contributions package
[REF], is applied to identified jets. Parameters b = 0 and z

cut

= 0.1 were used.

Main observable of interest is z

g

defined as

z

g

=
min(p

T,1, p

T,2)

p

T,1 + p

T,2
, (1)

where p

T,1 and p

T,2 are two hard subjets identified by the Soft Drop algorithm. Given the cut-off value
z

cut

= 0.1 and by construction, z

g

is defined in the range (0.1, 0.5). In case the hard splitting was not
A.	J.	Larkoski,	S.	Marzani,	G.	Soyez,	J.	Thaler		JHEP	05	(2014)	146

10
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Kirill	Lapidus,	Yale

groomed	momentum	frac0on

p(zg)	is	approx.	independent	of:	

—	jet	pt	and	radius	

—	αS	

—	collision	energy	
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A. J. Larkoski, S. Marzani, G. Soyez, J. Thaler JHEP 05 (2014) 146
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet   
 considering the clustering history. 

 Jet Mass (M)  
 Difference of the momentum of the jets     
 and the energy of its constituents 
 weighted by their pseudo-rapidity.  
 Related to the virtuality of the parton 
 traversing the medium.

 large M → soft constituents away from 
 the jet axis    
 small M  → few hard constituents 

Mass depletion: a new parameter for quantitative jet modification

A. Majumder and J. Putschke
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201

We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable e↵ect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear di↵erence between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. E↵ects of this
di↵erence on jet observables are discussed.

PACS numbers: 25.75.-q, 25.75.Dw, 13.85.-t

With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,

pz =
nX

i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [1, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [3–10]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [11–15], and how energy flows
away from the jet into the medium [16, 17]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator1. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked di↵erence be-
tween the case of single particles and full jets: Single
particles at high-pT approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pT , the azimuthal angle � and the ra-
pidity ⌘. For � integrated quantities (such as RAA), in
limited ranges of rapidity, the pT represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-
constructed from several such vectors have, in addition,

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [19] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20–22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

a reconstructed mass M , which is non-negligible com-
pared to their pT . To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,

~pT =
nX

i=1

~pTi , pT = | ~pT | , pTi = | ~pTi | , (1)

while, the z-component and magnitude of the vector may
be obtained as,
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i=1

pTi sinh ⌘i, p =
nX

i=1

pTi cosh ⌘i. (2)

In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M =
q
p2 � p2T � p2z. (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the pT
of each particle, but also their azimuthal angles and their
rapidities. As a result, full jet analyses which require a
knowledge of the mass of the reconstructed jet, will have
to be carried out at the four-vector level, as opposed to
solely the pT level. This Letter represents the first in a
series of attempts to generalize the phenomenology and
analysis of jet modification to the four-vector level.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an o↵-shell
mass which lies between zero and Q2, the o↵-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an o↵-
shellness that lies between zero and Q2, the o↵-shellness
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ALI-PREL-120123

√s = 5.02 TeV. Charged jets, R = 0.4, 60 < pT < 120 GeV/c 

For more informations and details, see Kirill Lapidus’s poster (K16)

(splidng	funcHon)	

ALICE	Preliminary	

K. Tywoniuk (CERN) QM2017 7.02.2017

JET GROOMING

z > zcut✓
�

Dasgupta, Fregoso, Marzani, Salam JHEP (2013)
Larkoski, Marzani, Soyez, Thaler JHEP (2014)

Larkoski, Marzani, Thaler PRD (2015)

C/A recombination

Jet shapes definitions 
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 Jet shapes are observables constructed combining information:  
 on how the constituents are distributed in the jet    
 considering the clustering history. 

 pT distribution of hard subjet (zg) 
 Momentum balance of the two hard 
sub-jets.  
 Observable connected to the hardest 
splitting. 

2 ALICE Analysis Note 2017

LHC13d and LHC13e. In the TRIG sample, only the high-threshold (J1) subsample is used. As dis-
cussed in [JetMassinPbPb], it is fully safe (in terms of a possible trigger bias) to use the J1 sample for
p

ch

T, jet

> 80 GeV/c. This statement is based on a detailed study of the triggered data sample performed
in [DijetpPb].

Runs used in the analysis are listed below. AOD files set 154 were used for all periods.

2.1.1 LHC13b runs

195344 195346 195351 195389 195390 195391 195478 195479 195480 195481 195482 195483

2.1.2 LHC13c runs

195529 195531 195566 195567 195568 195592 195593 195596 195633 195635 195644 195673 195675
195677

2.1.3 LHC13d runs

195681 195682 195721 195724 195725 195726 195727 195760 195761 195765 195767 195783 195787
195829 195830 195831 195867 195869 195871 195872 195873

2.1.4 LHC13e runs

195935 195949 195950 195954 195955 195958 195989 195994 196000 196006 196085 196089 196090
196091 196099 196105 196107 196185 196187 196194 196197 196199 196200 196201 196203 196208
196214 196308 196309 196310

2.2 Event selection

Event selections used are AliVEvent::kINT7 and AliVEvent::kEMCEJE for the MINB and TRIG data
samples, respectively.

