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Jet	reconstruction	in	ALICE
• ALICE	reconstructs	jets	at	mid-
rapidity	(											)	in	pp,	p-Pb,	Pb-Pb	
collisions	at	

• Charged	particle	jets	(charged	jets)	
• High-precision	tracking	down	to						

		

• Jets	(full	jets)	
• Addition	of	particle	information	
from	the	EM	calorimeter	down	to
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sNN = 2.76 − 13 TeV
η < 0.7

pT,track = 150 MeV/c

pT,cluster = 300 MeV/c
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Jet	reconstruction	in	ALICE
• ALICE’s	low-momentum	constituent	
thresholds	allow	to	measure:	
• Jets	down	to	
• Modification	to	the	soft	
components	of	jets	

• Medium	recoil	particles	
		—>	Inclusive	jet	measurements	

• ALICE’s	tracking	capabilities	allow	
fine	spatial	resolution	of	single	
particles	in	jets	

		—>	Jet	substructure	measurements	
1. Constituent-based	jet	shapes	
2. Groomed	jet	substructure
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pT ≈ 40 − 100 GeV/c



James Mulligan, Yale University

Inclusive	jet	spectra
• ALICE	preliminary	full	jet	measurement	in	
Pb-Pb	collisions	at	
• 0-10%	centrality	
• Jet	pT	range:	40-140	GeV/c	
• Jet	R:	0.2,	0.3	

• The	first	Pb-Pb	full	jet	measurement	at	
low	transverse	jet	momentum	at	this	
collision	energy	

• Reconstructed	jets	are	required	to	have	a	
pT	>	5	GeV/c	leading	charged	particle	

• The	Pb-Pb	spectra	are	unfolded	for	
detector	effects	and	background	
fluctuations	by	embedding	Pythia8	events	
into	Pb-Pb	data
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ALI-PREL-147154

ALI-PREL-147150

sNN = 5.02 TeV
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Jet	RAA

• Jet	RAA	at																																																														
measured,	using	Pythia8	+	
POWHEG	pp	reference	

• Similar	suppression	observed	
in	R	=	0.2	and	R	=	0.3;	
stronger	suppression	at	low	pT
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sNN = 5.02 TeV
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Jet	RAA
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• Jet	RAA	at																																																														
measured,	using	Pythia8	+	
POWHEG	pp	reference	

• Similar	suppression	observed	
in	R	=	0.2	and	R	=	0.3;	
stronger	suppression	at	low	pT	

• Charged	particle	jets	and	full	
jets	are	consistent

sNN = 5.02 TeV
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Jet	RAA
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• Jet	RAA	at																																																														
measured,	using	Pythia8	+	
POWHEG	pp	reference	

• Similar	suppression	observed	
in	R	=	0.2	and	R	=	0.3;	
stronger	suppression	at	low	pT	

• pp	reference	measurement	
ongoing

sNN = 5.02 TeV
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Inclusive	ratio:	R	=	0.2	/	R	=	0.3
• The	ratio	of	jet	cross-sections	
at	different	R	is	an	inclusive	jet	
shape	observable,	sensitive	to	
the	R-dependence	of	jet	
energy	loss	

• With	the	current	precision,	the	
Pb-Pb	jet	cross-section	ratio			
R	=	0.2	/	R	=	0.3	is	consistent	
with	POWHEG+Pythia8	

• Extension	to	R	=	0.4,	lower	pT,	
and	reduction	of	uncertainties	
in	progress �8ALI-PREL-159657
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Jet	shapes
• Observables:	
• Radial	moment,	g	
• Momentum	dispersion,	pTD	

• The	measurement:	
• Charged	particle	jets	in	pp	(																									)																								
and	Pb-Pb	(																														)	
• 		
• 		

• Fully	unfolded
�9

pT,jet = 40 − 60 GeV/c

sNN = 7 TeV
sNN = 2.76 TeV

R = 0.2

Final	result!					
arXiv	1807.06854
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Jet	shapes
• Observables:	
• Radial	moment,	g	
• Momentum	dispersion,	pTD	

• The	measurement:	
• Charged	particle	jets	in	pp	(																									)																								
and	Pb-Pb	(																														)	
• 		
• 		

• Fully	unfolded
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pT,jet = 40 − 60 GeV/c

sNN = 7 TeV
sNN = 2.76 TeV

R = 0.2

Final	result!					
arXiv	1807.06854

Small-radius	jets:	Useful	to	
suppress	effects	that	
dominate	at	large-angle,	
such	as	medium	recoil	
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Radial	moment

• Measures	a	jet’s	radial	
momentum	profile	

• pp	data	agrees	with	Pythia	
within	≈ 20%	at
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Small-radius jet shapes in pp and Pb–Pb collisions at ALICE ALICE Collaboration

between the integrals of the fragmentation functions in Pb–Pb and pp collisions.72

The third category of jet shape observables uses the clustering history to select certain parts of the par-73

ticle shower using well-defined jet clustering techniques, for instance grooming [18, 19], to amplify or74

suppress a region of the splitting phase space where medium-induced effects are expected. Examples are75

the 2-subjetiness [20] or the soft drop subjet momentum balance, zg [21,22], designed to explore changes76

in the rate of 2-prong jets and the momentum balance of semi-hard subjets in heavy-ion collisions rel-77

ative to pp collisions respectively. New ideas and applications for this third category of jet shapes are78

being discussed in the literature for beyond Standard Model searches and QCD studies in pp as well as79

heavy-ion collisions.80

The shapes analysed in this paper belong to the second category and are described in detail in Section 2.81

They probe complementary aspects of the jet fragmentation such as the transverse energy profile or the82

dispersion of the jet constituents transverse momentum distribution. Our aim was to perform a systematic83

exploration of the intrajet distributions to pose constraint on key aspects of the theory of jet quenching.84

