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In-medium energy loss

 Partons with high energy and virtuality lose energy through the medium 
 at large angle → jet not modified “pp-like” 
 inside the jet cone → jet broadening 
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In-medium energy loss

 Jet yields are suppressed (RAA < 1)  
 energy lost out of the jet cone

 Partons with high energy and virtuality lose energy through the medium 
 at large angle → jet not modified “pp-like” 
 inside the jet cone → jet broadening 

RAA =
1

< TAA >

d2Njet,ch/dpTd⌘|Pb�Pb

d2�jet,ch/dpTd⌘|pp

ALI-PREL-159649
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In-medium energy loss

 Jet substructure allows to study:  
 detailed mechanisms of                    
 energy loss and splitting  
 modification of the 
 fragmentation 
 fundamental properties of  
 the medium (density, degree 
 of freedom, …)  

 Jet yields are suppressed (RAA < 1)  
 energy lost out of the jet cone

 Partons with high energy and virtuality lose energy through the medium 
 at large angle → jet not modified “pp-like” 
 inside the jet cone → jet broadening 

RAA =
1

< TAA >

d2Njet,ch/dpTd⌘|Pb�Pb

d2�jet,ch/dpTd⌘|pp

ALI-PREL-159649
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Jet substructure in ALICE

 ALICE has developed a program on jet substructure studies:  
 to establish a clean connection to theory 

 to probe different aspects of jet quenching:  
 energy redistribution 
 intra-jet broadening/collimation 
 enhanced splitting 
 mass hierarchy 
 colour coherence 

 focused on low/intermediate pT jet:  
 stronger quenching effects expected  
 larger background to deal with 
 exploiting ALICE very good tracking resolution capabilities 

D.	d’Enterria,Nucl	Phys	A827	(2009)	365	
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Jet substructure in ALICE

 ALICE has developed a program on jet substructure studies:  
 to establish a clean connection to theory 

 to probe different aspects of jet quenching:  
 energy redistribution 
 intra-jet broadening/collimation 
 enhanced splitting 
 mass hierarchy 
 colour coherence 

 focused on low/intermediate pT jet:  
 stronger quenching effects expected  
 larger background to deal with 
 exploiting ALICE very good tracking resolution capabilities 

D.	d’Enterria,Nucl	Phys	A827	(2009)	365	

Disclaimer: due to time-limit, today I will show only Pb-Pb results.  
pp results are agreement within ~20% with PYTHIA, used as reference (see back up slides)
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|η| < 0.9, 0 < φ < 2π
ITS: Inner Tracking System (silicon)
TPC: Time Projection Chamber
Track pT > 150 MeV/c
Charged constituent jets (jetch)

TPC

ITS

Jet reconstruction in ALICE
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|η| < 0.9, 0 < φ < 2π
ITS: Inner Tracking System (silicon)
TPC: Time Projection Chamber
Track pT > 150 MeV/c
Charged constituent jets (jetch)

EMCAL: Pb scintillator 
sampling calorimeter
|η| < 0.7, 1.4 < φ < π
Δη = Δφ ≈ 0.014 
Cluster ET > 300 MeV 

Neutral constituent jets 

EMCAL

Jet reconstruction in ALICE
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|η| < 0.9, 0 < φ < 2π
ITS: Inner Tracking System (silicon)
TPC: Time Projection Chamber
Track pT > 150 MeV/c
Charged constituent jets (jetch)

EMCAL: Pb scintillator 
sampling calorimeter
|η| < 0.7, 1.4 < φ < π
Δη = Δφ ≈ 0.014 
Cluster ET > 300 MeV 

Neutral constituent jets 

Full jet reconstruction 
matching the neutral and 
charged constituents  

EMCAL

TPC

ITS

Jet reconstruction in ALICE
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Jet shapes definitions 

 Jet shapes are observables constructed combining different 
informations coming from the properties of the jet
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Jet shapes definitions 

