
Outline

• Previously	
- Jet	clustering	
- Jet	fragmenation

• Today
SubJet clustering
Background	subtraction	
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Reminder	of	jet	clustering	algorithm

• We	learned	a	jet	clustering	(anti-kT)	algorithm.	What	can	be	
the	basic	building	block	in	clustering	algorithm?

• In	theoretical	calculation	or	MC	simulation,	obviously	it	is	the	
final	stable	particles,	with	accurate	kinematic	information		

• In	the	real	experiment,	it	is	Energy	block	having	finite	
position/energy	resolution

• If	the	detector	has	100%	efficiency	and	perfect	momentum	
resolution,	then	the	sum	of	the	energy	blocks	must	be	same	
to	the	true	jet	energy

19-Apr-22 Yongsun	Kim 2



Compact Muon Solenoid
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EMcal

Photon, electron

Hcal

Jet 

Si tracker
Charged particles

Covers 2π radians in azimuthal angle 
and very wide pseudo-rapidity 



Calorimeter	Jet	:	Traditional	method
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Particle	Flow	as	the	jet	component	block
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Subtraction	of	background	by	underlying	event

Background	
subtraction and
jet	clustering

Towers

For	instance,	Δη	x	Δϕ
0.076	x	0.076 in	barrel

Jet

Anti-kT algorithm	is	used	
in	most	of	CMS	publications
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Pileup	Subtraction
φ

η

Boston	Jet	
Workshop	‘14
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Pileup	Subtraction
φ

Estimate	background	
for	each	tower	ring	of	constant	η	
estimated	background	=	<pT>	+	N*σ(pT)

Background	level

1.	Background	energy	per	tower	calculated	in	strips	of	η.	
Determine	<pT> and	σ(pT)
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

η

Boston	Jet	
Workshop	‘14
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Pileup	Subtraction

η

φ

η

φ

Background	level

1.	Background	energy	per	tower	calculated	in	strips	of	η.	
Determine	<pT> and	σ(pT)
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

Boston	Jet	
Workshop	‘14
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Pileup	Subtraction

η

φ

η

φ

2.	Run	anti	kT algorithm	on	
background	subtracted	towers

Background	level

1.	Background	energy	per	tower	calculated	in	strips	of	η.	
Determine	<pT> and	σ(pT)
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

Boston	Jet	
Workshop	‘14
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Pileup	Subtraction

η

φ

η

φ

φ

3.	Exclude	reconstructed	jetsBackground	level

η
1.	Background	energy	per	tower	calculated	in	strips	of	η.	
Determine	<pT> and	σ(pT)
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

Boston	Jet	
Workshop	‘14

2.	Run	anti	kT algorithm	on	
background	subtracted	towers
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Pileup	Subtraction

η

φ

η

φ

η

φ

3.	Exclude	reconstructed	jets
Recalculate	the	background	energy
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

η

φ

Background	level

η
1.	Background	energy	per	tower	calculated	in	strips	of	η.	
Determine	<pT> and	σ(pT)
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

Boston	Jet	
Workshop	‘14

2.	Run	anti	kT algorithm	on	
background	subtracted	towers
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Pileup	Subtraction

η

φ

η

φ

η

φ

η

φ

4.	Run	anti	kT algorithm	on	background	subtracted	
towers	to	get	final	jets

Background	level

η
1.	Background	energy	per	tower	calculated	in	strips	of	η.	
Determine	<pT> and	σ(pT)
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

3.	Exclude	reconstructed	jets
Recalculate	the	background	energy
Subtract	<pT>	+	N*σ(pT) (Noise	suppression)

Boston	Jet	
Workshop	‘14

2.	Run	anti	kT algorithm	on	
background	subtracted	towers
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New	algorithm	using	Forward	calorimeter

- Energy deposited at the forward calorimeter is used to estimate the
underlying event energy distribution in the mid-rapidity

- Training done with minimum-bias events
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New	algorithm	using	Forward	calorimeter

- Energy deposited at the forward calorimeter is used to estimate the
underlying event energy distribution in the mid-rapidity

- Training done with minimum-bias events

Hcal Forward
Steel	+	quartz	fiber
~2000	channels	
3	<	|η|	<	5



16

Underlying	Event	Subtraction

•In	order	to	subtract	UE	energy	from	each	particle-flow	candidate,	a	Voronoi
algorithm	is	used	to	estimate	the	associated	area