A clean connection to the theory was pursued via the selection of observables that are well defined85

and calculable from first principles in pQCD and via the full correction of the observables to particle86

level. The considered small resolution R = 0.2 and ALICE instrumental capabilities allowed us to obtain87

fully corrected particle-level jet measurements, in a unique range at the LHC of low momentum and88

low constituent cutoff of 0.15 GeV/c. Our measurements give insight on whether the jet substructure is89

resolved by the medium at small angular scales and on the role of the medium response.90

The rest of the paper is organized as follows: Section 3 presents the data sets and event selection used91

for the analysis, Sections 4 and 5 describe the jet finding procedure and the underlying event subtraction,92

while Sections 6 and 7 present the response of the shapes to detector effects and background fluctuations93

and the 2-dimensional unfolding procedure that simultaneously corrects the shape and jet pT distribu-94

tions. Section 8 describes the different contributions to the systematic uncertainty and finally, Section 995

presents the fully corrected results and their interpretation with comparisons to theoretical models.96

2 The set of jet shape observables97

In this analysis, we focus on three jet shape observables that probe complementary aspects of the jet98

fragmentation, namely the first radial moment or angularity (or girth), g, the momentum dispersion,99

pTD, and the difference between the leading and sub-leading track transverse momentum, LeSub.100

The angularity is defined as101

g = Â
i2jet

pT,i

pT,jet
DRjet,i, (1)

where pT,i is the transverse momentum of the i-th constituent and DRjet,i is the distance in (h , j) space102

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.103

The momentum dispersion pTD is defined as104

pTD =

q
Âi2jet p

2
T,i

Âi2jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and is connected to105

how hard or soft the jet fragmentation is. For example, in the extreme case of few constituents carrying a106

large fraction of the jet momentum, pTD will be close to 1, while in the case of jets with a large number107

of constituents and softer momentum, pTD would end up closer to 0.108

The two previous shapes are related to the moments of the so-called generalized angularities defined as:109

l k
b = Âi(

pT,i
pT,jet

)k(
DRjet,i

R
)b [23]. The number of jet constituents corresponds to (k ,b ) = (0,0), the square110

2

sNN = 7 TeV
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Fig. 5: Fully corrected jet shape distributions measured in pp collisions at
p

s = 7 TeV for R = 0.2 in the range
of jet p

ch
T,jet of 40–60 GeV/c. The results are compared to PYTHIA. The results are compared to PYTHIA. The

coloured boxes represent the uncertainty on the jet shape (upper panels) and its propagation to the ratio (lower
panels)
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Radial	moment

• Measures	a	jet’s	radial	
momentum	profile	

• pp	data	agrees	with	Pythia	
within	≈	20%	at	

• In	Pb-Pb,	radial	moment	
shifted	to	lower	values	
• More	collimated! �12

Small-radius jet shapes in pp and Pb–Pb collisions at ALICE ALICE Collaboration

between the integrals of the fragmentation functions in Pb–Pb and pp collisions.72

The third category of jet shape observables uses the clustering history to select certain parts of the par-73

ticle shower using well-defined jet clustering techniques, for instance grooming [18, 19], to amplify or74

suppress a region of the splitting phase space where medium-induced effects are expected. Examples are75

the 2-subjetiness [20] or the soft drop subjet momentum balance, zg [21,22], designed to explore changes76

in the rate of 2-prong jets and the momentum balance of semi-hard subjets in heavy-ion collisions rel-77

ative to pp collisions respectively. New ideas and applications for this third category of jet shapes are78

being discussed in the literature for beyond Standard Model searches and QCD studies in pp as well as79

heavy-ion collisions.80

The shapes analysed in this paper belong to the second category and are described in detail in Section 2.81

They probe complementary aspects of the jet fragmentation such as the transverse energy profile or the82

dispersion of the jet constituents transverse momentum distribution. Our aim was to perform a systematic83

exploration of the intrajet distributions to pose constraint on key aspects of the theory of jet quenching.84

A clean connection to the theory was pursued via the selection of observables that are well defined85

and calculable from first principles in pQCD and via the full correction of the observables to particle86

level. The considered small resolution R = 0.2 and ALICE instrumental capabilities allowed us to obtain87

fully corrected particle-level jet measurements, in a unique range at the LHC of low momentum and88

low constituent cutoff of 0.15 GeV/c. Our measurements give insight on whether the jet substructure is89

resolved by the medium at small angular scales and on the role of the medium response.90

The rest of the paper is organized as follows: Section 3 presents the data sets and event selection used91

for the analysis, Sections 4 and 5 describe the jet finding procedure and the underlying event subtraction,92

while Sections 6 and 7 present the response of the shapes to detector effects and background fluctuations93

and the 2-dimensional unfolding procedure that simultaneously corrects the shape and jet pT distribu-94

tions. Section 8 describes the different contributions to the systematic uncertainty and finally, Section 995

presents the fully corrected results and their interpretation with comparisons to theoretical models.96

2 The set of jet shape observables97

In this analysis, we focus on three jet shape observables that probe complementary aspects of the jet98

fragmentation, namely the first radial moment or angularity (or girth), g, the momentum dispersion,99

pTD, and the difference between the leading and sub-leading track transverse momentum, LeSub.100

The angularity is defined as101

g = Â
i2jet

pT,i

pT,jet
DRjet,i, (1)

where pT,i is the transverse momentum of the i-th constituent and DRjet,i is the distance in (h , j) space102

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.103

The momentum dispersion pTD is defined as104

pTD =

q
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This shape measures the second moment of the constituent pT distribution in the jet and is connected to105

how hard or soft the jet fragmentation is. For example, in the extreme case of few constituents carrying a106

large fraction of the jet momentum, pTD will be close to 1, while in the case of jets with a large number107

of constituents and softer momentum, pTD would end up closer to 0.108
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Fig. 6: Fully corrected jet shape distributions in 0–10% central Pb–Pb collisions at
p

sNN = 2.76 TeV for R = 0.2
in the range of jet p

ch
T,jet of 40–60 GeV/c. The results are compared to PYTHIA. The coloured boxes represent the

uncertainty on the jet shape (upper panels) and its propagation to the ratio (lower panels).
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Momentum	dispersion