 Jet shapes are observables constructed combining different 
informations coming from the properties of the jet 
 They can be classified in three different groups:
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Jet shapes definitions 

 Jet shapes are observables constructed combining different 
informations coming from the properties of the jet 
 They can be classified in three different groups: 

 Ratio of jet yields for different R 
 sensitive to transverse energy profile of the jet  
 energy lost recovered at larger angle? 
 observable calculable in pQCD
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Inclusive jet cross section ratios

 ALICE measured the inclusive jet spectra in 
Pb-Pb collisions at √sNN = 5.02 TeV for both 
charged and full jets for R=0.2, R=0.3 

 Ratios of charged and full jet cross sections 
R=0.2/R=0.3 are measured  
 No significant difference with respect to jet 
fragmentation in vacuum (POWEG + PYTHIA8 reference)

ALI-PREL-156277

ALI-PREL-159657
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Inclusive jet cross section ratios

 ALICE measured the inclusive jet spectra in 
Pb-Pb collisions at √sNN = 5.02 TeV for both 
charged and full jets for R=0.2, R=0.3 

 Ratios of charged and full jet cross sections 
R=0.2/R=0.3 are measured 
 No significant difference with respect to jet 
fragmentation in vacuum (POWEG + PYTHIA8 reference)

 Also extending the measurement up to 
R=0.5 with semi-inclusive h-jet coincidence 
technique, no significant difference 
observed
 Lost energy must reappear in at large angle 
outside the jet cone 

ALI-PREL-159657
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Jet shapes definitions 

 Jet shapes are observables constructed combining different 
information coming from the properties of the jet 
 They can be classified in three different groups: 

 Shapes built as a jet-by-jet function of the jet constituents         
4-momenta 
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Jet shapes definitions 

 Jet shapes are observables constructed combining different 
information coming from the properties of the jet 
 They can be classified in three different groups: 

 Shapes built as a jet-by-jet function of the jet constituents           
4-momenta 
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J.	Gallicchio,	M.D.	Schwartz,	PRL	107	(2011)	172001

 Momentum dispersion (pTD):  
 Measures the fractions of the jet  
momentum distributed in its constituents 
 jets with few hard constituents have 
 higher pTD 
different pTD expected for quark/gluon 
jets due to the different         
fragmentation
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Jet shapes definitions 

 Jet shapes are observables constructed combining different 
information coming from the properties of the jet. 
 They can be classified in three different groups: 

 Shapes built as a jet-by-jet function of the jet constituents          
4-momenta 

J.	Gallicchio,	M.D.	Schwartz,	PRL	107	(2011)	172001

 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 definitions 

 Jet shapes are observables constructed combining different 
information coming from the properties of the jet. 
 They can be classified in three different groups: 

 Shapes built as a jet-by-jet function of the jet constituents          
4-momenta 

J.	Gallicchio,	M.D.	Schwartz,	PRL	107	(2011)	172001

 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

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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Charged jet shapes in Pb-Pb collisions 

 pTD shifted to higher values in Pb-Pb 
collisions relative to PYTHIA Perugia11
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Charged jets, R = 0.2, 40 < pT < 60 GeV/c 
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Charged jet shapes in Pb-Pb collisions 

 pTD shifted to higher values in Pb-Pb 
collisions relative to PYTHIA Perugia11
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Charged jet shapes in Pb-Pb collisions 

 pTD shifted to higher values in Pb-Pb 
collisions relative to PYTHIA Perugia11
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These shapes show distributions compatible with a more collimated and 
harder fragmentation in Pb-Pb than pp collisions.
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Charged jet shapes in Pb-Pb collisions 

 M shows an hint of shift to lower values in Pb-Pb collisions with respect 
to p-Pb collisions results for pT < 100 GeV/c 
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 Difference between p-Pb and Pb-Pb 
also observed in the mean jet mass.  