CMS DP 2013/018
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Performance

Improvement in the jet energy resolution and jet energy 
closure compared to iterative algorithm

CMS DP 2013/018
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Performance	v.s.	Event	Plane	Angle

Improvement in the jet energy resolution and jet energy scale 
closure as a function of |φ-ψEP|

CMS DP 2013/018
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Negative	Energy	Balancing

CMS DP 2013/018

• A equalization step is introduced to balance the negative fluctuation (after 
subtraction) with the positive fluctuation to reduce the positive bias in jet energy 
reconstruction

• Optimization is based on the worst remaining negative energy in a cell, and 
minimum overall energy transfer, and expressed as a linear optimization 
problem

• Right: Thickness of the black line indicates amount of energy transfer, red/blue 
energy gain/loss
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Underlying	event	subtraction	algorithm

Improvement in the jet energy resolution and jet energy 
closure compared to previous algorithm
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Correlation study: Di-jet imbalance

Physics	messages	
1.	Significant	Di-jet	energy	imbalance was	observed	in	the	head-on	
PbPb	collision	

π π π
Δφ Δφ Δφ

Peripheral	coll. Central	coll.
Small	QGP Bigger	QGP

Quantified	the	
momentum	impalance	
of	di-jet	pairs	by	

PRL	105	(2010)	252303
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Correlation study: Di-jet imbalance

Physics	messages	
1.	Significant	Di-jet	energy	imbalance	was	observed	in	the	head-on	
PbPb	collision	
2.		Angular	correlation	of	jet	pairs	is	consistent with	pp	collision

π π π π
Δφ Δφ Δφ ΔφΔφ	=	|	φ1 – φ2	|

PRL	105	(2010)	252303



Momentum correlation of di-jets
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PLB 712 (2012) 176

Significant asymmetry of energy of 
jets observed while angular 
correlation is kept.   
Monotonic to pT of jet



Newton’s	3rd law
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Investigate	the	momentum	of	all	charged	
particles	projected	on	the	leading	jet	axis

Leading	jet	

Subleading	jet	



Newton’s	3rd law
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Investigate	the	momentum	of	all	charged	
particles	projected	on	the	leading	jet	axis

Leading	jet	

Subleading	jet	

Total	momentum	is	
conserved!	



Newton’s	3rd law
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Differential	profile	as	a	function	of	distance	from	leading	jet	was	studied
- High	pT imbalance	at	small	ΔR
- was	balanced	by	low	pT	 particles	in	subleading	jet	direction	upto	large ΔR	

φ1

φ2

φdijet

φ2

Multiplicity	difference



Newton’s	3rd law
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Differential	profile	as	a	function	of	distance	from	leading	jet	was	studied
- High	pT imbalance	at	small	ΔR
- was	balanced	by	low	pT	 particles	in	subleading	jet	direction	upto	large ΔR	

φ1

φ2

φdijet

φ2

Multiplicity	difference



Newton’s	3rd law
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Differential	profile	as	a	function	of	distance	from	leading	jet	was	studied
- High	pT imbalance	at	small	ΔR
- was	balanced	by	low	pT	 particles	in	subleading	jet	direction	upto	large ΔR	
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Overall	observation
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1. Missing	energy	was	converted	
into	multiple	soft	particles pT	
~	O(1)	GeV

2. Missing	energy	is	largely	
deviated	from	jet	axis
ΔR	>	0.8	(>45	deg)

Result	supports	the	QGP	heating	
model

Large angle soft radiation
“QGP heating”

AdS/CFT
JHEP	1010	(2010)	099
Phys.Rev.	D79	(2009)
JHEP	0810	(2008)
JHEP	0805	(2008)	037



Per Jet Normalization:

Fragmentation	Function	of	jet
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Track pT = 35 GeV/c Track pT = 1 GeV/c

,

In jet cone R < 0.3,
Track pT > 1 GeV/c

Observable:

FF integral = # of particles per jet

at Jet pT = 100 GeV/c



FF	– underlying	event	subtraction
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η
φ
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Jet

(1) Plot raw FF in jet cone



FF	– underlying	event	subtraction
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η
φ

-2 2-π
π

Ex
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ud
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Jet Event

JetBkg

(2) Obtain FF contribution from 
heavy ion background using η 
reflected cone.