• Measures	the	dispersion	of	the	
constituent	momentum	inside	a	jet	
																					for	many	constituents	

for	few	constituents	

• pp	data	agrees	with	Pythia	within		
≈ 20%	at		

		
	 �13
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between the integrals of the fragmentation functions in Pb–Pb and pp collisions.72

The third category of jet shape observables uses the clustering history to select certain parts of the par-73

ticle shower using well-defined jet clustering techniques, for instance grooming [18, 19], to amplify or74

suppress a region of the splitting phase space where medium-induced effects are expected. Examples are75

the 2-subjetiness [20] or the soft drop subjet momentum balance, zg [21,22], designed to explore changes76

in the rate of 2-prong jets and the momentum balance of semi-hard subjets in heavy-ion collisions rel-77

ative to pp collisions respectively. New ideas and applications for this third category of jet shapes are78

being discussed in the literature for beyond Standard Model searches and QCD studies in pp as well as79

heavy-ion collisions.80

The shapes analysed in this paper belong to the second category and are described in detail in Section 2.81

They probe complementary aspects of the jet fragmentation such as the transverse energy profile or the82

dispersion of the jet constituents transverse momentum distribution. Our aim was to perform a systematic83

exploration of the intrajet distributions to pose constraint on key aspects of the theory of jet quenching.84

A clean connection to the theory was pursued via the selection of observables that are well defined85

and calculable from first principles in pQCD and via the full correction of the observables to particle86

level. The considered small resolution R = 0.2 and ALICE instrumental capabilities allowed us to obtain87

fully corrected particle-level jet measurements, in a unique range at the LHC of low momentum and88

low constituent cutoff of 0.15 GeV/c. Our measurements give insight on whether the jet substructure is89

resolved by the medium at small angular scales and on the role of the medium response.90

The rest of the paper is organized as follows: Section 3 presents the data sets and event selection used91

for the analysis, Sections 4 and 5 describe the jet finding procedure and the underlying event subtraction,92

while Sections 6 and 7 present the response of the shapes to detector effects and background fluctuations93

and the 2-dimensional unfolding procedure that simultaneously corrects the shape and jet pT distribu-94

tions. Section 8 describes the different contributions to the systematic uncertainty and finally, Section 995

presents the fully corrected results and their interpretation with comparisons to theoretical models.96

2 The set of jet shape observables97

In this analysis, we focus on three jet shape observables that probe complementary aspects of the jet98

fragmentation, namely the first radial moment or angularity (or girth), g, the momentum dispersion,99

pTD, and the difference between the leading and sub-leading track transverse momentum, LeSub.100

The angularity is defined as101

g = Â
i2jet

pT,i

pT,jet
DRjet,i, (1)

where pT,i is the transverse momentum of the i-th constituent and DRjet,i is the distance in (h , j) space102

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.103

The momentum dispersion pTD is defined as104

pTD =

q
Âi2jet p

2
T,i

Âi2jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and is connected to105

how hard or soft the jet fragmentation is. For example, in the extreme case of few constituents carrying a106

large fraction of the jet momentum, pTD will be close to 1, while in the case of jets with a large number107

of constituents and softer momentum, pTD would end up closer to 0.108

The two previous shapes are related to the moments of the so-called generalized angularities defined as:109
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Fig. 5: Fully corrected jet shape distributions measured in pp collisions at
p

s = 7 TeV for R = 0.2 in the range
of jet p

ch
T,jet of 40–60 GeV/c. The results are compared to PYTHIA. The results are compared to PYTHIA. The

coloured boxes represent the uncertainty on the jet shape (upper panels) and its propagation to the ratio (lower
panels)
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Momentum	dispersion

• Measures	the	dispersion	of	the	
constituent	momentum	inside	a	jet	
																					for	many	constituents	

for	few	constituents	

• pp	data	agrees	with	Pythia	within		
≈ 20%	at		

• In	Pb-Pb,	pTD	is	shifted	to	larger	
values	
• Harder	fragmentation!

�14
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between the integrals of the fragmentation functions in Pb–Pb and pp collisions.72

The third category of jet shape observables uses the clustering history to select certain parts of the par-73

ticle shower using well-defined jet clustering techniques, for instance grooming [18, 19], to amplify or74

suppress a region of the splitting phase space where medium-induced effects are expected. Examples are75

the 2-subjetiness [20] or the soft drop subjet momentum balance, zg [21,22], designed to explore changes76

in the rate of 2-prong jets and the momentum balance of semi-hard subjets in heavy-ion collisions rel-77

ative to pp collisions respectively. New ideas and applications for this third category of jet shapes are78

being discussed in the literature for beyond Standard Model searches and QCD studies in pp as well as79

heavy-ion collisions.80

The shapes analysed in this paper belong to the second category and are described in detail in Section 2.81

They probe complementary aspects of the jet fragmentation such as the transverse energy profile or the82

dispersion of the jet constituents transverse momentum distribution. Our aim was to perform a systematic83

exploration of the intrajet distributions to pose constraint on key aspects of the theory of jet quenching.84

A clean connection to the theory was pursued via the selection of observables that are well defined85

and calculable from first principles in pQCD and via the full correction of the observables to particle86

level. The considered small resolution R = 0.2 and ALICE instrumental capabilities allowed us to obtain87

fully corrected particle-level jet measurements, in a unique range at the LHC of low momentum and88

low constituent cutoff of 0.15 GeV/c. Our measurements give insight on whether the jet substructure is89

resolved by the medium at small angular scales and on the role of the medium response.90