 1σ difference between 60 < pT < 80 
GeV/c 

Charged jet shapes in Pb-Pb collisions 
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Charged jet shapes: comparison with models 

ALI-PREL-101612

 The different fragmentation observed in Pb-Pb collisions for R=0.2 jets is 
qualitatively described by JEWEL Recoil off model

ALI-PREL-101592

K.	Zapp	et	al	,	JHEP	1303	(2013)	080	

Charged jets, R = 0.2, 40 < pT < 60 GeV/c 

 Large uncertainties still do not allow to constraint the models 
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Charged jet shapes: comparison with models 

 Data lie between PYTHIA Perugia 11 and JEWEL Recoil off
 Q-PYTHIA and JEWEL Recoil on seems to produce a large jet mass

 JEWEL collimates the jets since the soft particles are scattered at large 
angles  
 Qualitative picture in agreement for pTD, g and M

Charged jets, R = 0.4, 60 < pT < 120 GeV/c 

First measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration

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

is compatible with the PYTHIA expectation at the two center-of-mass energies within systematic uncer-
tainties. A hint of a difference within statistical uncertainties only in the ratio and in the mean jet mass in
the lowest pT,ch jet range is of interest to motivate further work on reducing the systematic uncertainties
in order to increase the precision in jet mass measurements as well as pursuing more differential studies,
for example with respect to hard fragmenting jets. The fully-corrected results are consistent with the
observation based on detector level comparison with PYTHIA embedded jets. The measured jet mass
in Pb–Pb collisions is not reproduced by the quenching models considered in this letter and is found
to be consistent with PYTHIA vacuum expectations within systematic uncertainties. These results are
consistent with previous measurements of jet shapes at the LHC [20, 62].

The observed suppression of jet yields in the presence of a dense medium, RAA < 1 [63], is interpreted
as due to radiated partons lost or scattered out of the jet cone. Therefore, one reconstructs a subset of the
entire parton shower within a jet with resolution parameter 0.4. In the extreme case that only the leading
parton were to escape the medium, and then shower in vacuum, one would reconstruct the mass of the
leading parton at the point of exit. Since also the virtuality evolution of the parton shower is modified
in the presence of jet quenching, one would expect in such a scenario that the escaping (reconstructed)

15

ALICE,		Phys.	LeE.	B	776	(2018)	249				
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Jet shapes definitions 

 Jet shapes are observables constructed combining different 
information coming from the properties of the jet 
 They can be classified in three different groups: 

 Shapes defined considering the clustering history of the jet

 Soft drop subjet momentum balance (zg) 
 Momentum balance of the two hard sub-
jets after jet grooming procedure  
 Correlated with distance between the two 
sub-jets (ϑ)

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

Map of	Splittings	in	Medium

vLund	diagrams	represent	phase	space	of	splittings	
using	momentum	fraction	and	opening	angle	

v Allow	to	differentiate	regions	where	different	
medium	induced	signal	can	dominate

vRelevant	medium	scales	shown	on	axes
Tywoniuk et	al.	5th	Heavy	Ion	Jet	Workshop/CERN	TH	institute
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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
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| < 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
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The Soft Drop [REF] jet substructure algorithm, implemented in the FastJet Contributions package
[REF], is applied to identified jets. Parameters b = 0 and z
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= 0.1 were used.

Main observable of interest is z

g

defined as
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min(p
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, (1)

where p

T,1 and p

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

= 0.1 and by construction, z
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 Number of recursive splittings in the 
jet evolution (nSD) 

 number of branches in the jet clustering 
history that satisfy the grooming 
requirement
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Splitting in the medium

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

 Map of the splitting in the medium studied via the Lund diagramMap of	Splittings	in	Medium

vLund	diagrams	represent	phase	space	of	splittings	
using	momentum	fraction	and	opening	angle	

v Allow	to	differentiate	regions	where	different	
medium	induced	signal	can	dominate

vRelevant	medium	scales	shown	on	axes
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 Iterative de-clustering unwinds the jet 
structure and stores splitting 
information  