(1) Plot raw FF in jet cone



FF	– underlying	event	subtraction
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η
φ

-2 2-π
π
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ud

e

Jet Event

JetBkg

(3) Subtract (2) from (1)

(1) Plot raw FF in jet cone

(2) Obtain FF contribution from 
heavy ion background using η 
reflected cone.



FF	– underlying	event	subtraction
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η
φ

-2 2-π
π

Ex
cl
ud

e

Jet Event

JetBkg

(3) Subtract (2) from (1)

(4) Compare to pp reference
(fragmentation in vacuum)

(1) Plot raw FF in jet cone

(2) Obtain FF contribution from 
heavy ion background using η 
reflected cone.
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Jet	Fragmentation	Function
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Pb Pb PbPb

Smaller	size	QGP Bigger	size	QGP
π π π

Δφ Δφ Δφ
Peripheral	coll. Central	coll.

(               )
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Part	II
Jet	substructure	
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W	jet	before	LHC	era

4
3

R	=	0.4

R	=	0.4

W	boson
MW =	80	GeV/c2
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High	pT W	bosons	merges	two	jets	forming	one	fat	jet
Should	cope	with	UE	background

• Development	of	jet	grooming
• e.g.	pruning,	trimming,	MDT,	SoftDrop	…	

Boosted	
W	boson R	=	1

W	jet	today
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Jet	grooming	is	useful	to	remove	soft	divergences,	thus	converges	the	
experiments	to	analytic	calculations	(e.g.	NLLO)			

Useful	for	study	of	jet	substructure
SoftDrop	(Larkoski	et	al)

• Sudakov	safe	and	insensitive	to	αs

Jet	grooming	for	QCD	jets

Before After

SoftDrop



4
6

Jet	from	PYTHIA	
• pT =	400	GeV	
• 15	constituent	particles

Numbers	mean	the	pT of	
each	constituent	(	GeV)

Softdrop	condition	:	

Typically	z=0.1,	ß =	0

0.1	

SoftDrop Example
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Step	1	
Recluster	constituents	with	
Cambridge/Aachen	algorithm.

C/A	algo	merges	the	closest	
constituents	regardless	the	pT

SoftDrop Example
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Step	1	
Recluster	constituents	with	
Cambridge/Aachen	algorithm.

C/A	algo	merges	the	closest	
constituents	regardless	of	pT.

This	purely	geographical clustering	
makes	the	tree	of
2	->	1	branches.

It	also	represents	the	chronicle	order	of	
jet	branching

Latest	nodeEarly	nodes

C/A	clustering	order	

SoftDrop	Example
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Step	2	
In	order	from	latest	to	earliest	
nodes,	check	SoftDrop	condition

0.1	

In	this	iteration,	
pT1	=	0.82	GeV
pT2	=	399	GeV		

=>	SoftDrop	condition	fails	,	and	
0.82	GeV	branch	is	dropped		

0.82	GeV

399	GeV

SoftDrop Example
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Step	2	
Check	the	SoftDrop	condition	at	
the	joints,	in	the	inverse	order	of	
re-clustering

0.1	

In	this	iteration,	
pT1	=	4	GeV
pT2	=	395	GeV		

=>	SoftDrop	condition	fails	,	and	
the	branch	is	dropped		

4	GeV

395	GeV

SoftDrop Example
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Step	2	
Check	the	SoftDrop	condition	at	
the	joints,	in	the	inverse	order	of	
re-clustering

0.1	

In	this	iteration,	
pT1	=	9	GeV
pT2	=	386	GeV		

=>	SoftDrop	condition	fails	,	and	
the	branch	is	dropped		

386	GeV

9	GeV

SoftDrop	Example
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Step	2	
Check	the	SoftDrop	condition	at	
the	joints,	in	the	inverse	order	of	
re-clustering

0.1	

In	this	iteration,	
pT1	=	92	GeV
pT2	=	243	GeV		

=> SoftDrop	condition		is	met,	thus	
Iteration	ends.

243	GeV

92	GeV

SoftDrop	Example
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243	GeV

92	GeV

Jet	splitting	function	zg is	an	important	substructure	variable

provides	the	earliest	fragmentation	of	jet

SoftDrop	Example



Jet	splitting	function	in	pp	data

5
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PRL	119.132003

SoftDrop	results	in	data	and	various	models	converges	for	any	jet	

splitting	configuration!	