The rest of the paper is organized as follows: Section 3 presents the data sets and event selection used91

for the analysis, Sections 4 and 5 describe the jet finding procedure and the underlying event subtraction,92

while Sections 6 and 7 present the response of the shapes to detector effects and background fluctuations93

and the 2-dimensional unfolding procedure that simultaneously corrects the shape and jet pT distribu-94

tions. Section 8 describes the different contributions to the systematic uncertainty and finally, Section 995

presents the fully corrected results and their interpretation with comparisons to theoretical models.96

2 The set of jet shape observables97

In this analysis, we focus on three jet shape observables that probe complementary aspects of the jet98

fragmentation, namely the first radial moment or angularity (or girth), g, the momentum dispersion,99

pTD, and the difference between the leading and sub-leading track transverse momentum, LeSub.100

The angularity is defined as101

g = Â
i2jet

pT,i

pT,jet
DRjet,i, (1)

where pT,i is the transverse momentum of the i-th constituent and DRjet,i is the distance in (h , j) space102

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.103

The momentum dispersion pTD is defined as104

pTD =

q
Âi2jet p

2
T,i

Âi2jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and is connected to105

how hard or soft the jet fragmentation is. For example, in the extreme case of few constituents carrying a106

large fraction of the jet momentum, pTD will be close to 1, while in the case of jets with a large number107

of constituents and softer momentum, pTD would end up closer to 0.108

The two previous shapes are related to the moments of the so-called generalized angularities defined as:109

l k
b = Âi(

pT,i
pT,jet

)k(
DRjet,i

R
)b [23]. The number of jet constituents corresponds to (k ,b ) = (0,0), the square110

2
sNN = 7 TeV

pTD → 0
pTD → 1
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Fig. 6: Fully corrected jet shape distributions in 0–10% central Pb–Pb collisions at
p

sNN = 2.76 TeV for R = 0.2
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T,jet of 40–60 GeV/c. The results are compared to PYTHIA. The coloured boxes represent the

uncertainty on the jet shape (upper panels) and its propagation to the ratio (lower panels).
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James Mulligan, Yale University

How	is	the	jet	core	modified?
The	modiHications	of	g,	pTD	in	these	R	=	0.2	small-radius	jets	suggest	that	
in	Pb-Pb,	the	jet	core	becomes	more	collimated	and	harder-
fragmenting		

This	is	qualitatively	consistent	with	the	jet	fragmentation	function	
enhancement	at	large	z		

How	much	of	the	effect	is	due	to:	

ModiHication	of	the	quark-gluon	fraction?	
(Quark	jets	are	more	collimated,	harder	fragmenting)	

Shift	of	the	jet	pT	scale	in	Pb-Pb?	
(In	Pythia,	as	jet	pT	increases,	g	decreases	and	pTD	decreases)

�15
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How	is	the	jet	core	modified?
JEWEL	agrees	with	the	measured	Pb-Pb	distributions	of		g,	pTD!	

The	impact	of	medium	response	is	small	
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Fig. 7: Jet shape distributions in 0–10% central Pb–Pb collisions at
p

sNN = 2.76 TeV for R = 0.2 in range of jet
p

ch
T,jet of 40–60 GeV/c compared to quark and gluon vacuum generated jet shape distributions. The coloured boxes

represent the experimental uncertainty on the jet shapes.
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James Mulligan, Yale University

Groomed	jet	substructure
• Use	the	Soft	Drop	grooming	algorithm	to	examine	whether	
the	hard	splittings	of	jets	are	modified	in	Pb-Pb	

• The	measurement:	
• Charged	particle	jets	in	pp	(7	TeV)	and	Pb-Pb	(2.76	TeV)	
• pT,jet	=	40-60	GeV/c	(pp),	pT,jet	=	80-120	GeV/c	(Pb-Pb)	
• R	=	0.4	

• pp:	Fully	unfolded	
• Pb-Pb:	Detector-level,	compared	to	embedded	Pythia
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Jet	substructure:	map	of	splittings in	vacuum

3

plot	from	G.Salam,	QM18

Unwind	the	CA	clustering

At	each	step,	register	the	kT,	∆R coordinates

Follow	the	hardest	branch	at	each	step

d2P = 2↵s(k?)CR

⇡ dln(z✓)dln( 1✓ )

In	vacuum,	flat	2D	density	except	for	variation	of	the	coupling	with	kT
General	observable,	others	can	be	derived	from	it

Groomed	jet	substructure
• Measurement	procedure	

1. Cluster	jets	with	the	anti-kT	algorithm,	
then	re-cluster	each	jet	using	the	C/A	
algorithm	
• This	produces	an	angularly	ordered	
tree,	similar	to	a	parton	shower	

2. Unwind	the	last	clustering	step	and	check	
the	Soft	Drop	condition:		

3. Discard	the	softer	sub-jet	and	repeat	

• The	resulting	hard	splittings	are	described	by:	
• nSD	is	the	number	of	splittings	that	pass	
the	Soft	Drop	condition	

• zg,	Rg	describe	the	momentum	fraction	and	
angular	separation	of	the	first	splitting
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1 Note for the reviewers: list of plots requesting perliminary58

The requested preliminary plots are the following:59

– pp Unfolded results, zg, Rg and nSD (Fig 24)60

– Performance of background subtraction plots for zg (Fig 30)61

– 4 plots for Raw inclusive zg distributions in PbPb for different Rg cuts, Fig 3362

– Pythia Lund Diagram Fig. 3763

– Iterative Lund diagram for Embedded and True difference 3864

– Iterative Lund diagrams for difference of Data and Embedded with SD cutoff 4165