 Cambridge/Achen algorithm is used 
to de-cluster the jets, preserving the 
angular ordering 
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Splitting in the medium

 Map of the splitting in the medium studied via the Lund diagram

 Iterative de-clustering unwinds the jet 
structure and stores splitting 
information  

 Cambridge/Achen algorithm is used 
to de-cluster the jets, preserving the 
angular ordering 

 Focus on different region of the Lund 
diagram phase-space imposing 
different grooming conditions
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vIterative	declustering unwinds	jet	clustering	and	stores	
splitting	information

vIn	vacuum	Cambridge-Aachen	declustering populates	Lund	
diagram	with	a	density	proportional	to	,- [1]

vImposing	different	grooming	conditions	can	isolate	regions	of	
phase	space	where	medium-induced	signal	is	expected
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[1]	G.	Salam	gitlab.cern.ch/gsalam/2017-lund-from-MC
[2]	M.	Dasgupta et	al.	JHEP	1309	(2013)	029
[3]	A.	Larkoski	et	al.	JHEP	1405	(2014)	146
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Charged jets, R = 0.4, 80 < pT < 120 GeV/c 
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zg, nSD measurements in Pb-Pb collisions 

no ϑ cut

 Difference in the zg  distribution 
observed when considering less 
collimated subjets
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zg, nSD measurements in Pb-Pb collisions 

ALI-PREL-148229

Charged jets, R = 0.4, 80 < pT < 120 GeV/c 

ϑ > 0.2

 Difference in the zg  distribution 
observed when considering less 
collimated subjets



Charged jets, R = 0.4, 80 < pT < 120 GeV/c 
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Charged jets, R = 0.4, 80 < pT < 120 GeV/c 
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zg, nSD measurements in Pb-Pb collisions 

ALI-PREL-155677

 No enhancement in the nSD is 
present  

 but larger number of jets that 
don’t satisfy the Soft Drop 
condition in Pb-Pb 

 First Soft Drop splitting map 
shows 

 suppression at large angle  
 enhancement for collinear 
splitting  
in Pb-Pb data wrt PYTHIA 
simulations

 Difference in the zg  distribution 
observed when considering less 
collimated subjets



Conclusions 

 Measurements of jet shapes Pb-Pb collisions in ALICE:  

 allow to study different and complementary aspects of in-medium 
energy loss mechanisms in a unique kinematic regime 
 new techniques are being developed to understand the interplay 
between the emitted radiation and the medium interactions
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Conclusions 

 Measurements of jet shapes Pb-Pb collisions in ALICE:  

 allow to study different and complementary aspects of in-medium energy 
loss mechanisms in a unique kinematic regime  
 new techniques are being developed to understand the interplay 
between the emitted radiation and the medium interactions 

 qualitative indication that  
 R=0.2 jets are more collimated and fragment harder than PYTHIA pp 
reference, more similar to “quark-like” fragmentation vs “gluon-like” one 
 Jet mass indicates a shift toward lower values for R=0.4 jets 
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energy loss mechanisms in a unique kinematic regime  
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between the emitted radiation and the medium interactions. 

 qualitative indication that  
 R=0.2 jets are more collimated and fragment harder than PYTHIA pp 
reference, more similar to “quark-like” fragmentation vs “gluon-like” one 
 Jet mass indicates a shift toward lower values for R=0.4 jets.  

 Large angle symmetric splittings seems to be suppressed in Pb-Pb 
collisions and collinear radiation enhanced 
 no increase in the number of splitting observed in Pb-Pb collisions
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Conclusions 

 Measurements of jet shapes Pb-Pb collisions in ALICE:  

 allow to study different and complementary aspects of in-medium 
energy loss mechanisms in a unique kinematic regime 
 new techniques are being developed to understand the interplay 
between the emitted radiation and the medium interactions 

 qualitative indication that  
 R=0.2 jets are more collimated and fragment harder than PYTHIA pp 
reference, more similar to “quark-like” fragmentation vs “gluon-like” one 
 Jet mass indicates a shift toward lower values for R=0.4 jets  

 Large angle symmetric splittings seems to be suppressed in Pb-Pb 
collisions and collinear radiation enhanced 
 no increase in the number of splitting observed in Pb-Pb collisions. 