QCD	Splitting	Function	using	CMS	Open	Data	

asymmetric	 symmetric
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QGP

QGP

Gluon	radiation	mechanism	induced	by	QGP

QGPjet	

QGP

First	splitting	happens	

before	the	jet	escapes	the	QGP	

Then,	would	QGP	see this	splitting?
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QGP

Gluon	radiation	mechanism	induced	by	QGP

First	splitting	happens	

before	the	jet	escapes	the	QGP	

Then,	would	QGP	see this	splitting?

If	yes,	gluon	radiation	will	happen	

from	two	separate	sources.	

QGP

QGPjet	

QGP
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QGP

Gluon	radiation	mechanism	induced	by	QGP

First	splitting	happens	

before	the	jet	escapes	the	QGP	

Then,	would	QGP	see this	splitting?

If	yes,	gluon	radiation	will	happen	

from	two	separate	sources.	

If	no,	gluon	radiation	will	happen	

coherently.	

QGP

QGPjet	

QGP

PLB	725	(2013),	357	Casalderre-Solana	et	al.	
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QGP

Gluon	radiation	mechanism	induced	by	QGP
First	splitting	happens	

before	the	jet	escapes	the	QGP	

Then,	would	QGP	see this	splitting?

If	yes,	gluon	radiation	will	happen	from	

two	separate	sources.	

If	no,	gluon	radiation	will	happen	

coherently.	

QGP

QGPjet	

QGP

In	the	antenna	radiation	picture,	the	resolution	scale	of	gluon	emitter	is	determined	by	the	
medium	properties

If	medium	can	resolve	splitting	of	sub-jets,	the	medium-induced	radiation		comes	from	two	
emitters	

PLB	725	(2013),	357	Casalderre-Solana	et	al.	
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q/g

QGP

QGP
arxiv1210.7765

Loss	of	coherence	reduces	the	
correlation	between	subjets
—>	Suppression	would	modify	the	jet	
splitting	function

Radiation	of	gluons	induced	by	QGP	
modifies	the	virtuality	of	jet	
—>	would	modify	jet	mass	

Quenching	can	modify	jet	substructure



Challenge	in	heavy	ion	experiment

6
0

Large	UE	background
• Should	subtract	up	to	150	GeV	for	a	R=0.4	cone
• Should	subtract	up	to	100	particles	
• Particle-level	subtraction	is	necessary	instead	of	cone-integrated	one	
• Constituent	subtraction algorithm	can	solve	this	problem

Reclustering	in	Softdrop	requires	high	spatial	resolution	of	constituents	
• ParticleFlow	(CMS)	
• Tracks	(ALICE)

ParticleFlow	algorithm	in	CMS	



SoftDrop	performance	in	CMS	framework
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pp	data	vs	MC	 PbPb	data	vs	MC

For	PbPb	case,	the	peak	is	shifted	and	smeared	by	resolution,	
but	the	simulation	reproduces	the	data	well	

arxiv1805.05145

Distribution	of	zg in	MC	and	data	

Less	
groomed	

More	
groomed	

Less	
groomed	

More	
groomed	



Jet	splitting	function	in	PbPb	vs	pp	(CMS)

6
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More	central	collision

Jet	pT

pT,1
pT,2



Jet	splitting	function	in	PbPb	vs	pp	(CMS)
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Central
collision

PbPb/pp

The	subjet	pairs	became	more	
imbalanced	in	central	PbPb	collisions.		

QGP	can	recognize	the	splitting	
pattern	of	jets!



Jet	splitting	function	in	PbPb	vs	pp	(CMS)

6
4

The	subjet	pairs	became	more	
imbalanced	in	central	PbPb	collisions.		

QGP	can	recognize	the	splitting	
pattern	of	jets!

No	signal	for	peripheral	collisions		

PbPb/pp

Peripheral
collision
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Jet	Quenching is	the	energy	loss	phenomenon	
of	a	jet	via	gluon	radiation	induced	by	QGP.		
Precision	measurement	of	jets	can	shed	
light	on	the	pQCD of	high	energy	parton
and	QGP	medium

Jet	Substructure	is	a	great	tool	to	test	the	
state-of-the-arts	pQCD	calculation,	and	an	
interesting	signal	to	probe	QGP	

Take	Home	Messages	