– Iterative Lund diagrams for difference of pp data and PYTHIA with SD cutoff and only the 1st66

splitting 4267

– nSD in PbPb compared to the embedded reference (47)68

2 Introduction69

3 Definition of the SoftDrop Algorithm and Rg70

The analysis detailed in this note centres around the use of the SoftDrop [1, 2] jet grooming algorithm71

in order to study jet substructure. Jets identified using the anti-kT algorithm with FastJet are passed to72

the SoftDrop method, also within FastJet, where the grooming procedure is performed. Grooming is73

performed by first reclustering the jet with a defined clustering algorithm (default - Cambridge-Aachen)74

and unwinding the cluster sequence one step. This unwinding results in the last two jet components75

to be clustered in the sequence. The pT fraction of the two subjets (z Eq. 1) is then compared to the76

condition in equation 2. If the measured z of the two subjets fails to meet this criterion then the softer of77

the two is dropped and the other is unwound once more back along the cluster sequence. The procedure78

is repeated until the criterion is satisfied at which point the value of z between these two subjets becomes79

the groomed momentum fraction zg80

z =
min(pT,1, pT,2)

pT,1 + pT,2
(1)

z > zcut

⇣
Rg

R0

⌘b
(2)

The jet shape Rg is the h-f distance between the two subjet axes that satisfy the SoftDrop condition.81

This distance is defined by82

Rg =
q
(hsubjet,1 �hsubjet,2)2 +(fsubjet,1 �fsubjet,2)2 (3)

Also considered in this analysis are the number of groomed branches which is simply the number of83

softer subjets that are dropped in order to find a sufficiently hard splitting that satisfies the SoftDrop84

condition and the groomed-pT fraction which is defined as the ratio of the groomed jet pT (pT,1 + pT,2)85

and the original jet pT.86

2 / Nuclear Physics A 00 (2018) 1–4

one step. The resulting pair of subjets are then considered and their momentum fraction, z, is calculated

as z = min(pT,1,pT,2)

pT,1+pT,2
, where pT,1 and pT,2 are the transverse momenta of the two subjets. If this momentum

fraction satisfies the grooming condition:

z > zcut

✓
�R
R0

◆�
(1)

then the splitting identified is considered su�ciently hard and the grooming procedure is stopped. If the

condition is not satisfied then the softer subjet is discarded and the clustering of the harder branch is unwound

an additional step; this process is repeated until a splitting satisfying (1) is found. The momentum fraction

at this stage is identified as the groomed momentum fraction zg. The angular separation of the two subjets,

as defined in ⌘ � ' space, is another important parameter of the splitting and is assigned as the groomed

radius Rg =
q

(⌘subjet,1 � ⌘subjet,2)2 + ('subjet,1 � 'subjet,2)2. Reclustering with the CA algorithm is designed

to replicate the angular ordering of QCD vacuum splittings and, to leading order, the measurement of zg in

vacuum reproduces the Altarelli-Parisi splitting functions.

In addition to studying the parameters of the leading hard splitting of jets the number of them that arise

in the evolution of the jet can help identify any additional splittings occurring due to the presence of the

medium. To count the number of splittings, the grooming is continued past the first splitting to satisfy (1)

and, following the hardest branch at each stage, the total number that pass the condition are counted and

assigned as nSD.

1.2. The Lund Plane
A very useful representation of the splittings is the Lund kinematical diagram. The Lund diagram

represents the 1! 2 splitting process of a parton on the two axes as shown in Fig.1. The axes reflect the

gluon emission probability given by:

dP = 2
↵sCi

⇡
dlog(z✓)dlog

1

✓
, (2)

where ✓ is the aperture angle of the splitting and Ci is the colour factor for a gluon radiated o↵ an initial

quark (Ci = CF) or gluon (Ci = Nc).

Representing the phase space of splittings in this way allows one to isolate regions where di↵erent

medium-induced mechanisms are expected to contribute to the modification of the parton shower splitting

function. As it can be seen in Fig. 1 (left) the region where soft wide angle splittings dominate can be clearly

separated from the region of hard collinear splittings. Fig. 1 (right) shows how this diagram is populated

with recursive splittings generated using PYTHIA and identified using CA reclustering.
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Jet	substructure:	map	of	splittings in	vacuum
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2. Unwind	the	last	clustering	step	and	check	
the	Soft	Drop	condition:		

3. Discard	the	softer	sub-jet	and	repeat	

• The	resulting	hard	splittings	are	described	by:	
• nSD	is	the	number	of	splittings	that	pass	
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• zg,	Rg	describe	the	momentum	fraction	and	
angular	separation	of	the	first	splitting

�19

G.	Salam,	QM2018

θ 1 − z

AN: Softdrop 4

1 Note for the reviewers: list of plots requesting perliminary58

The requested preliminary plots are the following:59

– pp Unfolded results, zg, Rg and nSD (Fig 24)60

– Performance of background subtraction plots for zg (Fig 30)61

– 4 plots for Raw inclusive zg distributions in PbPb for different Rg cuts, Fig 3362

– Pythia Lund Diagram Fig. 3763

– Iterative Lund diagram for Embedded and True difference 3864

– Iterative Lund diagrams for difference of Data and Embedded with SD cutoff 4165

– Iterative Lund diagrams for difference of pp data and PYTHIA with SD cutoff and only the 1st66

splitting 4267

– nSD in PbPb compared to the embedded reference (47)68

2 Introduction69

3 Definition of the SoftDrop Algorithm and Rg70

The analysis detailed in this note centres around the use of the SoftDrop [1, 2] jet grooming algorithm71

in order to study jet substructure. Jets identified using the anti-kT algorithm with FastJet are passed to72

the SoftDrop method, also within FastJet, where the grooming procedure is performed. Grooming is73

performed by first reclustering the jet with a defined clustering algorithm (default - Cambridge-Aachen)74

and unwinding the cluster sequence one step. This unwinding results in the last two jet components75

to be clustered in the sequence. The pT fraction of the two subjets (z Eq. 1) is then compared to the76

condition in equation 2. If the measured z of the two subjets fails to meet this criterion then the softer of77

the two is dropped and the other is unwound once more back along the cluster sequence. The procedure78

is repeated until the criterion is satisfied at which point the value of z between these two subjets becomes79

the groomed momentum fraction zg80

z =
min(pT,1, pT,2)

pT,1 + pT,2
(1)

z > zcut

⇣
Rg

R0

⌘b
(2)