 New data at √s = 5.02 TeV are already allowing more precise and 
differential measurements 
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Back up slides
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Splitting in the medium

 Map of the splitting in the medium che be studied via the Lund plane
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Grooming performance in HI collisions
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 Algorithm used for decluttering reflects the ordering of the 
clustering strategy 
 Can be changes to increase sensitivity to a given process  

 kT for example may be optimal for semi-hard splittings 

groomed branches groomed momentum fraction
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ALI-PREL-148225

 Without cut on the relative distance (ϑ) between the two sub-jets, difference 
between PYTHIA embedded jets and Pb-Pb data observed only in the last zg bin  

 Applying a cut ϑ > 0.1, larger fraction of imbalance observed but also a large 
number of jets who are not selected by the grooming procedure.  

Charged jets, R = 0.4, 80 < pT < 120 GeV/c 
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zg, nSD measurements in Pb-Pb collisions 
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zg, nSD measurements in Pb-Pb collisions 

ALI-PREL-148233 ALI-PREL-148229

Charged jets, R = 0.4, 80 < pT < 120 GeV/c 

ϑ > 0.2ϑ < 0.1



ALI-PREL-148225
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zg, nSD measurements in Pb-Pb collisions 
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zg, Rg, nSD measurements in pp collisions 

ALI-PREL-147982 ALI-PREL-147986 ALI-PREL-147990

√s = 7 TeV. Charged jets, R = 0.4, 40 < pT < 60 GeV/c 

 Distributions fully corrected to charged particle level.   
 Reasonable agreement between data and PYTHIA calculations for all the jet shapes.  

 Use PYTHIA as reference for Pb-Pb  
 ~ 97% of jets passing the Soft Drop requirement z > zcut = 0.1
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 Jet shapes, fully corrected to charged particle level.   
 Reasonable agreement between data and PYTHIA calculations for all the jet shapes.  

 Use PYTHIA as reference for Pb-Pb  
 Important for low R where hadronisation effects start to play an important role. 

√s = 7 TeV. Charged jets, R = 0.2, 40 < pT < 60 GeV/c 

pTD, g, LeSub in pp collisions 
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Jet Mass in p-Pb collisions 

 Reasonable agreement between data and PYTHIA calculations for jet mass.  
 Within 10-20%, some tensions in the tails.  

 Slightly worst agreement with HERWIG, in particular in the low mass tail.  

 p-Pb measurement can be used as reference for the comparison with the 
Pb-Pb one.   

√s = 5.02 TeV. Charged jets, R = 0.4, 60 < pT < 120 GeV/c 
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 Shift also quantified in terms of the ratio Pb-Pb/p-Pb and PYTHIA at the 
two energies

Charged jet shapes in Pb-Pb collisions 
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zg measurement in p-Pb collisions 

Jet substructure obtained using SoftDrop method (FastJet) 
 Good agreement between data and PYTHIA Perugia 11
 Reference measurements for future Pb-Pb results in ALICE
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√s = 5.02 TeV. Charged jets, R = 0.4, 60 < pT < 120 GeV/c 
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Jet shapes background subtraction 

 Average background removal for jet shapes based on recent techniques:  
 Derivatives (area based) subtraction  
 Constituent subtraction  

G.	Soyez	et	al,	Phys.	Rev.	LeE	110	(2013)	16	

P.	Berta		et	al,	JHEP	1406	(2014)	092	
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Jet shapes background subtraction 

 Average background removal for jet shapes based on recent techniques:  
 Derivatives (area based) subtraction  
 Constituent subtraction  
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G.	Soyez	et	al,	Phys.	Rev.	LeE	110	(2013)	16	

P.	Berta		et	al,	JHEP	1406	(2014)	092	
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Jet shapes background subtraction 

 Average background removal for jet shapes based on recent techniques:  
 Derivatives (area based) subtraction  
 Constituent subtraction  
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embedded in Pb-Pb events. 