A cut on the reconstructed vertex |z
vtx

|< 10 cm is applied.

2.3 Monte Carlo data sample

The Monte Carlo production LHC13b4 plus (PYTHIA6 Perugia 2011 tune, 10 hard parton p

T

bins)
anchored to LHC13bcde is used for the analysis.

3 Jet reconstruction

So far, only charged jets were considered in the analysis. Jets are reconstructed with the anti-k
T

algo-
rithm implemented in the FastJet package [REF] clustering charged tracks with the momentum above
150 MeV/c via the E-scheme. The jet cone radius of R = 0.4 is used. Acceptance cut |h

jet

| < 0.5 is
applied. A jet area cut A > 0.6pR

2 is applied, and the jet area is calculated used ghosts with the cell area
of 0.005.

The Soft Drop [REF] jet substructure algorithm, implemented in the FastJet Contributions package
[REF], is applied to identified jets. Parameters b = 0 and z

cut

= 0.1 were used.

Main observable of interest is z

g

defined as

z

g

=
min(p

T,1, p

T,2)

p

T,1 + p

T,2
, (1)

where p

T,1 and p

T,2 are two hard subjets identified by the Soft Drop algorithm. Given the cut-off value
z

cut

= 0.1 and by construction, z

g

is defined in the range (0.1, 0.5). In case the hard splitting was not
A.	J.	Larkoski,	S.	Marzani,	G.	Soyez,	J.	Thaler		JHEP	05	(2014)	146

10

Hard	Jet	SpliWng	probed	with	SoT	Drop

Kirill	Lapidus,	Yale

groomed	momentum	frac0on

p(zg)	is	approx.	independent	of:	

—	jet	pt	and	radius	

—	αS	

—	collision	energy	

	
What	MC	including	jet	quenching	effects	predicts?

recursively	removes	soT	subjets, 
un0l	a	hard	spliWng	is	iden0fied	

A. J. Larkoski, S. Marzani, G. Soyez, J. Thaler JHEP 05 (2014) 146
A. J. Larkoski, S. Marzani, J. Thaler PRD 91, 111501(R)

Hard Probes 2015Marta Verweij 17

Generalized fragmentation function

Larkoski, Marzain, Thaler
Phys. Rev. D91:111501 (2015)
Soft Drop: JHEP 1405 (2014) 146

Sensitive to modification of splitting function

Effect of parton-medium interaction?

Independent of α
s

Independent of jet p
T
 and R

~ same for quarks and gluons

Measurement of QCD splitting function

Momentum sharing between two 
leading subjets:zg measurement in p-Pb collisions 

 First measurement of zg in p-Pb collisions.  
 Jet substructure obtained using SoftDrop method (FastJet) 
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√s = 5.02 TeV. Charged jets, R = 0.4, 60 < pT < 120 GeV/c 

For more informations and details, see Kirill Lapidus’s poster (K16)



zg	at	the	LHC	AA	

Quark Matter 2017 21 

Jet pT dependence 
Modification gets weaker when increasing jet pT 

Due to normalization, cannot distinguish between increase at low zg or 
suppression at high zg 

Yi Chen 
Tue. 2.4 

CMS-PAS-HIN-16-006 
Marta Verweij 

Low pT 

High pT 



zg	at	the	LHC	AA	

Quark Matter 2017 21 

Jet pT dependence 
Modification gets weaker when increasing jet pT 

Due to normalization, cannot distinguish between increase at low zg or 
suppression at high zg 

Yi Chen 
Tue. 2.4 

CMS-PAS-HIN-16-006 
Marta Verweij 

Low pT 

High pT 

Quark Matter 2017 37 

Model comparison 
Comparison to jet quenching JEWEL MC event generator 

General trend of data is described by JEWEL 

JEWEL MC, K. Zapp et al, JHEP03 (2013) 080. This calculation: R. Kunnawalkam Elayavalli and K. Zapp in preparation 
Marta Verweij 

???	



zg	at	the	RHIC	AA	
zg at RHIC 

Quark Matter 2017 23 

Trigger Recoil 

No difference between AuAu and pp! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compatibility with CMS? 

Trigger Recoil 

Kolja Kauder 
Wed. 2.4 

Marta Verweij 

No	modifica4ons	from	pp	to	AA	



LHC	vs	RHIC	
•  ConsideraHons:	
– Δrsubjet	>	0.1	–	CMS:	angular	resoluHon	
– FormaHon	Hme	/	which	splidng	studied	–	where	
does	it	happen	?	