The jet shape Rg is the h-f distance between the two subjet axes that satisfy the SoftDrop condition.81

This distance is defined by82

Rg =
q
(hsubjet,1 �hsubjet,2)2 +(fsubjet,1 �fsubjet,2)2 (3)

Also considered in this analysis are the number of groomed branches which is simply the number of83

softer subjets that are dropped in order to find a sufficiently hard splitting that satisfies the SoftDrop84

condition and the groomed-pT fraction which is defined as the ratio of the groomed jet pT (pT,1 + pT,2)85

and the original jet pT.86

We	use	
(zcut,	β)	=	(0.1,	0)
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one step. The resulting pair of subjets are then considered and their momentum fraction, z, is calculated

as z = min(pT,1,pT,2)

pT,1+pT,2
, where pT,1 and pT,2 are the transverse momenta of the two subjets. If this momentum

fraction satisfies the grooming condition:

z > zcut

✓
�R
R0

◆�
(1)

then the splitting identified is considered su�ciently hard and the grooming procedure is stopped. If the

condition is not satisfied then the softer subjet is discarded and the clustering of the harder branch is unwound

an additional step; this process is repeated until a splitting satisfying (1) is found. The momentum fraction

at this stage is identified as the groomed momentum fraction zg. The angular separation of the two subjets,

as defined in ⌘ � ' space, is another important parameter of the splitting and is assigned as the groomed

radius Rg =
q

(⌘subjet,1 � ⌘subjet,2)2 + ('subjet,1 � 'subjet,2)2. Reclustering with the CA algorithm is designed

to replicate the angular ordering of QCD vacuum splittings and, to leading order, the measurement of zg in

vacuum reproduces the Altarelli-Parisi splitting functions.

In addition to studying the parameters of the leading hard splitting of jets the number of them that arise

in the evolution of the jet can help identify any additional splittings occurring due to the presence of the

medium. To count the number of splittings, the grooming is continued past the first splitting to satisfy (1)

and, following the hardest branch at each stage, the total number that pass the condition are counted and

assigned as nSD.

1.2. The Lund Plane
A very useful representation of the splittings is the Lund kinematical diagram. The Lund diagram

represents the 1! 2 splitting process of a parton on the two axes as shown in Fig.1. The axes reflect the

gluon emission probability given by:

dP = 2
↵sCi

⇡
dlog(z✓)dlog

1

✓
, (2)

where ✓ is the aperture angle of the splitting and Ci is the colour factor for a gluon radiated o↵ an initial

quark (Ci = CF) or gluon (Ci = Nc).

Representing the phase space of splittings in this way allows one to isolate regions where di↵erent

medium-induced mechanisms are expected to contribute to the modification of the parton shower splitting

function. As it can be seen in Fig. 1 (left) the region where soft wide angle splittings dominate can be clearly

separated from the region of hard collinear splittings. Fig. 1 (right) shows how this diagram is populated

with recursive splittings generated using PYTHIA and identified using CA reclustering.
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Fig. 1: Lund kinematical diagram representation of splittings with limits imposed by a jet resolution R (left) [8], and populated for

splittings in vacuum PYTHIA 6 Perugia 11 (right).
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• pp	measurement	at																										:	
• R	=	0.4	jets,	40	<	pT	<	60	GeV/c,	|η|	<	0.5	
• Fully	unfolded	

• zg,	Rg,	nSD	are	consistent	with	Pythia	Perugia	2011

Groomed	jet	substructure	–	pp

�20
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pp Substructure	Results

vJets	satisfying	z >	zcut =	0.1:
1. Data	97.3(0.5)%

2. PYTHIA	98.9(0.1)%

vGood	agreement	observed	between	data	and	PYTHIA	Perugia	2011
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• Lund	diagram:	
• Represents	the	phase-space	density	of																			
1—>2	splittings,	described	by	(z,𝜃)	

• By	varying	the	Soft	Drop	parameters	zcut,	β	one	can	
vary	the	phase	space	populated	in	the	Lund	diagram

Groomed	jet	substructure

�21
z	=	constant

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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1 Note for the reviewers: list of plots requesting perliminary58

The requested preliminary plots are the following:59

– pp Unfolded results, zg, Rg and nSD (Fig 24)60

– Performance of background subtraction plots for zg (Fig 30)61

– 4 plots for Raw inclusive zg distributions in PbPb for different Rg cuts, Fig 3362

– Pythia Lund Diagram Fig. 3763

– Iterative Lund diagram for Embedded and True difference 3864

– Iterative Lund diagrams for difference of Data and Embedded with SD cutoff 4165

– Iterative Lund diagrams for difference of pp data and PYTHIA with SD cutoff and only the 1st66

splitting 4267

– nSD in PbPb compared to the embedded reference (47)68

2 Introduction69

3 Definition of the SoftDrop Algorithm and Rg70

The analysis detailed in this note centres around the use of the SoftDrop [1, 2] jet grooming algorithm71

in order to study jet substructure. Jets identified using the anti-kT algorithm with FastJet are passed to72

the SoftDrop method, also within FastJet, where the grooming procedure is performed. Grooming is73

performed by first reclustering the jet with a defined clustering algorithm (default - Cambridge-Aachen)74

and unwinding the cluster sequence one step. This unwinding results in the last two jet components75

to be clustered in the sequence. The pT fraction of the two subjets (z Eq. 1) is then compared to the76

condition in equation 2. If the measured z of the two subjets fails to meet this criterion then the softer of77

the two is dropped and the other is unwound once more back along the cluster sequence. The procedure78

is repeated until the criterion is satisfied at which point the value of z between these two subjets becomes79

the groomed momentum fraction zg80

z =
min(pT,1, pT,2)

pT,1 + pT,2
(1)

z > zcut

⇣
Rg

R0

⌘b
(2)