  Shape distributions are modified 
by the high background     

G.	Soyez	et	al,	Phys.	Rev.	LeE	110	(2013)	16	

P.	Berta		et	al,	JHEP	1406	(2014)	092	
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Jet shapes background subtraction 

 Average background removal for jet shapes based on recent techniques:  
 Derivatives (area based) subtraction  
 Constituent subtraction  
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 PYTHIA detector level jets 
embedded in Pb-Pb events. 

  Shape distributions are modified 
by the high background     

 Subtraction methods (area based, 
constituent based) reduce the 
influence of the background on the 
shapes. 

G.	Soyez	et	al,	Phys.	Rev.	LeE	110	(2013)	16	

P.	Berta		et	al,	JHEP	1406	(2014)	092	
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Jet shapes background subtraction 

 Average background removal for jet shapes based on recent techniques:  
 Derivatives (area based) subtraction  
 Constituent subtraction  
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embedded in Pb-Pb events. 

  Shape distributions are modified 
by the high background     

 Subtraction methods (area based, 
constituent based) reduce the 
influence of the background on the 
shapes. 

 Residual difference between 
PYTHIA detector level jet shapes 
and PYTHIA embedded subtracted 
ones due to background 
fluctuations. 

 2D Bayesian Unfolding applied to 
remove 

 background fluctuations  
 detector effects. 

G.	Soyez	et	al,	Phys.	Rev.	LeE	110	(2013)	16	

P.	Berta		et	al,	JHEP	1406	(2014)	092	
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Jet shapes definitions 

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

 Transverse momentum difference of 
leading and subleading particles 
(LeSub):  

 Transverse momentum difference of the 
hardest and second hardest constituents 
of the jet. 
 Jet shape not IRC safe but essentially 
background invariant, interesting for Pb-
Pb collisions.
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Systematics 

 Different sources of systematics:    
Tracking efficiency - Variation of -4% dominate the jet energy scale uncertainty.  
 Unfolding  

 Regularization: variations of ±3 iterations in the procedure. 
 Truncation: difference to measured yield at a 10 GeV lower value than default 
one.  
 Prior: Variation of 20% between pTpart and shapepart.  

 Background subtraction - two different methods used to estimate the 
background (only for Pb-Pb)

Measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration

jet mass, resulting in an anti-correlated shape uncertainty. The relative uncertainty is largest in the tails
of the jet mass distribution where it amounts to 20% in Pb–Pb collisions and 5–20% in p–Pb collisions
for different pT ranges. In the peak region of the jet mass distributions the uncertainty does not exceed
5% (2%) in Pb–Pb (p–Pb) collisions. The size of the uncertainty in the number of iterations is correlated
with the statistical uncertainty and the uncertainty on the data points is correlated point-to-point.

The prior used for the Bayesian unfolding was taken from PYTHIA simulations. The mean jet mass as
a function of uncorrected but background-subtracted jet pT is 1–4% smaller in Pb–Pb collisions than in
PYTHIA simulations as shown in Fig. 5. The second central moments of the distributions are statisti-
cally compatible indicating that the shape of the distribution is unchanged. Therefore it is reasonable to
apply a shift of at maximum 4% on the jet mass in the prior to estimate a systematic uncertainty to the
measurement due to the prior choice. This results in a systematic uncertainty of 10% around the jet mass
peak, which increases gradually to 50% in the tails. For the p–Pb analysis, a smearing of the mass at
particle level in the response matrix was performed. The new particle level mass is extracted randomly
from a Gaussian centered at the original mass with a s of 2%, roughly corresponding to the maximum
spread observed in the ratio of the jet mass distribution in the response at detector level and in the data.
The resulting uncertainty ranges from 4% to 6%, with the largest value reached in the first pT range.