– Use/explore	different	soS-drop	sedngs?	zg – RHIC vs LHC 

Quark Matter 2017 26 

Vacuum and medium formation times 
Hard medium-induced radiation happens late in the shower 

 

At RHIC can only see medium for rare large angle emissions or even 
splittings. Larger zcut and/or ΔR12 selection would increase sensitivity 

τ f
vac ≅

ω
kT
2 =

1
θ 2ω

τ f
med ≅

ω
kT
2 =

ω
q̂

STAR 

CMS 

Phase space 
covered for 

zg=0.1 

Marta Verweij 



“Cut	On	One	Look	Elsewhere	”	

•  Cut	on	zg	and	measure	Rsj,	g,	mass,	…,	RAA	
•  Role	of	the	ΔRcut?	
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No	ΔR>0.1	cut	

RHIC	 LHC	
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With	ΔR>0.1	cut	

RHIC	 LHC	



Mass	vs	zg	
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RHIC	 LHC	



Mass	vs	zg	

gsoft drop z
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 m
as

s

0

10

20

30

40

50

60

1−10

1

10

 < 40 jet

T
RHIC 20 < p

Wed 10/05/2017 07:19:46 PDT 

gsoft drop z
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 m
as

s
0

10

20

30

40

50

60

1−10

1

10
 < 160 jet

T
LHC 140 < p

Wed 10/05/2017 07:19:46 PDT 

With	ΔR>0.1	cut	

RHIC	 LHC	
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No	ΔR>0.1	cut	

LHC	low	pT	 LHC	high-pT	
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Radial	moment	vs	zg	
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No	ΔR>0.1	cut	

RHIC	 LHC	
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Cuts	on	ΔR?	
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“Cut	On	One	Look	Elsewhere	”	
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“Analysis”	cut	on	gamma	pT	



“Cut	On	One	Look	Elsewhere	”	

 (GeV)jetm
0 5 10 15 20 25 30

 d
N

/d
m

je
t

1/
N

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1
 < 0.3gz

vacuum
quenched

+jet)γ (vacuum
T

 pquenchedm

Wed 10/05/2017 07:57:24 PDT 

“Analysis”	cut	on	gamma	pT	
Low	zg	and	high-zg	different	sensiHvity	
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Subjets	in	a	groomed	jet	vs	leading	subjets	in	ungroomed	jet	
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Subjets	in	a	groomed	jet	vs	leading	subjets	in	ungroomed	jet	
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Clearly	for	some	jets	the	two	methods	give	
the	same	quanHHes	
-	Need	to	understand	how	this	connects	to	
theory	–	can	we	exploit	it?	



QualitaHve	progress	wish	list	

•  UlHmate	tool:	gamma/Z0+jet	coincidences	
•  IdenHfied	quark	–	jet	coincidences	
– heavy-quarks	(c,b)	–	ALICE	focus	for	Run-3	–	
interesHng	hadron-jet	(heavy-hadron	takes	up	
~70%	of	the	jet	energy)	

– Within-shower	qqbar	producHon	a	solvable	
problem	and	possibly	a	tool(!)	

•  Boosted	tops…	



Summary	

•  New	(HEP	but	HI-cooked)	ideas	turn	into	
measurements	–	many	already!	

•  Sub-jets	is	the	qualitaHve	new	
– Move	away	from	hadronizaHon	(sHll	present	but	
potenHally	less	of	an	issue)	

•  Trouble:	mulHple	direcHons	to	choose	from	and	
difficulty	in	expressing	the	observables	at	the	
vacuum	energy	scale	(unfolding	fluctuaHons)	

•  Bocom	line:	good,	I	think	we	are	learning	and	
moving	in	a	good	direcHon		



Slide	credits	–	thank	you!	
•  L	Apolinario,	D	Caffari,	M	Spousta,	J	Thaller,	K	
Tywoniuk,	M	Verweji	

•  ALICE,	ATLAS,	CMS,	STAR	



ADDITIONAL	SLIDES	



N-subjettiness 

28 

A measure of how consistent a jet is with having N subjets (τN) 
Used to find boosted W, Z, Higgs (2-prong), boosted top (3-prong) in pp 
 
 
 
 
 
 
 
 
 

Thaler, van Tilburg arXiv:1011.2268 

W→qq 

QCD jets 

Sum over all particles Minimize distance of each particle to subjets 

QCD jets with 2 cores: small τ2/τ1 
 
Does the medium absorb one of the 
substructures? 
 
Can we probe the role of color coherence? 
 
 



N-subjettiness 

30 

0-10% PbPb 
PYTHIA 

PbPb vs PYTHIA 
√s = 2.76 TeV 

Color decoherence suppresses large angle radiation à Leads to jet collimation 
Look at 2-pronged angular probability distributions 

Nima Zardoshti, Wed. 6.4 

2-prong jet 1-prong jet Yacine Mehtar Tani, Wed. 6.4 



zg modified – why? 
I would like to thank our theory colleagues for providing so much feedback! 

Quark Matter 2017 22 

Medium modified splitting  
with SCETG 

Chien and Vitev. arXiv:1608.07283 

Coherent + semi-hard 
BDMPS radiation 

Mehtar Tani and Tywoniuk 
arXiv:1610.08930  

Jet quenching MCs 

Kirill Lapidus, HP2016 
R. Kunnawalkam Elayavalli, 
K. Zapp, G. Milhano 
 
  Jet-correlated medium 

 
Promotion of splittings into 

sample due to medium push 

Guilherme Milhano, Tue. 2.4 

Large variety of concepts, describe 
general trend of data 
 
Describing centrality and jet pT 
dependence seems challenging 

LO diagrams dressed with 
vacuum like multiple emissions 

Marta Verweij 