The jet shape Rg is the h-f distance between the two subjet axes that satisfy the SoftDrop condition.81

This distance is defined by82

Rg =
q
(hsubjet,1 �hsubjet,2)2 +(fsubjet,1 �fsubjet,2)2 (3)

Also considered in this analysis are the number of groomed branches which is simply the number of83

softer subjets that are dropped in order to find a sufficiently hard splitting that satisfies the SoftDrop84

condition and the groomed-pT fraction which is defined as the ratio of the groomed jet pT (pT,1 + pT,2)85

and the original jet pT.86

2 / Nuclear Physics A 00 (2018) 1–4

one step. The resulting pair of subjets are then considered and their momentum fraction, z, is calculated

as z = min(pT,1,pT,2)

pT,1+pT,2
, where pT,1 and pT,2 are the transverse momenta of the two subjets. If this momentum

fraction satisfies the grooming condition:

z > zcut

✓
�R
R0

◆�
(1)

then the splitting identified is considered su�ciently hard and the grooming procedure is stopped. If the

condition is not satisfied then the softer subjet is discarded and the clustering of the harder branch is unwound

an additional step; this process is repeated until a splitting satisfying (1) is found. The momentum fraction

at this stage is identified as the groomed momentum fraction zg. The angular separation of the two subjets,

as defined in ⌘ � ' space, is another important parameter of the splitting and is assigned as the groomed

radius Rg =
q

(⌘subjet,1 � ⌘subjet,2)2 + ('subjet,1 � 'subjet,2)2. Reclustering with the CA algorithm is designed

to replicate the angular ordering of QCD vacuum splittings and, to leading order, the measurement of zg in

vacuum reproduces the Altarelli-Parisi splitting functions.

In addition to studying the parameters of the leading hard splitting of jets the number of them that arise

in the evolution of the jet can help identify any additional splittings occurring due to the presence of the

medium. To count the number of splittings, the grooming is continued past the first splitting to satisfy (1)

and, following the hardest branch at each stage, the total number that pass the condition are counted and

assigned as nSD.

1.2. The Lund Plane
A very useful representation of the splittings is the Lund kinematical diagram. The Lund diagram

represents the 1! 2 splitting process of a parton on the two axes as shown in Fig.1. The axes reflect the

gluon emission probability given by:

dP = 2
↵sCi

⇡
dlog(z✓)dlog

1

✓
, (2)

where ✓ is the aperture angle of the splitting and Ci is the colour factor for a gluon radiated o↵ an initial

quark (Ci = CF) or gluon (Ci = Nc).

Representing the phase space of splittings in this way allows one to isolate regions where di↵erent

medium-induced mechanisms are expected to contribute to the modification of the parton shower splitting

function. As it can be seen in Fig. 1 (left) the region where soft wide angle splittings dominate can be clearly

separated from the region of hard collinear splittings. Fig. 1 (right) shows how this diagram is populated

with recursive splittings generated using PYTHIA and identified using CA reclustering.
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Fig. 1: Lund kinematical diagram representation of splittings with limits imposed by a jet resolution R (left) [8], and populated for

splittings in vacuum PYTHIA 6 Perugia 11 (right).
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Large	𝜃	hard	splittings	
are	predicted	to	be	
resolved	by	the	medium	
and	suppressed
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one step. The resulting pair of subjets are then considered and their momentum fraction, z, is calculated

as z = min(pT,1,pT,2)

pT,1+pT,2
, where pT,1 and pT,2 are the transverse momenta of the two subjets. If this momentum

fraction satisfies the grooming condition:

z > zcut

✓
�R
R0

◆�
(1)

then the splitting identified is considered su�ciently hard and the grooming procedure is stopped. If the

condition is not satisfied then the softer subjet is discarded and the clustering of the harder branch is unwound

an additional step; this process is repeated until a splitting satisfying (1) is found. The momentum fraction

at this stage is identified as the groomed momentum fraction zg. The angular separation of the two subjets,

as defined in ⌘ � ' space, is another important parameter of the splitting and is assigned as the groomed

radius Rg =
q

(⌘subjet,1 � ⌘subjet,2)2 + ('subjet,1 � 'subjet,2)2. Reclustering with the CA algorithm is designed

to replicate the angular ordering of QCD vacuum splittings and, to leading order, the measurement of zg in

vacuum reproduces the Altarelli-Parisi splitting functions.

In addition to studying the parameters of the leading hard splitting of jets the number of them that arise

in the evolution of the jet can help identify any additional splittings occurring due to the presence of the

medium. To count the number of splittings, the grooming is continued past the first splitting to satisfy (1)

and, following the hardest branch at each stage, the total number that pass the condition are counted and

assigned as nSD.

1.2. The Lund Plane
A very useful representation of the splittings is the Lund kinematical diagram. The Lund diagram

represents the 1! 2 splitting process of a parton on the two axes as shown in Fig.1. The axes reflect the

gluon emission probability given by:

dP = 2
↵sCi

⇡
dlog(z✓)dlog

1

✓
, (2)

where ✓ is the aperture angle of the splitting and Ci is the colour factor for a gluon radiated o↵ an initial

quark (Ci = CF) or gluon (Ci = Nc).