For the jet-by-jet background subtraction in Pb–Pb collisions, the result from the area-based method was
compared to the constituent subtraction. The response matrix for the methods is different since the jet
mass scale differs as was shown in Fig. 2. The response matrix in both cases was obtained using the
embedding technique presented in Sec. 4. The systematic uncertainty due to the background subtraction
method varies between 5% at the center of the distribution and 30% in the tails.

As mentioned in Sec. 3.2, in p–Pb events the background subtraction introduces additional fluctuations
due to the region-to-region fluctuations of the background, which leads to a broadening of the jet mass
distribution after subtraction. It was therefore decided not to perform the subtraction event-by-event and
jet-by-jet, and instead include the background in the response matrix and correct for in it the unfolding.
As an extreme variation for the systematic uncertainty, the background was subtracted event-by-event in
the data with the constituent method, which is less sensitive to fluctuations than the area method, and
corrected only for detector effects using the PYTHIA response. The jet mass distributions corrected with
the two assumptions differ by 5% in the peak region and the difference increases gradually up to 40% in
the low-mass tail. These variations were taken as systematic uncertainties.

The uncertainty in the detector response was dominated by the uncertainty in the tracking efficiency,
which was estimated by varying track quality cuts and found to be 3–4%. The tracking efficiency in
the detector simulation was varied accordingly, providing an alternative response matrix with which to
repeat the unfolding. Observed differences with respect to the nominal result vary from 10% to 40% and
5% to 30% in Pb–Pb and p–Pb, respectively, with the largest uncertainty in the tails of the distributions.

All systematic uncertainties were added in quadrature for each Mch jet bin. The uncertainties affect the
shape of the jet mass distribution and the normalization applied causes long-range anti-correlations.

Source Pb–Pb p–Pb
pT,ch jet (GeV/c) 60–80 80–100 100–120 60–80 80–100 100–120

Prior 1.0% 3.0% 5.0% 0 0 0
Background 3.0% 3.0% 5.0% 1.0% 0.5% 1.0%

Tracking efficiency 5.0% 5.0% 5.0% 3.0% 3.0% 3.0%
Unfolding (iterations, range) 1.0% 3.0% 4.0% 0.5% 1.0% 4.0%

Total 6.0% 8.0% 9.0% 3.5% 3.5% 4.5%

Table 1: Systematic uncertainty in mean jet mass from different sources in the 10% most central Pb–Pb
collisions (left) and minimum-bias p–Pb collisions (right).

11

Mean jet mass

ALI-PREL-101647
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Charged jet shapes: comparison with models 

 Qualitative comparison with quark/gluon jets at the same energy: 
 gluon jets: quenched jets with intrajet broadening, 
 quark jets: quenched jets without intrajet broadening.  

 Results seem to be closer to quark-like jet fragmentation. 

ALI-PREL-101608ALI-PREL-101616
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Charged jet shapes in Pb-Pb collisions 
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Jet shape distributions PYTHIA Perugia 11
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√s dependence of jet shapes PYTHIA

 Not negligible difference in the jet shapes due to due to q/g difference 
fraction at two collider energies.
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Systematics 

 Tracking efficiency. Variation of ±4% dominate the jet energy scale uncertainty.  
 Unfolding:  

 Regularization: variations of ±3 iterations in the procedure. 
 Truncation: difference to measured yield at a 10 GeV lower value than default one.  
 Prior: Variation of 20% between pTpart and shapepart. Default value PYTHIA Perugia 0. 

 Background subtraction: two different methods used to estimate the background.  

ALI-PREL-101643ALI-PREL-101647
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Charge jet shapes: comparison with models 

ALI-DER-102103

 The radial moment seems to show this behavior.  
 pTD does not, but it has a milder dependence on the transverse momentum. 

If the jet would lose energy as a whole (single emitter) then we would expect Pb-
Pb shapes to be in agreement with vacuum shape at higher-pT 

ALI-DER-102107
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