Representing the phase space of splittings in this way allows one to isolate regions where di↵erent

medium-induced mechanisms are expected to contribute to the modification of the parton shower splitting

function. As it can be seen in Fig. 1 (left) the region where soft wide angle splittings dominate can be clearly

separated from the region of hard collinear splittings. Fig. 1 (right) shows how this diagram is populated

with recursive splittings generated using PYTHIA and identified using CA reclustering.
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Fig. 1: Lund kinematical diagram representation of splittings with limits imposed by a jet resolution R (left) [8], and populated for

splittings in vacuum PYTHIA 6 Perugia 11 (right).
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Groomed	jet	substructure	–	Pb-Pb
• Pb-Pb	measurement	at																													
• R	=	0.4,	pT	=	80-120	GeV/c,	|η|	<	0.5	
• Detector-level	measurement,	
compared	to	Pythia	embedded
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Note:	Soft	Drop	grooming	
removes	below	the	constant	
diagonal	line	z	=	0.1

sNN = 2.76 TeV

small	𝜃	—><—	large	𝜃
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Groomed	jet	substructure	–	Pb-Pb
• Pb-Pb	measurement	at																													
• R	=	0.4,	pT	=	80-120	GeV/c,	|η|	<	0.5	
• Detector-level	measurement,	
compared	to	Pythia	embedded	

• There	is	a	depletion	of	the														
large-angle	splittings	in	Pb-Pb! �24

Note:	Soft	Drop	grooming	
removes	below	the	constant	
diagonal	line	z	=	0.1

sNN = 2.76 TeV
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• The	zg	distribution	shows	suppression	at	high	zg	
• That	is,	the	hardest	splittings	are	suppressed	in	Pb-Pb	

• No	enhancement	at	small	zg	

ALI-PREL-148221

Groomed	jet	substructure	–	Pb-Pb

�25

symmetric	—><—	asymmetric

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
pch

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 |zvtx|< 10 cm is applied.

2.3 Monte Carlo data sample

The Monte Carlo production LHC13b4 plus (PYTHIA6 Perugia 2011 tune, 10 hard parton pT 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-kT 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 > 0.6pR2 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 zcut = 0.1 were used.

Main observable of interest is zg defined as

zg =
min(pT,1, pT,2)

pT,1 + pT,2
, (1)

where pT,1 and pT,2 are two hard subjets identified by the Soft Drop algorithm. Given the cut-off value
zcut = 0.1 and by construction, zg is defined in the range (0.1, 0.5). In case the hard splitting was not
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In	order	to	interpret	
the	results	as	
absolute	suppression/
enhancement,	must	
normalize	by	the	
number	of	inclusive	
jets,	including	those	
that	do	not	pass	the	
Soft	Drop	condition

symmetric	—><—	asymmetric
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Main observable of interest is zg defined as

zg =
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, (1)
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• The	groomed	sub-jet	sample	
is	then	examined	in	two	
subsamples,	depending	on	
the	ΔR	between	the	two	
sub-jets	

• ΔR	<	0.1:	small	
enhancement	of	collinear	
splittings	at	small	zg	

• ΔR	>	0.2:	depletion	of	
large-angle	splittings	at	
large	zg �27

Groomed	jet	substructure	–	Pb-Pb

ALI-PREL-148233

ΔR	<	0.1

symmetric	—><—	asymmetric

ALI-PREL-148229 <—	asymmetric symmetric	—>

ΔR	>	0.2
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ALI-PREL-155677

Groomed	jet	substructure	–	Pb-Pb

• nSD	is	the	number	of	
splittings	that	satisfy	the	
Soft	Drop	condition	

• For	1	≤	nSD	≤	7,	there	is	no	
significant	modification	in	
Pb-Pb	compared	to	
embedded	Pythia	

• For	nSD	=	0,	there	is	slight	
enhancement	in	the	
number	of	jets	that	fail	
the	Soft	Drop	condition

�28
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Summary
• ALICE	preliminary	result	of	jet	RAA	at																															shows	
strong	quenching,	increasing	at	low	pT	

• ALICE	final	result	of	constituent-based	jet	shapes	g,	pTD	show	
collimation	of	jet	core	in	Pb-Pb	

• ALICE	preliminary	groomed	jet	substructure	measurement	with	
Soft	Drop	(zcut	=	0.1,	β	=	0)	in	Pb-Pb	shows:	

• Suppression	of	wide-angle,	symmetric	splittings	
• Slight	enhancement	of	collinear,	asymmetric	splittings	

�29

sNN = 5.02 TeV
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sNN = 5.02 TeV

Multiple	avenues	to	explore	jet	modification	in	greater	
detail,	and	more	Pb-Pb	statistics	coming	in	2018!
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Thank	you! 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Backup 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Leading	track	bias

�33

0 50 100
)c (GeV/

T,jet
p

0

0.2

0.4

0.6

0.8

1

1.2je
t

ηd
T

,je
t

pd

U
n
b
ia

se
d

σ
2 d

⁄ 
je

t
ηd

T
,je

t
pd

B
ia

se
d

σ
2 d

ALICE Simulation

 = 5.02 TeVsPOWHEG+Pythia8  

c > 5 GeV/
lead,ch

T
pBiased: 

Tk| < 0.5 Anti-
jet

η = 0.2  | R

Tk| < 0.4 Anti-
jet

η = 0.3  | R

Tk| < 0.3 Anti-
jet

η = 0.4  | R

ALI-SIMUL-148684



James Mulligan, Yale University

How	is	the	jet	core	modified?
The	Pb-Pb	results	agree	fairly	well	with	Pythia	quark	jets	

�34

Small-radius jet shapes in pp and Pb–Pb collisions at ALICE ALICE Collaboration
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Fig. 8: Jet shape distributions in 0–10% central Pb–Pb collisions at
p

sNN = 2.76 TeV for R = 0.2 in range of
jet p

ch
T,jet of 40–60 GeV/c compared to JEWEL with and without recoils with different subtraction methods. The

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

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)
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